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culture, identified during quantitative label fre€/MS analysis of cell culture
supernatant from a non-producing hybridoma ced.lin

Table 3.1.8:List of host cell proteins (L Peptides), the expression of which
increased at 31 C when compared to 37 C after 9Bhtesmperature shifted
culture, identified during quantitative label fre€/MS analysis of cell culture
supernatant from a non-producing hybridoma ced.lin

Table 3.1.9:Table of proteins common to 24hrs vs 96hrs 37 € 24hrs vs 96hrs
31 C differentially expressed protein lists fromnaproducing hybridoma cell line.

Table 3.1.10 HCPs from Hybridoma cell culture supernatant ideat with one
or more peptides as being common to 37 C and 3tl@res. Proteins identified
with two or more peptides as being common to 3@ 3l C cultures are also
indicated.

Table 3.1.11:HCPs from Hybridoma cell culture supernatant idiat with one
or more peptides as being unique to the 37 C aeiltur

Table 3.1.12:HCPs from Hybridoma cell culture supernatant ideat with one
or more peptides as being unique to the 31 C ariltur
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Table 3.1.13:HCPs from Hybridoma cell culture supernatant idieat with two
or more peptides as being unique to the 37 C aeiltur

Table 3.1.14:HCPs from Hybridoma cell culture supernatant idierat with two
or more peptides as being unique to the 31 C celltur

Appendix B

Table 3.2.1: Number of differentially expressed proteins at r84hompared to
120hrs at 37 C in a CHO K1 non-producing cell ctdtaupernatant.

Table 3.2.2 List of host cell proteins, the expression of whiccreased after
120hrs when compared to 24hrs at 37 C, identifiedindy quantitative label free
LC/MS analysis of cell culture supernatant fromtGCK1 non-producing cell
line.

Table 3.2.3 List of host cell proteins, the expression of whildtreased aftt
120hrs when compared to 24hrs at 37 C, identifiedindy quantitative label free
LC/MS analysis of cell culture supernatant fromtGCK1 non-producing cell
line.

Table 3.2.4: Number of differentially expressed proteins at r84bompared to
120hrs at 31 C in a CHO K1 non-producing cell ctdtaupernatant.

Table 3.2.5 List of host cell proteins, the expression of whiccreased after
120hrs when compared to 24hrs at 31 C, identifiedindy quantitative label free
LC/MS analysis of cell culture supernatant fromtQCK1 non-producing cell
line.

Table 3.2.6 List of host cell proteins, the expression of whitecreased after
120hrs when compared to 24hrs at 31 C, identifiedindy quantitative label free
LC/MS analysis of cell culture supernatant fromtQCK1 non-producing cell
line.

Table 3.2.7 Number of differentially expressed proteins betw8&rC and 37 C
at 24hrs post temperature shift in a CHO K1 nordpoing cell culture
supernatant.

Table 3.2.8:List of host cell proteins, the expression of whitecreased at 31 C
when compared to 37 C, 24hrs post temperature, sthéfintified during
quantitative label free LC/MS analysis of cell cuét supernatant from a CHO K1
non-producing cell line.

Table 3.2.9 List of host cell proteins, the expression of whictreased at 31 ¢
when compared to 37 C, 24hrs post temperature, sthifintified during
quantitative label free LC/MS analysis of cell cuét supernatant from a CHO K1
non-producing cell line.

Table 3.2.10 Number of differentially expressed proteins betw8& C and 37 C
at 120hrs post temperature shift in a CHO K1 namudpcing cell culture
supernatant.

Table 3.2.11:List of host cell proteins, the expression of whitecreased at 31 C
when compared to 37 C, 120hrs post temperaturg gheintified during
quantitative label free LC/MS analysis of cell cuét supernatant from a CHO K1
non-producing cell line.
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Table 3.2.12:List of host cell proteins, the expression of whictreased at 31 C
when compared to 37 C, 120hrs post temperaturg, signtified during 65
guantitative label free LC/MS analysis of cell cuét supernatant from a CHO K1
non-producing cell line.

Table 3.2.13:Pearson’s correlation analysis was used as a nodansasuring the
linearity of protein expression over time in cuéun the 37 C culture. The list
below displays those proteins that were found toetate negatively (decrease in
expression) with time in a CHO K1 culture.

68

Table 3.2.14:Pearson’s correlation analysis was used as a nodamsasuring the
linearity of protein expression over time in cuéun the 37 C culture. The list
below displays those proteins that were found toetate positively (increase in
expression) with time in a CHO K1 culture.

69

Table 3.2.15:Pearson’s correlation analysis was used as a nodamsasuring the
linearity of protein expression over time in cuéun the 31 C culture. The list
below displays those proteins that were found toetate positively (increase
expression) with time in a CHO K1 culture.

Table 3.2.16:Table of proteins common to 24hrs vs 120hrs 3@ 24hrs vs
120hrs 31 C differentially expressed protein liftism non-producing CHO K1
cell line. This table also includes informationrfr®7 C vs 31 C at 120hrs so as to73
provide an indication of which culture conditionetielative abundance of the
given HCP is greatest.

Table 3.2.17:Table of proteins common to Pearson correlatialyasis of protein
expression over time at 24, 72, 96 and 120 hau8y &€ and 24, 72, 96 and 12075
hours at 31 C in a non-producing CHO K1 cell line.

Table 3.2.18: The use of a correction factor was investigatedfaailitate
normalisation of the data by cell number (as op@dsenormalisation by protein
concentration). This table show a comparison of noenber of differentially- 76
expressed HCPs identified in the conditioned mefia CHO-K1 cell line with

and without the correction factor applied.

Table 3.2.19: List of tables containing quantitative informaticon proteins

classified as secreted by the Uniprot protein degab "

Table 3.2.20:GO cellular component enrichment for differengiadixpressed host
cell proteins identified in the conditioned medfaaoCHO K1 non-producing cell
line at 37 C when 24hrs was compared to 120hrst(faperature shift for a
culture grown in parallel) analysed using quantitatlabel free LC/MS. An
adjusted p-value of0.05 (Benjamini) was used as a statistical cut@ifjenerate
the list of enriched cellular components.

78

Table 3.2.21:GO cellular component enrichment for differengiadixpressed host
cell proteins identified in the conditioned medfaaoCHO K1 non-producing cell
line at 31 C when 24hrs was compared to 120hrst (fgosperature shift) analysed 79
using quantitative label free LC/MS. An adjustedgite of 0.05 (Benjamini)
was used as a statistical cut off to generateisheflenriched cellular components.
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Table 3.2.22:List of host cell proteins, classified as secrdbgduniprot protein
database, the expression of which increased atrg 2@hen compared to 24hrs at
37 C, identified during quantitative label free IM$ analysis of conditioned
media from a CHO K1 cell line.

80

Table 3.2.23:List of host cell proteins, classified as secrdbgduniprot protein
database, the expression of which decreased atd#@ten compared to 24hrs at
37 C, identified during quantitative label free IN% analysis of conditioned
media from a CHO K1 cell line.

Table 3.2.24:List of host cell proteins, classified as secrdbgduniprot protein
database, the expression of which increased atr§ 2@men compared to 24hrs at
31 C, identified during quantitative label free IM$ analysis of conditioned
media from a CHO K1 cell line.

83

Table 3.2.25:List of host cell proteins, classified as secrdbgduniprot protein
database, the expression of which decreased atd@@ten compared to 24hrs at
31 C, identified during quantitative label free IM$ analysis of conditioned
media from a CHO K1 cell line.

Table 3.2.26:HCPs from non-producing CHO K1 cell culture suagamt

identified with one or more peptides as being comnoo37 C and 31 C cultures. gg
Proteins identified with two or more peptides amgeommon to 37 C and 31 C
cultures are also indicated.

Table 3.2.27:HCPs from non-producing CHO K1 cell culture suaéamt 102
identified with one or more peptides as being uaitputhe 37 C culture.
Table 3.2.28:HCPs from non-producing CHO K1 cell culture sujagamt 106
identified with one or more peptides as being uaitputhe 31 C culture.
Table 3.2.29:HCPs from non-producing CHO K1 cell culture supeamt 111

identified with two or more peptides as being ueido the 37 C culture.

Table 3.2.30:HCPs from non-producing CHO K1 cell culture suaeamt
identified with two or more peptides as being ueido the 31 C culture. 115

Appendix C 118

Table 3.3.1: Top 10 differentially regulated proteins, basedpaptide number,
when all features of the protein profile from 24hrea DP12 culture was compared
to 144hrs and normalised to an internal standaytigpdbrome C. These proteins
were then identified in the same comparison but revhall features were
normalised to proteins that did not change in esgiam. This allowed for direct
comparison to be made between Cytochrome C Noratilis (C) and the Normal
means of Normalisation (N), based on peptide coiomt,score, ANOVA, fold

change and what condition the proteins is mostlhigkpressed in. 119
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Table 3.3.2: Top 10 differentially regulated proteins, basedp@ptide number,
when all features of the protein profile from 24hrsa DP12 culture was compared
to 144hrs and normalised to proteins that did ri@nge in expression. These
proteins were then identified in the same comparisat where all features were
normalised to an internal standard, Cytochrome @is Tallowed for direct
comparison to be made between the Normal meansooindlisation (N) and
Cytochrome C Normalisation (C), based on peptidentoion score, ANOVA,

fold change and what condition the proteins is rhagtly expressed in. 120

Table 3.3.3: Number of differentially expressed proteins at r84hompared to
144hrs at 37 C in an IgG secreting DP12 cell celtsmpernatant. 121

Table 3.3.4:List of host cell proteins, the expression of whiccreased after
144hrs when compared to 24hrs at 37 C, identifiedng) quantitative label free
LC/MS analysis of cell culture supernatant fromig@ secreting DP12 cell line. 122

Table 3.3.5:List of host cell proteins, the expression of whitecreased after
144hrs when compared to 24hrs at 37 C, identifiedindy quantitative label free
LC/MS analysis of cell culture supernatant fromi@@ secreting DP12 cell line. 132

Table 3.3.6: Number of differentially expressed proteins at r84bompared to
144hrs at 31 C in an 1gG secreting DP12 cell celtsmpernatant. 134

Table 3.3.7:List of host cell proteins, the expression of whiccreased after
144hrs when compared to 24hrs at 31 C, identifiedindy quantitative label free
LC/MS analysis of cell culture supernatant fromli@@ secreting DP12 cell line. 135

Table 3.3.8:List of host cell proteins, the expression of whilecreased after
144hrs when compared to 24hrs at 31 C, identifiednd) quantitative label free
LC/MS analysis of cell culture supernatant fromi@g@ secreting DP12 cell line. 146

Table 3.3.9Number of differentially expressed proteins betwd& C and 37 C at
24hrs post temperature shift in the culture sugamaof an IgG producing DP12
cell line. 147

Table 3.3.10:List of host cell proteins, the expression of whitecreased at 31 C
when compared to 37 C, 24hrs post temperature, sthifintified during

quantitative label free LC/MS analysis of cell cuét supernatant from an IgG
secreting DP12 cell line. 148

Table 3.3.11:List of host cell proteins, the expression of whiecreased at 31 C
when compared to 37 C, 24hrs post temperature, sthéfitified during

quantitative label free LC/MS analysis of cell cuét supernatant from an IgG
secreting DP12 cell line. 152

Table 3.3.12:Number of differentially expressed proteins betwd& C and 37 C
at 144hrs post temperature shift in the cultureesugtant of an 1gG producing
DP12 cell line. 154

Table 3.3.13:List of host cell proteins, the expression of whitecreased at 31 C
when compared to 37 C, 144hrs post temperaturg seitified during

quantitative label free LC/MS analysis of cell cuét supernatant from an IgG
secreting DP12 cell line. 155
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Table 3.3.14:List of host cell proteins, the expression of whiecreased at 31 C
when compared to 37 C, 144hrs post temperaturg gheintified during

quantitative label free LC/MS analysis of cell cuét supernatant from an IgG
secreting DP12 cell line. 158

Table 3.3.15:Pearson’s correlation analysis was used as a nodansasuring the
linearity of protein expression over time in cuédun the 37 C culture. The list
below displays host cell proteins that were founddrrelate negatively (decrease

in expression) with time in a DP12 culture. 162

Table 3.3.16:Pearson’s correlation analysis was used as a noéansasuring the
linearity of protein expression over time in cudun the 37 C culture. . The list
below displays host cell proteins that were foundarrelate positively (increase

in expression) with time in a DP12 culture. 165

Table 3.3.17:Pearson’s correlation analysis was used as a nodansasuring the
linearity of protein expression over time in cuédun the 31 C culture. The list
below displays host cell proteins that were foundtarrelate positively (increase

in expression) with time in a DP12 culture. 170

Table 3.3.18:Pearson’s correlation analysis was used as a nodamsasuring the
linearity of protein expression over time in cuéun the 31 C culture. The list
below displays host cell proteins that were founddrrelate negatively (decrease

in expression) with time in a DP12 culture. 183
Table 3.3.19:Table of proteins common to 24hrs vs 120hrs 3@ 24hrs vs
120hrs 31 C differentially expressed protein listsn a DP12 cell line. 184

Table 3.3.20: Table of proteins common to 24hrs vs 144hrs 3@ 2a4hrs vs
144hrs 31 C differentially expressed protein listan a DP12 cell line. This table
also includes information from 37 C vs 31 C at 1flls0 as to provide an
indication of which culture condition the relatiadundance of the given HCP is
greatest. 188

Table 3.3.21:Table of proteins common to Pearson correlatiailyais of protein
expression over time at 24, 72, 96,120 and 144shauf37 C and 24, 72, 96,120
and 144 hours at 31 C in a DP12 cell line. 191

Table 3.3.22:Table of proteins common to 24, 72, 96,120 and Halrs at 37 C

and 24, 72, 96,120 and 144 hours at 31 C Pearsogrlaton lists from a DP12
cell line. This table also includes informationrfr®7 C vs 31 C at 144hrs so as to
provide an indication of which culture conditionetielative abundance of the
given HCP is greatest. 196

Table 3.3.23: Table indicating the number of differentially egpsed HCPs
identified in a CHO K1 and DP12 cell line comparéml the number of
differentially expressed HCPs common to both ceéd. 199

Table 3.3.24: Table of differentially expressed proteins commora CHO K1

and DP12 cell line when 24hrs is compared to 1208k0 K1) / 144hrs (DP12)

at 37C. 200
Table 3.3.25:Table of differentially expressed proteins commoaiCHO K1 and
DP12 cell line when 24hrs is compared to 120hrs@CklL) / 144hrs (DP12) at
31C. 211
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Table 3.3.26: Table of differentially expressed proteins comntora CHO K1
and DP12 cell line when 37C is compared to 31CiatL 215

Table 3.3.27: Table of differentially expressed proteins comntora CHO K1
and DP12 cell line when 37C is compared to 31C2&his (CHO K1) / 144hrs
(DP12). 217

Table 3.3.28: The use of a correction factor was investigatedfaoilitate
normalisation of the data by cell number (as op@dsenormalisation by protein
concentration). This table show a comparison of noenber of differentially-
expressed HCPs identified in the conditioned medlia DP12 cell line with and
without the correction factor applied. 221

Table 3.3.29: List of tables containing quantitative informaticn proteins
classified as secreted by the Uniprot protein degab 222

Table 3.3.30:GO cellular component enrichment for differengiadixpressed host
cell proteins identified in the conditioned medfaacDP12 CHO cell line at 37 C
when 24hrs was compared to 144hrs (post tempersitiftefor a culture grown in
parallel) analysed using quantitative label free/MS. An adjusted p-value of
0.05 (Benjamini) was used as a statistical cutffjenerate the list of enriched
cellular components. 293

Table 3.3.31:GO cellular component enrichment for differengiadixpressed host
cell proteins identified in the conditioned mediaaoDP12 cell line at 31 C when
24hrs was compared to 144hrs (post temperatur ahilysed using quantitative
label free LC/MS. An adjusted p-value 00.05 (Benjamini) was used as a
statistical cut off to generate the list of enridloellular components. 224

Table 3.3.32:List of host cell proteins, classified as secrdbgduniprot protein
database, the expression of which increased atr§4uiinen compared to 24hrs at
37 C, identified during quantitative label free IM$ analysis of conditioned
media from a DP12 CHO cell line. 205

Table 3.3.33:List of host cell proteins, classified as secrdbgduniprot protein
database, the expression of which decreased atsdtten compared to 24hrs at
37 C, identified during quantitative label free IM$ analysis of conditioned
media from a DP12 CHO cell line. 2297

Table 3.3.34:List of host cell proteins, classified as secrdigdiniprot protein
database, the expression of which increased atrd4dien compared to 24hrs at

31 C, identified during quantitative label free INL$ analysis of conditioned

media from a DP12 CHO cell line. 229

Table 3.3.35:List of host cell proteins, classified as secrdbgduniprot protein
database, the expression of which decreased atd#dten compared to 24hrs at
31 C, identified during quantitative label free IM$ analysis of conditioned
media from a DP12 CHO cell line. 231

Table 3.3.36:HCPs from the cell culture supernatant of an IgGeteng DP12

cell line identified with one or more peptides &g common to 37 C and 31 C
cultures. Proteins identified with two or more pées as being common to 37 C

and 31 C cultures are also indicated. 232
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Table 3.3.37:HCPs from the cell culture supernatant of an Ig&eating DP12
cell line identified with one or more peptides &g unique to the 37 C culture. 250
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Table 4.2.3 List of phosphopeptides identified as unique tmIphosphopeptide
enrichment of temperature shifted and non-temperatuifted CHO SEAP whole

cell lysates taken down 36 hours post temperatufefsllowing analysis by

LC/MS. 456
Table 4.2.4:List of phosphopeptides identified as unique tdi@a

phosphopeptide enrichment of temperature shifteldnam-temperature shifted

CHO SEAP whole cell lysates taken down 36 hours fmwsperature shift

following analysis by LC/MS. 467

Table 4.2.5:List of phosphopeptides identified as common tafium dioxide,

Iron and Gallium phosphopeptide enrichments of tnapire shifted and non-
temperature shifted CHO SEAP whole cell lysatesnakown 36 hours post
temperature shift following analysis by LC/MS. 469
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to the Swiss-Prot protein database containing semssfor Human, Mouse Rat

and CHO (downloaded January 2011). 491
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protein database contains sequences for Human,évRasand CHO, downloaded
January 2011) 497
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Abbreviations

aa Amino acid

AMPK AMPactivated protein kinase

ATCC American Tissue Culture Centre

BSA Bovine Serum Albumin

cDNA Complementary DNA

CHO Chinese Hamster Ovary

Da Daltons

DHFR Dihydrofolate reductase

DMEM Dulbecco's Modified Eagle's Medium
DMSO Dimethyl Sulphoxide

DNA Deoxyribonucleic Acid

DTT Dithiothreitol

EDTA Ethylene Diamine Tetracetic Acid
ELISA Enzyme Linked Immunosorbent Assay
ERK Extracellular SignalRegulated Kinase
FA Formic Acid

FCS Fetal Calf Serum

FWHM Full Width at Half Maximum

GAPDH Glyceraldehyde6phosphate dehydrogenase
HPLC High Pressure Liquid Chromatography
HRP Horseradish Peroxidase

Ig Immunoglobulin

IMS Industrial Methylated Spirits

JNK cJun Nterminal Protein Kinase

kDa kilo Daltons

LC Liquid Chromatography

MAP MitogenActivated Protein

MRNA Messenger RNA
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MS
MTX
MWCO
MWM
NCBI
PBS
RNA
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SDS
SEAP
SFM
TBS
TFA
Tris

UHP

microRNA

Mass Spectrometry

Methotrexate

Molecular Weight Cut Off
Molecular Weight Marker

National Centre for Biotechnology Information
Phosphate Buffered Saline
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Revolutions per minute

Sodium Dodecyl Sulphate
Secreted Alkaline Phosphatase
SerumFree Medium

Tris Buffered Saline

Trifluoroacetic Acid
Tris(hydroxymethyl)aminomethane

Ultra High Purity
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and recombinant protein production.

Name: Martin Power
Abstract

Chinese hamster ovary (CHO) cells are one of thet mommonly used cell lines in
the production of biopharmaceuticals. The reductbrculture temperature during
the exponential phase of a culture is a strategy i commonly employed in the
bioprocessing industry to increase process yietivdr culture temperature results
in a marked reduction in cell growth, increasedc#meproductivity and prolonged

cell viability.

In order to understand the mechanisms involvedhatpbst-transcriptional level in
the cellular response to temperature-shift a phogsmiteomic analysis of SEAP
secreting CHO cells was conducted. Using a liglicbmatography mass
spectrometry-based label-free approach in conjoncivith Gallium, Iron and

Titanium phosphopeptide enrichment strategies 1,80fue phosphopeptides
(1,480 phosphosites) were identified. Gene Ontolagalysis revealed enrichment
of pathways involved in protein synthesis and celicle progression. 92

phosphopeptides were determined as being significatifferentially-expressed

36hrs post temperature-shift, including translatitiation factors EIF5B, EIF4G3,

Transcription activator BRG1 and the tumour supgmeprotein, Protein NDRGL1.

Such proteins are potentially involved in contragligrowth and recombinant protein
production in CHO cells.

While the effects of temperature-shift can resnltan increase in overall product
yield, it can also have implications for the exaélhdar-milieu from which the
product must be purified. The second aspect ofttiesis identifies changes in the
host cell protein (HCP) profile of an IgG-produciagd non-producing cell line over
time in culture under both temperature-shifted andn-temperature-shifted
conditions. This includes the identification of fgases (Cathepsin B, Cathepsin D,
MMP9) and glycosidases (beta-galactosidase aNdacetylgalactosaminidase), that
could negatively impact product quality. In additigroteins that could enhance cell
growth such as vascular endothelial growth facdofarms A and C and Hepatoma-
derived growth factor were also identified. It waso found that the cell line and
culture conditions used both impacted on the HGRilprgenerated.



Introduction



1.0 Introduction

1.1 Chinese Hamster Ovary cells

Chinese hamster ovary (CHO) cells are a mammaliéthedial cell line that have
been genetically engineered to produce recombipestein products for what is
now a multi-billion dollar industry (Beausoleil, hae, Dubreuil 2002; Rader 2012).
The Chinese Hamster itself was first used for tggameumococci as a replacement
for mice in 1919 (Jayapal et al. 2007). The first@ cell was isolated in 1957 for
use in the study of somatic mammalian cell genetitigck, Cieciura, Robinson
1958). The discovery of the relatively low numbdrahromosomes in Chinese
hamsters (2n=22) made them ideal for radiation ah@&mical mutagenesis
experiments (Chu 2004; Deaven and Petersen 1913)986, Tissue plasminogen
activator (tPA, Activase®), became the first thenaic product approved for
production using CHO cells. This came just fourrgester Lilly’s Humulin became
the first recombinant protein therapeutic to obtaigulatory approval from the FDA
(Biospectrum 2007).

Used in the production of seven of the top terirgghiologics in 2011 (Table 1.1.1),

CHO cells are used to produce nearly 70% of theméinant therapeutic products
on today's market (Huggett and Lahteenmaki 2013apal et al. 2007; Noh,

Sathyamurthy, Lee 2013). CHO cells have been thdgminant cell line of choice

by the biopharmaceutical industry for a number edsons; 1) CHO cells can be
adapted to grow in suspension which enables higisitles of cells to be obtained
enabling greater product yield; they have a reddyivfast growth rate and are
reasonably robust in nature (Jayapal et al. 20Qin&k, Gammell, Clynes 2007;
Rodrigues et al. 2010). 2) The adaptation of CHIB ¢e grow in serum free media
is also a significant advantage given the potemitks associated with the use of
serum in cell culture media for the growth of thpatic protein producing

mammalian cell lines (Even, Sandusky, Barnard 2@¥acore, Drapeau, Adamson
2000). 3) Having been used for the production ofdgjics for over 25 years, CHO
cells have a well-established record as a safe fooghe production of parenteral
products (Chu and Robinson 2001).



4) CHO cells have the ability to produce complertgin structures with correct
folding patterns and post-translation modificatiosisch as glycosylation which
enables proper protein function (Hossler, Khattak?009; Vergara et al. 2012). 5)
In addition to being stable hosts for the exprassid heterologous genes, gene
amplification techniques such as dihydrofolate otdse (DHFR) or glutamine
synthetase (GS) mediated systems may also be asedréase cellular productivity
(Barnes and Dickson 2006; Noh, Sathyamurthy, LeESRODHFR negative CHO
cells are transfected with a gene for the DHFR pBr&yThrough the addition of
increasing concentrations of the chemotherapegeatamethotrexate (MTX) copies
of the DHFR gene are also increased. This resulésiincrease in the attached gene
for the therapeutic protein of interest, thus iasiag its production (Jayapal et al.
2007). The GS system operates in a similar mamméijs instance however, the GS
inhibitor methionine sulfoximine (MSX) is used tappress endogenous copies of
the GS gene. Only cells containing high enough agapynber of the GS gene, linked
to the desired recombinant protein product, willdixde to proliferate. The addition
of 20-257M of MSX to the culture media enables selectiorcelfs containing the
GS gene, while increasing the concentration to eetw100-1000M results in

amplification of the gene coding for the productraérest (Agrawal and Bal 2012).



Top Selling Biologic Drugs

Name Product Cell Lines 2011 WO”dWi.d? Sales (dollars i
billions)
Humira (adalimumab) Chinese Hamster Ovary 7.932
Enbrel (etanercept) Chinese Hamster Ovary 7.367
Rituxan (rituxan) Chinese Hamster Ovary 6.772
Remicade (infiximab) Mouse Myeloma (NSO) 6.751
Avastin (bevacizumab) Chinese Hamster Ovary 5.968
Herceptin (transtuzumab) | Chinese Hamster Ovary 5.924
Neulasta (pedfigrastim) Escherichia Coli 3.952
Lucentis (ranibizumab) Escherichia Coli 3.769
Avonex (interferon beta-14) Chinese Hamster Ovary 82.6
Rebif (interferon beta-1a) | Chinese Hamster Ovary £.35

Table 1.1.1 Table of the top 10 selling biologic drugs in 204fLlwhich 7 were
produced using a CHO host cell line (Noh, Sathydhyutlee 2013).

Product titre has improved significantly over treags, having gone from ~50mg/l in
the mid-eighties to ~4.7g/l in 2004. Product st >10g/l are now within reach
(Huang et al. 2010; Wurm 2004). The increase irdpeo yield has largely come
from improvements in media formulation and processign (De Jesus and Wurm
2011). Further improvements are required, howeté¢he cost of these therapeutic
products are to be brought down to a sustainabkd [®ietmair, Nielsen, Timmins
2011). Herceptin, used for the treatment of bremstcer, costs US$60,000 per
patient per year (Waltz 2005). Treatment of col@ncer using Avastin costs
US$50,000, and for rare diseases, costs can becase of US$200,000 per patient
per year (Herper 2010). While manufacturing cary glame role in influencing the
cost of the drug i.e., volume of product producexpression system used (cheaper
prokaryotic systems versus more expensive eukarypodidels), such high prices are
largely attributed to ever increasing cost of R &ndhcluding costly clinical trials.
Although cell engineering strategies have made saroatribution towards
improving cell line characteristics, results frohe t'targeted’ engineering approach
have so far fallen somewhat short of expectatibim ¢t al. 2010; O'Callaghan and
James 2008). Advances in modern technology aremilyrenabling unprecedented
characterisation of CHO cells in the fields of gewmss, proteomics and
metabolomics (Datta, Linhardt, Sharfstein 2013).



The recent publication of the CHO genome will unatedly play a significant role
in the quest for true cell line engineering (Leves al. 2013; Xu et al. 2011).
Through better understanding of the mechanismslvedoin controlling different
cellular traits we will be one step closer to figaleveloping the much sought after

‘super producer’ (Dietmair, Nielsen, Timmins 208kth et al. 2007).



1.2 Temperature-shift

The reduction of culture temperature towards thé ehthe exponential phase or
during the stationary phase of a culture is a efpathat is commonly employed in
the bioprocessing industry to increase process.yiemperature reduction results in
a marked reduction in cell growth, increased spepifoductivity and prolonged cell
viability (Bollati Fogolin et al. 2005; Rodriguez et al. 2005; Saketaal. 2005;
Schatz et al. 2003). Despite the increases in pgroductivity and cell viability,
overall product yield may be decreased as a resuktduced growth. The effect of
this temperature reduction can also vary greatlgombng to the temperature,
recombinant protein, cell line and even clone (éeal. 2008; Yee, Gerdtzen, Hu
2009; Yoon, Hwang, Lee 2004). While the use of terajure-shift to increase the
specific productivity of mammalian cells has beemestigated (Fox et al. 2004;
Yoon, Song, Lee 2003) and the effect of cold shwek documented (Al-Fageeh
and Smales 2006; Al-Fageeh et al. 2006), the preseular mechanisms involved
have only begun to become clear in more recentstindespite this, there still
remains a significant gap in our knowledge of thechanics of reduced culture
temperature, particularly when compared with tHabtber biological systems such
as bacteria or plant. The following section wilscliss our current understanding of
the mechanisms involved in the response of CHOsc#ll reduced culture

temperature with respect to (i) cell growth anyigpecific productivity.

1.2.1 Mechanisms controlling Cell growth rates inémperature-shifted CHO
cells

As mentioned previously, cell growth is significlgnturtailed under reduced culture
temperature conditions. This reduction in growth ba attributed to the cell cycle
arrest with a shift in the proportion of cells frahee S to the G1 phase of the cell
cycle observed at reduced temperatures (Hendriek 001; Marchant et al. 2008;
Moore et al. 1997). It should be pointed out tlatger mild hypothermic conditions
(~32 C) cells may not arrest completely and cantioome to proliferate, albeit at a
reduced rate compared to 37 C, while under morergesonditions there is almost a

complete cessation of cell proliferation (Rooboaket2009).



This reduced growth rate results in a reduced rement for metabolites and in turn
decreased production of waste by-products (Wagstadf. 2013). It has been shown
that the cell cycle arrest of CHO cells occurs tha ATR (ataxia telangiectasia
mutated-and Rad3-related kinase) - p53 — p21 patiiRaobol et al. 2011). The
finding that p53 is central to the arrest of tenapere-shifted CHO cells is hardly
surprising given that p53 deficient mammalian cekperiencing mild hypothermia
do not undergo cell cycle arrest (Matijasevic, Saryd.udlum 1998; Ohnishi et al.
1998). It was proposed that activation of the ATF34p21 pathway is due to
changes in membrane rigidity as a result of ali@mat in the membrane lipid
composition; specifically, an increase in the ratiopolyunsaturated to saturated
fatty acids upon temperature-shift (Roobol et 8L D). It has been suggested that a
change in the fluidity of the nuclear envelop isnised’ by nuclear localised-ATR
(Zzhang, Zhao, Ma 2007). In CHO, this leads to ititeanuclear translocation of
ATR and subsequent phosphorylation of p53 at S€Rldobol et al. 2011). The
phosphorylation of Serl5 is enhanced by the phagtdimn of Ser33 and Ser46 on
p53 by p38MAPK (Bulavin et al. 1999), also activhtey the ATR pathway (Roobol
et al. 2011). This enhanced Serl5 phosphorylatiomes to stabilise and augment
binding of p53 to the transcription co-activatolOpACBP (Dumaz and Meek 1999),
thus enabling transcription of p21, resulting ifl cgcle arrest.

1.2.2 Mechanisms controlling specific productivity in temperature-shifted
CHO cells

Although cell growth is significantly reduced undemperature-shifted compared to
non-temperature-shifted conditions, extended oelturability coupled with
increased specific productivity can lead to anease in overall product yield. The
effect of mild hypothermia on specific productivitgn be cell line specific however
and as such, may not be a suitable strategy faelllines (Table 1.2.1). Despite the
recent elucidation of the mechanisms involved iit cgcle arrest of CHO cells
under reduced culture temperature conditions (Rloobb al. 2009), our
understanding of the pathways controlling spe@fieductivity is a lot less clear. (A
diagram summarising our understanding of the efdédemperature-shift on CHO
cells is provided in Figure 1.2.1.). From the s#sdconducted so far it would appear

that the factors facilitating the increases in gpeproductivity are more complex.

8



Productivity
Product T(C) (fold change) Feed Strategyl Author
Antibody 33 1.7 Batch (Yee, Gerdtzen, Hu 2009)
Antibody-IL-2 fusion| 30 2.8 Batch (Shi et al. 2005)
Chimeric Fab 28 14 Batch (Schatz et al. 2003)
EPO 30 5.6 Batch (Moore et al. 1997)
EPO 33 4 Batch (Yoon, Song, Lee 2003)
EPO 32 4 Perfusion (Ahn et al. 2008)
FSH 32 13 Perfusion (Yoon, Ahn, Jeong 2007)
hGM-CSF 33 2.1 Batch (Bollakogolin et al. 2005)
IFN-y 32 4 Fed-batch (Fox et al. 2005)
IgG 30 2 Batch (Kantardjieff et al. 2010)
Pro-urokinase 31 1.3 Batch (Chen et al. 2004)
Pro-urokinase 34 1.5 Perfusion (Chen et al. 2004)
SEAP 30 1.7 Batch (Kaufmann et al. 1999)
SEAP 33 8 Fed-batch (Nam, Ermonval, Sharfstein 2(
TIMP 34 4 Batch (Jenkins and Hovey 1993)
TNFR-Fc 30 5 Batch (Kou et al. 2011)
tPA 33 15 Batch (Berrios et al. 2009)
tPA 32 1.7 Batch (Hendrick et al. 2001)
tPA 33 1.7 Perfusion (Vergara et al. 2009)

Table 1.2.1Effect of temperature-shift on specific produdgvon CHO cells.
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Overall, there is a reduction in protein synthemssa result of the attenuation of
transcription and translation processes withindék This response appears to be
common to both bacterial and mammalian systemsrexpeng mild hypothermia
(Ermolenko and Makhatadze 2002).

While this may seem somewhat contradictory givee thcrease in specific
productivity, it is generally thought that incredsaRNA stability/decreased mRNA
degradation coupled with the availability of tratgnal and protein folding/
secretory machinery, unburdened by task of syrdhmsi endogenous cellular
proteins, creates increased capacity for the pramluof more recombinant protein
product. Again however, a consensus is yet to behexd on precisely how this
occurs. This is primarily because of a variationsthe results reported across
different cell lines. For example, a 5.5-fold inase in the specific productivity of
tumour necrosis factor receptor-immunoglobulin G4 fision (TNFR-Fc) in a
temperature-shifted CHO cell line was attribute@émndanced mRNA stability, rather
than the changes in the gene copy number or aeadserin the transcription rate
(Kou et al. 2011). It has also been suggestedaancrease in EPO mRNA levels
under temperature-shift conditions was indicatiaroincrease in EPO transcription
therefore providing the means for an increase i@ pRoductivity (Yoon, Song, Lee
2003). It is thought that this increased stabiigyfacilitated by the translation of a
specific group of proteins termed “cold shock pig& Two of the most widely
studied cold shock proteins are cold-inducible RNiAding protein (CIRP) and
RNA-binding motif protein 3 (RBM3) (Al-Fageeh andn&les 2006). Although
structurally very similar (Nishiyama et al. 1990IRP specifically binds to the 3
untranslated region (UTR) of RNAs, improving RNAalsility and translation
efficiency at times of cell stress (Yang and Carfl801), while it is thought that
RBM3 binds the 5UTR of mRNA to facilitating cap-independent traatgn during
cold shock (Chappell, Owens, Mauro 2001). In addito this it is also thought that
the binding of such cold shock proteins (CSPshto dis-element of the promoter
region of certain genes may also enable their trgpt®on during temperature-shift
(Al-Fageeh and Smales 2006).
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To add another layer of complexity, the expressibsmall non-coding RNAs called
microRNA (miR), which largely bind to the -RTR of the target mRNA to
negatively regulate their translation, have beerowsh to modulate under
temperature-shift (Barron et al. 2011; GammellleR@07), offering another means

by which pathways involved in specific productivaguld be effected.

At the post transcriptional level, the decreaseglabal protein synthesis has been
attributed to the phosphorylation of the initiati@ctor elF2 (Masterton et al. 2010;
Underhill et al. 2005). It has been shown that upbasphorylation, elF2forms an
inhibitory complex with elF2B, which in turn preuvsrthe binding of initiator met-
tRNAI to the 40S ribosomal subunit resulting in thgpression of global protein
synthesis (Krishnamoorthy et al. 2001; Underhillaet2005). Despite this, it does
stand to reason that other eukaryotic initiati@mstation factors and their associated
pathways must in some way be affected by the dseremaculture temperature in
order to facilitate an increase in specific produt. This pathway has, as yet, to be
identified.

Remodelling of the cytoskeleton has also been @bdeduring temperature-shift of
CHO cells (Kumar et al. 2008a; Yee, Gerdtzen, HO9Q0As such, it is likely that
this may have some impact on translation due tocthi¥ocalisation of initiation
factors with the cytoskeleton (Stapulionis, Koieutscher 1997). Disruption to the
cytoskeleton through the disassembly of microtubwan be impeded through the
expression of stable-tubule-only-polypeptides (SYQiPoteins to stabilize the
microtubule network (Masterton and Smales 2014 $hecific mechanisms by
which this impacts on the translational machinefythe cell also has yet to be

elucidated.

In summary, the means by which specific produgtivét increased appears to be
multifaceted; from the expression of CSPs, to thabiksation of mMRNA, the
induction of miRNAs to modulate mRNA translationdathe phosphorylation of
specific eukaryotic initiation translation factais facilitate translation of specific

proteins under reduced culture temperature comditio
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1.2.3 Proteomic profiling of temperature-shifted CHOD cells

While targeted approaches have been used to igaéstspecific pathways / known

proteins that may be implicated it the cellulamp@sse to temperature-shift such as
those described in sections 1.2.1 and 1.2.2, pmute@rofiling has been used

identify some of the more global changes withingheteome of temperature-shifted

cells. This section briefly discusses these repotstheir key findings.

It should be noted that a detailed descriptiorhef proteomic techniques mentioned

in this section is provided in section 1.6.

One of the earliest profiling studies utilized aotd@imensional polyacrylamide gel
electrophoresis (2D PAGE) approach to examine etgirfiom cells grown at 37 C

and 31 C (Kaufmann et al. 1999). The gels werensthiusing a sensitive stain for
the detection of proteins called silver stain ahd stained protein spot intensity
compared between temperature-shifted and non-teypershifted samples. The
identification of 10 spots with altered intensitipovided a proof of concept that
temperature-downshift results in the altered exgpoesof proteins in CHO cells. In

addition to this, the identification of alterationm the levels of tyrosine

phosphorylation on a 80 kDa and 180 kDa proteiwbeh 37 C and 31 C, provided
the first evidence of CHO cells actively respondatighe posttranslational level to

changes in culture temperature (Kaufmann et al9199

Also employing silver stained/2D PAGE approach, pheteomic profiling element
of a combined transcriptome and proteome analyisBER®© producing CHO cells
identified 13 spots as having at least a twofoldnge in spot intensity upon
temperature-shift (Baik et al. 2006). Although sptntification by MALDI-ToF
and MS/MS revealed only nine proteins to be diffiéedly-expressed, the increase
in a number of proteins (PDI, ERp57, HSP70) impédachanges in the protein

folding machinery as attributing factor towardsregased EPO productivity.

In a more sophisticated transcriptomic and proteamiestigation, an expansion of
the cell’s secretory machinery was also identiisch key component of the increase
in specific productivity of an 1gG producing CHOlIckne following temperature-
shift and sodium butyrate treatment (Kantardji¢ffle 2010).
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Using a metabolic labelling (stable isotope lalbgllwith amino acids in cell culture
(SILAC)) approach to study the secretion rate @ IGHO cells grown (i) at 33 C
and (ii) at treated with sodium butyrate (NaBuBatC, it was found that rather than
faster processing times, an increase in the avéijabf the light chain molecule
facilitated more efficient production of the IgGopuct. This was backed up by
transcriptome analysis which identified functionkisses related to protein secretion

to be enriched under temperature-shift and NaBatrtrents.

2D difference gel electrophoresis (DIGE) analydis mon-producing CHO-K1 cell
line under temperature-shift revealed that protgredominantly involved in cell
structure and metabolism altered in expression (&uet al. 2008a). Given that this
study was carried out in a non-producing cell lii@ey insights into the mechanisms
involved in the increase in specific productivitges in many temperature-shifted
cell lines could be obtained. Nonetheless, amorg2®l differentially-expressed
proteins identified (118 up-regulated at 31 C), amber of those likely to be
involved in important cellular pathways were alsdoserved including;
Heterogeneous nuclear ribonucleoprotein C (HNRP&Yulation of growth), EIF4A
(cap-independent translation), importin{apoptosis), Vimentin (structural) and

alpha glucosidase 2 (glycoprotein quality cont(&ljymar et al. 2008a).

1.3 Proteomic profiling of desirable cell phenotypse

A wide range of proteomic profiling studies haveetearried out on CHO cells in
an effort to decipher the mechanics of the recoarttimprotein producing cell. By

profiling cells displaying desirable phenotypicitsasuch as fast growth rate, high
productivity, low lactate/ammonic production, deddyonset of apoptosis etc, it is
hoped that this information can one day be usehtpneer a ‘super producer’ (Seth
et al. 2007). While our knowledge of the CHO proteohas vastly improved over
the last number of years (Baycin-Hizal et al. 2012)deeper understanding is
required in order to select cell engineering taygeth a view to improving cellular

phenotype in a more efficient manner (Dietmair, Id8a, Timmins 2011). This

section provides a brief overview of some of thesidable’ characteristics that could
be engineered into a cell in Table 1.3.1 and sunsemrsome of the proteomic

profiling investigations conducted to date in Tabla.2
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Cellular Overview ‘desiiable’ cellular characteristics

Cell growih |The link between high cell density and final product vield is well eatablished and, fn
some cases, hes been shown fo be more Duportant then the intrineic productivity cate
of the eall e (Clwls of 4l gﬁﬂl Rapidly scldeving such 4 bigh cell density gresdly
rediness 1) the thve spent sealing wp the cell onliure peocess theough serddl cnlings
BaTsNECH @ftﬁgaﬁm@ﬁﬂmMm&Wﬁﬁmm@}mmm%mwmﬁmﬁ@b&«f:
mﬁm mwmﬁ@g@wmwmymmmﬂmwwm@@ il
productivity (Doolan ef al. 2010; Smky smd Euﬂaf 2@1@} m@mﬁmg ﬁi&:s
gmwﬁx rate of 8 mﬁ w&x@m thea ;

Specific This is perhaps one of the most obmous characwnsﬂcs to engn&er into a cell line.
Profiling of different phenotypes has identified various bottlenecks in the secretory
productivity |machinery, such as protein folding. The overexpression of endoplasmic reticulum
chaperonss has had mixed results: for exampls, the over sxpression of ERpS7,
Colnexin snd Calreiculin produced a two-fold inoease W the production of
Thxmbapom&n (TPO) (Chung et al. 2004; Hwang, Chu.ng, Lee 2003), wmlz th;:
overempression of POI did not resullt v sn incresss In the specific prodnoiivii

TBG, alt&iﬁ%ghmmﬁ migﬁpm@m@ﬁ%wm@@ﬂhﬁﬁl 2005; M@h&ﬂeﬁﬁl

Cell Becase @f metabolic m@ﬁimm% ﬂ:& mgh mm‘amy@m rafe of muirients m a8

giucore and glolamine can seslt n the sconmmlstion of lsciale and amment
metabollsi (jioreqctor, which can be detrimentsl to the healih of fhe culture (Altamirvan
2003 A wovber of enginesrving sirstegies have proven sucesssful fn gmmﬂmg eell

Ime@ ﬁm can mmmﬁ fhiz  problem, mﬂhﬁ%m% ﬁnﬁs o
arbamoylpbosphate synthetese T and codthine transcarbamos m;ahfmg C‘HQ

cﬁiﬂs m mm m fo cltmifline, thersby reducing NH, m&ﬁﬂﬁ‘%ﬁn in the cultures
ugy to 1.3-fold (Padk et al. 2000). By exawining phenomena such aﬁ ‘metabolic shift’
whereby cells have significantly reduced nutdent consuxpiion / waste by-product
prodociion compared to g;g:j]ls ﬁmm not undergone this shift Fordke of 8l 2004),
mx&ghﬁ:@ TEY h@ e approaches that woold engble cells to metsbolise

Apopiesis  |Exiending culture wabﬂmf by delaying cell apoptosis would be a very desirable
characteristic to sngineer into a cell by prolonging the hifethine of the culture product
yields can be ingressed {(Krampe and Al-Bubesi 20103, Alfbough there have been a
number of publications reporiing the use of the overexpression of andi-apopiotic
proteins such as Bel-2 (Kim aod Lee 2000), BolxL {(Chiang and Sisk 2005), and
Bdel-1 (Majors ot al 2009}, or the down-regnlation of pro-apopiotic proteins such a5
Bak snd Bax (Cost e 4l. 2010), protoomice sudies are still on-gring in an sifemgt i
idemtify alicrosie mesns by which sposiosis can be deferred (Wel et gl 20110

Table 1.3.1Overview of some ‘desirable’ characteristics imeaombinant protein
producing cell line.
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Table 1.3.2 Table summarising some of the proteomic profilimyestigations conducted date in CHO cells thateh&wthered our
understanding of some of the cellular mechanismelwed in important cell attributes such as grow#te, productivity, apoptosis and
metabolic shift.

(_ZeII Cellular Trait Proteo_mlc Comparison Product |Key Findings Reference
line Technique
Although no direct apoptosis-regulating proteinsensg
identified, the potential importance of UPR andrgye
, metabolism in prolonged cultures and apoptotic ce .
. Analysis of CHO cells i . Wei et al.
CHO |Apoptosis 2D DIGE s : . 1gG death was established. In addition to the type of (
undergoing apoptosis . . : ) 2011)
apoptotic pathway triggered, apoptotic proteins
associated with ER stress, mitochondrial dysfunctig
and energy metabolism were identified.
Proteins exhibiting a significant increase in alaunu
Analysis of four NSO cell ith increasing gMab incl lecular ch P
 loppace ' nalys!s 0 .our SO cg w mcreqsmg q qb inc ud.ed mo ecugr C aperpn (%males ot al
NSO [ Productivity (Ruby stained) lines with different specifiglgG known to interact directly with nascent immunoglois 2004)
y productivities during their folding and assembly (e.g., BiP,
endoplasmin, protein disulide isomerase).
Analysis of four NSO cell Significant increase in the abundance of protaitisa
 |ppace lines Wlth _qm“erent specrﬁc ER cha|_oerone., non- ER chaperon.e and CytO.Ske.let?binnis otal
NSO | Productivity . productivities if particular |IgG categories, whie proteins categorised as beiadyes
(Ruby stained) . - . . . : . . 2006)
cell ines have distinct in protein synthesis, protein degradation and iucle
functional capabilties acid synthesis remained unchanged.
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Analysis of two CHO cell
line pairs, with each pairi

Overlap comparisons between the two sets ofrell

. differing in their ability to pairs identified 12 proteins, involved in processash [(Meleady et al
CHO |Product 2D DIGE . ... |19G . . : ,
Mty sustain high productivity g as protein folding and protein translation were 2011)
over a ten day culture differentially expressed in the same direction.
period
mMIRNA, mRNA and Biological processes driving proliferation incluglin
CHO |Growthrate | QLF-LC/MS prcl)telnl exprfassmln analy.;lla G MRNA pr.ocessmg and trar_15|at|on, in addrpon, the |(Clarke et al
of 'fast' and 'slow' growing upregulation of numerous ribosomal proteins (RP y2912)
clones observed (e.g. RPL14, RPS15 and RPL15).
: , Genomic/proteomic analysis identified 21 high-pisor
Genomic and proteomic cell enginer:)ering targets IIi/unctional vaIidatiogr;ntd)m:)]aD (Doolan et al
CHO | Growthrate | 2D DIGE ar:vl\yl/;ls (?I;rf:ai[ and 'siowigG five selected targets found the knockdown of HSPE1)10)
g g ENO1 and VCP al impacted on cell growth.
. Proteins involved i is, tein i
Lactate consuming roteins involved in glycolys_,ls protein processing
CHO | Metabolc shiitZD PAGE compared 1o non-lactatd 1aG cell structure were differentially expressed. How | |(Pascoe et al.
(Silver stained) P ) . 9 lactate conditions are generated e.g. throughetiffe {2007)
consuming cell line . .
feed strategies, can impact on the proteome afkthe
: . Differential expression of genes and proteins delu
Transcriptomic and . . )
. . . . carbohydrate metabolism,signal transduction, and |, .
CHO |Productivity TRAQ proteomic analysis of higfFusion transport were observed. Upregulation of proteins (Nissom et al
(LC/MS) and low producing CHO [protein ' 2006)

cells

involved in protein metabolism and protein foldimghe,
high producer were also identified.
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1.4 Host cell proteins (HCPs)

Host cell proteins (HCPs) are process related imtipsirderived from a host cell line
that must be removed from the final drug produd.well as impacting on product
quality during processing, insufficient removaltbése impurities may result in an
immunogenic response in the patient (Gao et all2@hankar, Pendley, Stein
2007). Although no limit has been set by the Regwa Authorities it is
recommended that levels of HCPs in the final drugdpct are “below detectable
levels using a highly sensitive analytical methq@BER 1997). It has been
acknowledged that testing for such impurities isy\@&hallenging since the test must
be capable of detecting fragments of HCPs in a ¢exnpample that may cover a
large dynamic range (Rathore et al. 2003). One lpopueans of testing for the
presence of HCPs is the use of enzyme linked imsanbent assays (ELISAS) as
they are capable of detection between 1-100 pprofEE95; Hoffman 2000). Such
assays are generated by raising antibodies agaipsdtein mixture from the host
cell line. To avoid false positives it is importaot ensure that the assay does not
contain antibodies that have an affinity for thedarct of interest. For this reason the
protein mixture is generated from a non-produciall lme. It could be argued that
proteins that are weakly / non-immunoreactive wdt be detected by ELISA. The
use of an alternative detection method such asrssitaining on a 1D or 2D gel may

be useful in such instances (Champion et al. 2005).

ELISAs used to test for the presence of HCPs mayabegorised as generic, custom
or multiproduct. The type of ELISA used will depend a number of factors such as
product maturity and general suitability. Commdigiavailable generic assays are
typically employed during the early stages of priddevelopment i.e. phase 1
clinical trials, because they are inexpensive ahble of measuring HCPs present
in a given cell line (Schwertner and Kirchner 2018pwever, results from generic
assays have been shown to be variable and somelatiesufficient sensitivity
(Schwertner and Kirchner 2010), so once a procestires phase 3 of clinical trials

a more specific i.e. custom assay, may be reqbiyetie regulatory authorities.
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Usually taking 9-12 months, custom assay developn&na time consuming
endeavour (Wolter and Richter 2005). It is alsdlgand may be deemed unsuitable
if changes to the final purification process aredmat a later date (Champion et al.
2005). A compromise between these two types ofyassay be found in the
multiproduct assay (Schwertner and Kirchner 20T0)s assay is developed by the
company to be used across a number of productshvane derived from a specific

cell line.

Krawitz et al. (2006) supported the use of multgurct immunoassays for HCP
analysis in recombinant protein production base@ @omparison of the proteomes
of three different CHO cell lines. Using 2D PAGHRised using a sensitive staining
method (SPYRO Ruby), this study found no differentéhe basal expression of
proteins in the three cell lines (Krawitz et alOB). This is not surprising given that
other studies have found the proteome of therapg@utiducing cell lines to be very
similar (Champion et al. 1999; Hayduk, Choe, Le@4)0It can be argued that these
studies only consider the intracellular proteomed da not take into account subtle
differences that may exist in the extracellular BQBin et al. 2010), such as an
increase in the abundance of acidic proteins irettieacellular proteome (Wimmer
et al. 1994). Nonetheless the intracellular proteasnregarded as being sufficiently

similar to the extracellular proteome to make ssictilies valid (Hoffman 2000).

In two recent papers, 2D DIGE was used to investighe HCP profile of IgG

producing CHO cell lines (Grzeskowiak et al. 20081 et al. 2010). Interestingly,
the HCP profiles of cells exposed to different wrdt conditions e.g. inoculation
density, basal and feed media, temperature-shitesty, were found to be very
similar (Jin et al. 2010). The most notable charng@see as a result in cell viability
where HCP content was greatest in low viabilitytards (Grzeskowiak et al. 2009),
while there was minimal change to the HCP profifecells maintained at high
viability where (Jin et al. 2010). As a result bistfinding, cell culture viability must
now be a consideration for the generation and @i§d.[5As to detect HCPs during

routine analytic testing.
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1.4.1 Proteases as part of the HCP matrix

Proteases are an integral part of the intracellptateome. They play an important
role in cellular processes such as DNA replicaticell-cycle progression and cell
proliferation (Lopez-Otin and Overall 2002). Asesult, the presence of proteases in
the cell culture broth is inevitable be it as aule®sf secretion from viable cells
(Elliott, Hohmann, Spanos 2003; Robert et al. 2088ndberg et al. 2006; Satoh,
Hosoi, Sato 1990), dead cells (Satoh, Hosoi, S&80;1 Teige, Weidemann,
Kretzmer 1994) or the mechanical lysis of cellsimyiculture or harvest (Kao et al.
2010; TrexlerSchmidt et al. 2010). The addition of excipientchsitas media
supplements is also a potential source of prote@dels et al. 2004). Proteases can
continue to be a problem right throughout the jpeatfon process. Harvest
operations may cause excessive cell shear, causiragellular proteases to be

released into the cell culture fluid (Kao et al1@0TrexlerSchmidt et al. 2010).

Concentration of the protein product in the eatagss of purification may also lead
to a significant increase in protease activity (Baerg et al. 2006). Changes in the
pH of buffers used in the purification process nadso lead to the activation of
proteases such as acidic or aspartic proteaseb, asicthose identified in the
conditioned media of mAb producing cell lines irhet studies (Karl, Donovan,
Flickinger 1990; Sandberg et al. 2006). HCP prasasan also cleave Protein A
ligand (Shukla et al. 2007) having the effect othbreducing column performance

and adding an additional impurity that must alsadymoved.

Protease activity in the cell culture can have @imental effect on product quality

(Kao et al. 2010). Degradation of the product bgtgase activity has been reported
in some of the most commercially relevant, eukacyekpression systems, CHO
(Elliott, Hohmann, Spanos 2003; Robert et al. 2088ndberg et al. 2006) and

Hybridoma cell lines (Karl, Donovan, Flickinger X9

Results from these studies seem to indicate thadtuyst degradation as a result of
protease activity is somewhat cell line and prodyecific. There may be a number
of reasons for this; (i) some level of protectiormymbe provided by naturally
occurring protease inhibitors produced by the dek (ii) the protease may be
produced in an inactive form, or (iii) the produdiay not contain amino acids

sequences that are sensitive to cleavage by thegses present in the media (Mols
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et al. 2004; Trexler, Banyai, Patthy 2001). Reasion inhibiting protease activity
are two-fold: a decrease in product degradationldvoot only have the effect of
increasing process productivity but a reductioninnthe volume of degraded
antibody molecules would mean a reduction in tlze sif the Protein A column
required (Reid et al. 2010).

By and large protease inhibition studies have b#en mainstay of protease
identification and product conservation (Elliottplnann, Spanos 2003; Lindskog,
Svensson, Haggstrom 2006; Sandberg et al. 2006).a®nndustrial scale the
addition of protease inhibitors can be costly ameirtremoval from the final drug
substance must also be considered. Up to 201lattkedf a comprehensive CHO
proteome database has hampered efforts to conelysigentify some proteases
(Sandberg et al. 2006) and implement potential ediineering solutions (Robert et
al. 2009). However, following the release of two @Horoteomic databases
(Meleady et al. 2012; Xu et al. 2011) one would extpour knowledge of such

proteases to increase as the host cell proteomesander greater scrutiny.

Media formulation could also benefit from insighigo protease activity since the
use of serum free media, as required by the remyladuthorities, may see an
increase in protease activity due to the absengeatéase inhibitors that would be
present in serum (Teige, Weidemann, Kretzmer 1994).

None the less, even our limited understanding eke¢hproteases can contribute
toward making key strategic decisions such as wbeharvest the product. How
long the product spends in the cell culture braibrpgo harvest has been shown to
impact on product quality both in terms of the prese/absence of crucial PTMs and
structural integrity (Hansen et al. 1997; Reid &t 2010; Teige, Weidemann,
Kretzmer 1994).

Protease activity may also affect cell line choitehas been suggested that a
carboxypeptidase B or another basic carboxypemitaat least partially responsible
for a C-terminal lysine variation in Mabs produdedCHO and B cell hybridoma

cells (Dick Jr et al. 2008). Although it had beeyptithesized that a reduction in
culture temperature could reduce protease actiiiije at the same time increasing

overall productivity (Chuppa et al. 1997; Kaufmaginal. 1999), one study found
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that product quality was similar for both conditodespite an increase in a 69kDa
protease in the 37 C culture (Clark, Chaplin, Hanc2004).

In terms of product quality much of the emphasis haen placed on the ability of
the upstream process to produce a consistent recantlprotein structure (Zhou et
al. 2008). It is only in more recent times that fbheus has shifted to the effect of
downstream processing on product integrity (Gaal.e2011; Reid et al. 2010). The
importance of thorough purification of the proteiroduct was highlighted by Gao et
al (2010) who showed that the presence of resiguatease activity in a highly
purified monoclonal antibody sample can negatiwelyact product quality.

1.4.2 Growth Factors and Conditioned Media

Serum is rich source of nutrients that are knowprtivide cells with protection from
apoptosis (Zanghi, Fussenegger, Bailey 1999) apdasticell proliferation (Liew et
al. 2010). Its precise constituents, however, rans@mewhat unknown. Due to its
animal origins the components of serum can vargadncentration thus causing
unpredictable growth and productivity patterns (Ev&andusky, Barnard 2006).
There are also regulatory concerns that it mayaiontiruses making it unsuitable
for use given the intended market of the therapeptoduct (Even, Sandusky,
Barnard 2006). Serum Free Media (SFM) is a defmedia composition containing
known growth factors and other elements that supgal growth and recombinant
protein production (Schroder, Matischak, Friedl £00rhe addition of proteins to
media can be expensive (particularly on an indalsttale) and are often obtained
from an animal source (Keenan, Pearson, Clynes)2@&mically defined media
has been the gold standard in terms of media fatioul (Grillberger et al. 2009).

One area however that has received very littlenaatte in bioprocessing is the effect
of autocrine factors on cell proliferation and protivity. Conditioned media can be
a rich source of such factors (Dowell, Johnson2@09). Conditioned media from
cancer cell lines is commonly used to identify béwkers in cancer that correlate
with characteristics of interest e.g. invasivenagswth rate, etc. (Xue, Lu, Lai
2008)(Chenau et al. 2009; Makridakis et al. 2010% a source that does not appear
to have been so thoroughly investigated for biopsstg cell lines. Such

information could potentially be used to screen fmomarkers of desirable
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phenotypes (Woolley and ARubeai 2009) or to engineer a cell line that sesret

factors that promote growth and proliferation (Rakl. 1996).

The addition of conditioned media to cell cultutess been reported to increase
growth and productivity of hybridoma cells (Dutto&charer, Moo-Young 1999;
Spens and Haggstrom 2005). It has been hypotheis¢deven in media rich in
nutrients, the depletion of autocrine factors casult in cell death (Spens and
Haggstrom 2007).

The mechanism by which proteins secreted into tedianaffect cell proliferation
can be complex. An example of this is the mitogegifect of IGF-1 on fibroblast
cells which is controlled by a family of high affiy IGF-I binding proteins
(IGFBPs) (Baxter and Martin 1989). Specifically,ABP-5 plays an important role
in the release of IGF-I to receptors on the callage (Fowlkes et al. 1994; Mohan et
al. 1995). It has been shown that only a cleaveoh fof IGFBP-5 can mediate the

IGF-I receptor activation (Imai et al. 1997).

It has been reported that a secreted 88kDa seraiegse that is responsible for the
cleavage of IGFBP-5 (Busby et al. 2000). A studyied out in CHO cells revealed
that while transferrin alone did not promote suaViwr proliferation and IGF-I
helped maintain cell viability for an extended périof time, a combination of IGF
and transferrin greatly improved cell survival gombliferation (Chun et al. 2003;
Sunstrom et al. 2000).

To date there have been very few studies that luked at the secretome of CHO
cells. One such study however identified 24 praes being differentially-regulated
at different phases of a 6 day growth cycle (Kuetaal. 2008b). Unfortunately due
to the use of SELDI ToF as the sole means of aisahy protein identification is
provided. Nonetheless this paper provides an istieig insight into the secretory
profile of CHO cells. Some proteins accumulate luddéy four of the culture and
their expression decreases over the following 3sdather due to them being of
nutritional value to the cells or proteolytic adyv Other proteins appear only in the
final days of culture suggesting that their preseis as the result of cell stress
(Woolley and AlIRubeai 2009) or apoptosis (Arden and Betenbaugh)200
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The authors also submit the hypothesis that theajppce of these proteins late in
the culture could also be as the result of protsslgf the product or other proteins
in the media. Sandberg et al. (2006) identifiedVAP pro-enzyme of 200 kDa
that was released from the CHO cells during cultaetoproteolysis of which
yielded several smaller MMPs with non-specific paste activity. Interestingly, in
an insect cell line, Trichoplusia ni, a secretedkPi®8 metalloproteinase was

identified as having growth promoting effects (Eskn et al. 2005).

Although there have been several reports of differenetalloproteinase variants in
CHO culture media (Elliott, Hohmann, Spanos 2008]dvet al. 2004; Sandberg et
al. 2006) no studies to date have made a link katvieeir presence and CHO cell
proliferation despite it being well establishedttMMPs are involved in autocrine

signalling and growth promotion (Fowlkes and Wimk2€02).
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1.5 Introduction to Proteomics

The study of proteins is called ‘Proteomics’, whishdefined as the system-wide
characterization of all the proteins in an organismterms of their sequence,
localization, abundance, post-translational modifans, and biomolecular

interactions (Kall and Vitek 2011). While DNA coirta all the genetic information

required to construct an organism, a non-lineati@iship often exists between the
genome and the proteome of a cell as a result@fitevsuch as alternative splicing
and the presence of non-coding RNAs (e.g. miRNA#g(aar, Munoz, Heck 2013).

Given that proteins are intrinsically linked witholmgical function, a complete

knowledge of all the proteins in an organism woptdvide some of the greatest
insights into characterising that system (Cox arahiM2007). This section provides
a brief overview of some of the techniques commambed to characterise the

proteome of some of those biological systems.

1.5.1 Proteomic sample preparation

To prepare samples for analysis, cells and tisegesl to be lysed to release the
proteins of interest. This may be done either meidadly e.g. using a sonicator, or
chemically, using a lysis buffer. In either eventportant consideration must be
given to the solution that will contain the protaipon cell/tissue lysis. How the
protein is solubilised will ultimately depend (inahe nature of the protein —
membrane proteins, typically hydrophobic in natucan be more difficult to
solubilise than proteins that are more hydrophilicature and (i) how the protein
will be analysed — analysis of the protein sampég mither be ‘gel based’ i.e. utilise
Polyacrylamide Gel Electrophoresis (PAGE) (discdssection 1.5.2.1) or ‘non-gel
based’ i.e. utilise liquid chromatography/mass specetry (LC/MS) (discussed
section 1.5.3). Where a non-gel based LC/MS appr@aased, the preparation of a
sample is sometimes referred to as ‘in solutianshibuld be noted however, that the
use of LC/MS is not restricted to non-gel basednoe$ and can be used to identify

proteins initially analysed by PAGE.
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In order to aid protein solubilisation, the samiplgfer may contain a combination of
detergents and strong chaotropic reagents suchress and thiourea. Although
detergents are widely used in the disruption aiugsand cell and are often required
to solubilise hydrophobic proteins such as membpaneeins (Arachea et al. 2012),
the presence of a detergent may be unsuitableeftaic applications. For example,
sodium dodecyl sulphate (SDS) is commonly used asdacing agent for the
analysis of proteins by 1D polyacrylamide gel ef@ghoresis (PAGE), it is entirely
unsuitable for 2D PAGE and (LC/MS) analysis. Altgbu3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS) isahlg for use in both 1D and
2D PAGE methodologies, like SDS, CHAPS cannot bedu®r samples that are
being prepared for ‘in solution’ analysis by LC/M8&should be noted that in the last
number of years a number of LC/MS compatible detets)have become available
for enhanced protein solubilisation and digestiooluding RapiGest, PPS and
ProteaseMAX (Chen et al. 2007; Lo et al. 2013).a€ége of the detergent, usually
under acidic conditions, prior to sample loadingtloe LC/MS system, ensures that
the detergent does not interfere with LC/MS analysStompared to SDS and
CHAPS, however, they are expensive and as such dpeiication is likely to be

limited to LC/MS analysis for the foreseeable fetur

1.5.2 Sample separation

It is estimated that a single cell contains 10,0fifieins, of which 4,000 — 6,000 can
currently be routinely identified (Geiger et al.12). While the sheer number of

proteins contained in a cell can itself hinder identification of all proteins present

in a single analysis, the fact that the expreseidimese proteins occurs over a large
dynamic range adds another layer of complexity rig attempt to characterise a

proteome (Picotti et al. 2009).

Given the complex nature of a proteome, some fdreample separation is typically
required to facilitate its analysis. This sectioitl wrovide a brief overview of two
techniques that are commonly used to achieve #daation in complexity; PAGE

and liquid chromatography.
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1.5.2.1 Protein separation by 2D-PAGE

In two dimensional Polyacrylamide Gel Electroph@€2D PAGE), the proteins are
electrophoretically separated along a pH gradientthe first dimension; this
fractionates proteins on the basis of their isdalepoint. In the second dimension
electrophoretic separation of proteins is genetadlged on the molecular weight of
the protein, as this step usually occurs in thegmee of SDS (Hanash and Taguchi
2010).

Although 2D PAGE based techniques are capablesolvieg thousands of proteins
(Li, Seillier-Moiseiwitsch, Korostyshevskiy 2011i},does suffer from a number of
short comings including not being able to analysegins at the extremes of pH or
molecular weight (Issaq and Veenstra 2008). Desthiig 2D PAGE has been
successfully employed in the investigation of aewdriety of proteomes including
human (Hardt et al. 2005), bacterial (Wickstronalet2011), plant (Sarma, Oehrle,
Emerich 2008) and CHO (Hayduk, Choe, Lee 2004)

Proteins separated on a gel may be visualised wsingmber of different stains,
these can be fluorescent (e.g. SYPRO red) or co&dric (e.g. Silver stain,

Coomassie blue). The choice of stain will dependaarumber of factors including
desired level of sensitivity and ease of use. Kan®le, Silver stain is two orders of
magnitude more sensitive than Coomassie blue (lasddveenstra 2008); however
Coomassie is lower in cost and better suited tantjadéive analysis (Dong et al.

2011). Although fluorescent stains such as SYPRDare highly sensitive (as low
as 2ng) and have a greater dynamic range tharr slaming (Smejkal, Robinson,
Lazarev 2004), specialist equipment (i.e. fluorassganner) is required to view the

proteins on the gel (Cong et al. 2008).

Given that the colorimetric intensity of a spotpi®portional to the quantity of the
corresponding protein on the gel, the intensityst#ining for each spot can be
compared between gels containing samples fromrdifteconditions, thus relative
quantitative information can be obtained using st software (Li, Seillier-

Moiseiwitsch, Korostyshevskiy 2011).
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An alternative approach to obtain relative quatititainformation when comparing
gels containing samples from two conditions is tiee of a technique called
Differential In-Gel Electrophoresis (DIGE). In thieethod the samples from the
control, test, and a mixture of the control and {¢s form an internal standard,
providing both inter- and intra-gel matching) ame-abelled with a cyanine dye
(cy2, cy3 or cy5). The three labelled sample setstlaen combined and run on a
single gel. This means that matching proteins fitben different samples will all
migrate to the same location on the gel, yet eactem in that location will have its
own unique fluorescent marker. The gel is then sedrat a suitable wavelength to
facilitate detection of each labelled protein, nmakthis approach more accurate for

guantitation than the staining methods (Issaq a@engtra 2008).

1.5.2.2 Protein separation by Liquid chromatography

The use of liquid chromatography (LC) is anotheranmse by which sample
complexity can be significantly reduced. Separatisnbased on an interaction
occurring between stationary phase (typically @nresntained in a column) and the
analyte (protein/peptide) in a mobile phase (sotuthat is suitable for the analyte
and that facilitates the interaction between thalyae and stationary phase). A
number of different resins may be used in the seer of a sample, each of which
takes advantage of different characteristics of sample. These can be broadly
categorised as affinity (biological interactiorgniexchange (charge), size exclusion
(size) and reversed phase (polarity). Referred gsomaulti-dimensional protein
identification technology (Mud-PIT) when coupleddaanass spectrometer, the use
of multiple chromatography columns enabling thetHer separation of complex
samples is gaining in popularity (Franzel and Wslt@011). The use of liquid
chromatography in conjunction with mass spectromesr further discussed in
section 1.5.3. It should be noted that, with thecegtion of phosphoprotein
enrichment and its use for the reduction of the lg@ecule from conditioned media
samples, the work discussed in this thesis primmanhploys liquid chromatography

for peptide separation.

27



1.5.3 Mass spectrometry for protein identificationand characterisation

Mass spectrometry has become the cornerstone upmh wroteomics has come to
rely. Mass spectrometry is used in a wide rangprofeomic applications, from the
qualitative identification of a single protein in 2D-gel spot to large scale
quantitative experiment seeking to decipher thealong dynamics of a biological
system (Gygi et al. 2000; Munoz et al. 2011).

The following section provides a brief overviewhafw a protein sample is prepared
for, and analysed by a mass spectrometer culmgmatirthe identification of the

proteins contained in that sample.

1.5.3.1 Sample preparation for Mass Spectrometry

Mass spectral proteomic analysis may be referreds ttcop down’, whereby proteins
are analysed as intact molecules in the mass speeter, or more commonly,
‘bottom up’, where the proteins are enzymaticallyedted and the resulting peptides
are analysed (Armirotti and Damonte 2010). Givere timtrinsic structural
complexity of proteins in their native form, anat/dy mass spectrometry is
challenging; sufficient separation of complex sagspland obtaining sufficient
information to identify the proteins can prove uhffit (Yates and Kelleher 2013).
However, the top down strategy has proven usefulttie identification of post
translational modifications (PTMs) and sample prapan time is shorter compared
to the bottom up approach (Armirotti and Damont&®O0 For this reason top down
analysis is typically used for the analysis of sE®Eontaining a homogeneous, or
very small heterogeneous, population of proteinssgdite having a longer sample
preparation time, the bottom up approach is mota@béshed and has been found to

lend itself well to the analysis of complex proteiixtures (Zhang et al. 2013).

Assuming the protein sample has been obtained &arell or tissue source using
mechanical or chemical means as described in settm1, sample preparation of
proteins for analysis at the peptide level folloastypical workflow involving

protein denaturation, reduction, alkylation andegigpn. The presence of LC/MS
compatible detergents such as ProteaseMax (deddnbsection 1.5.1) and/or the
chaotropic agent urea in the sample buffer causegpitotein to lose its quaternary

structure to form a single stranded polypeptide.
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In other words, the protein becomes denaturechdulsl be remembered however
that some disulphide bonds may remain intact, oguiie protein to retain some of
its structure. Therefore a reducing agent suchitasthreitol (DTT) is required for

the reduction of disulfide bonds on the proteine Tiee sulfhydryls are then reacted
with a reagent such as lodoacetamide to prevenditwdfide bonds reforming; this

step is commonly referred to as alkylation (Bojd &ales 2001). Lastly, the protein
is enzymatically digested. Although there are a bbemof enzymes that can be
employed, trypsin is perhaps one of the most contynesed enzymes for protein
digestion (Swaney, Wenger, Coon 2010). This is beeat is protease with a
specificity for cleaving at the C-terminus of lysirand arginine, which tends to
generate peptides of 7-20 amino acids long, a temgll suited to analysis by
LC/MS (Tran et al. 2010). Other commonly used digesenzymes include Lys-C

which specifically cleaves at the c-terminus ofingsresidues and Asp-N which

cleaves at the amine side of aspartic and cystaic(Zhang et al. 2013).

1.5.3.2 Nanoflow Liquid Chromatography coupled to Miss Spectrometers

The enzymatic digestion of a sample, possibly domg hundreds or even
thousands of proteins, results in tens of thousahdseptides being generated. As
such, some means of sample separation is oftemreegun order to allow the mass
spectrometer time to analyse such a large numbpeptides. High pressure liquid
chromatography (HPLC) using a reverse phase (RPgompatible with mass
spectrometry, enabling a RP-HPLC system to be tijrecoupled to a mass
spectrometer, as a result RP-HPLC is the most commeans of reducing this
sample complexity (Moruz et al. 2013). With RP-HRELtbe peptide mixture
dissolved in a polar liquid mobile phase, is passesr a non-polar stationary phase
contained in the chromatography column resultingh@ peptides binding to the
stationary phase based on their hydrophobicity.ifgyeasing the aqueous/organic
ratio of the mobile phase to form a solvent gratjipeptides are removed (eluted)
from the column with hydrophilic peptides elutingst and hydrophobic peptides
eluting towards the end of the gradient (Pitt 200®)pteomic peptide separations
generally flow at very low flow rates 200-400nl/mithrough narrow
chromatography columns usually 75um wide and finilave the HPLC through a

spray needle/tip between 10-20 um wide into a rapsstrometer.
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1.5.3.3 The basic components of a mass spectrometer

lon source > Mass lon Computer
Analyse Detecto

Figure 1.5.1Schematic of the basic components of a mass speeter

The first step in the analysis of a protein sanfyylenass spectrometry is the loading
of the sample into the mass spectrometer and wperei is ionised by the ion
source (Figure 1.5.1). Examples of ion sourcesutel Matrix Assisted Laser
Desorption lonisation (MALDI) or Electrospray loatoon (ESI). In the case of
MALDI, samples are ‘spotted’ onto a plate whichtien loaded into the mass
spectrometer for analysis. It should be noteddhatples may be pre-fractionated by
liquid chromatography prior to spotting onto thetpl in order to reduce sample
complexity (Mirgorodskaya et al. 2005). ESI on tiker hand, (referred to as nano
spray ionisation (NSI) when being sprayed from aotPLC system directly into a
mass spectrometer), applies a voltage (1.5KV) ¢édijuid samples which causes an
evaporating aerosol of single ions which are thexwd into the mass spectrometer

by the vacuum system.

Once ionised, the charged molecules accelerat@&ighrthe system and encounter
magnetic and/or electrical fields from mass analysgeflecting their path based on
their mass-to-charge ratio (m/z). Examples of masalysers include lon Traps,
Quadrupoles and Time of Flight (ToF), each of whiths their own specific
characteristics. Mass analysers may either be tosgeparate all the ions in a sample
for global analysis or act as a filter to deflegiesific ions for analysis by the
detector. lon detectors are electron multipliersnocrochannel plates which, on
contact by an ion, emit a cascade of electrons. r€belting cascade amplifies the
ion for improved detection sensitivity. This allooes under a vacuum (10-8 torr) to
remove any contaminating (i.e. non sample) ionsciwhtould collide with the
sample ion. Software is then used to analyse theléector data generated and the
information is output is typically visualised ag@ph that arranges the detected ions

by their individual m/z and relative abundance.
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At this point, preliminary mass spectrum (MS1) dags now been acquired from
the intact peptide (Angel et al. 2012). Furtheoiniation about the detected ions
can be obtained by using tandem mass spectrond8¥MS). Using this approach,

a specific ion of interested is selected basedsomiz and is fragmented by colliding
the ions with a chemically inert gas (Walther anénv 2010). The fragments
produced are separated on their individual m/zosatind detected by the ion
detector. It should be noted that some instrumemés capable of generating
fragmentation information on the already fragmenteds, this strategy is referred to
as MS/MS/MS or MSn (further discussed in sectidn7).

There are a number of means by which ion fragmiemtaian be induced including
Electron Transfer Dissociation (ETD), High CollisidDissociation (HCD) and
Electron Capture Dissociation (ECD) but perhaps ointhe most commonly used
methods is Collision-induced dissociation (CID)g$e et al. 2011). In the case of
CID, the amide bond along the peptide backboneodiates resulting in two
fragments being produced; one containing the Niteismand the other containing
the C-terminus. The Roepstorffi-Fohlmann nomenatataienotes N-terminal
fragments with the letters a, b and ¢ and C-terhfra@ments with the letters x,y
and z (Roepstorff and Fohlman 1984; Sadygov, CeajoYates 2004). The use of
CID in ion traps, triple quadrupoles and quadrupimie of flight instruments tend to
result in b-ions, y—ions and neutral losses of wated ammonia dominating the

mass spectrum (Figure 1.5.2)

Xz Ys f_z ,_’52 ,32'_2_ ,2_2_ ,’_(_1_ }fj_ ,"_’_1_ H+

Ny
N | | |
N— C*C*I\I C*C*N C——C—N C—C—OH
H~ | RN | |
H HH | H H HOH

a, I:’1 c1 32 bz 02 a; bs Ca

Figure 1.5.2The proposal for a common nomenclature for seqiénas in mass
spectra of peptides as put forward by Roepstodfiawhiman (1984).
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Another consideration is the charge state of thandhe spectrometer as this is used
to determine the m/z ratio of the specific ion. hsligh ToF instruments only
produce molecules with a +1 charge, ion traps cadyze multiple charged species.
Therefore the charge state is required to deterrtiiee mass of the molecule,
however it should be noted that it is the use ntiéan MS/MS that allows for the
molecule identification (further discussed in 1.8)3 The ion charge can be
determined by distance between the peaks of therailgt occurring isotopes of
different masses (1Da) on the m/z scale. If, faneple, the distance between peaks
is one unit on the m/z scale, then the charge efpigptide would also be one (as
seen with isotopes 842.51 and 843.51 in Figure314. If however, the distance
was 0.5, then the charge would be two (as seenisatbpes 421.759 and 422.260 in
Figure 1.5.3 B). This distance between the peakdtefrom the 1% probability that
each carbon atom is a 13C isotope instead of tha d2C atom (Figure 1.5.3 C).
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Figure 1.5.3(A) Full MS of singly charged peptide as denoteddifference of 1Da
between the isotopic peaks 842.51 and 843.51 (Bl) M8 of double charged
peptide as denoted by difference of 0.5Da betwhendotopic peaks 421.759 and
422.260 (C) Distribution of naturally occurring iepes of different masses caused
by the frequency with which 13C occurs in nature.
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1.5.3.4 Determining the peptide sequence from maspectrometry data

Using the mass of the ions detected following MS/MSs possible to deduce the

amino acid sequence present in a given peptidealoylating the difference in the

mass between the peptide fragments as they incieasze from the N terminus or

C terminus. In its simplest form, this series oédfic mass differences corresponds
to a successive amino acid (See Table 1.5.1 folisheof amino acids and their

associated masses). For example, when a peptidgagenented in a mass

spectrometer using CID, a unique pattern is geeérateating an ion ladder made up
of b-ions and y-ions. Figure 1.5.4 (A) shows anneple of a series of b-ions from a
fragmented peptide with an m/z of 883 and assatiateino acids (Figure 1.5.4 B).

Figure 1.5.4 (C) shows an example of a series ef yhons from the same

fragmented peptide (m/z of 883) and associated @a@mands (Figure 1.5.4 D). The

information obtained from the detection of b iorsmplements the data obtained
from the detection of y ions (Figure 1.5.4 E and A9 such, the b and y series of

ions observed can be used to determine the amids@guence of a given peptide.

Amino Acid |1-letter code|3-letter code [monoisotopic mass (De
glycine G Gly 57.02146.
alanine A Ala 71.03711
serine S Sel 87.03202
proline P Prc 97.05276.
valine V Val 99.06841.
threonin T Thr 101.04767
cysteint C Cys 103.00918
isoleucin I lle 113.08406
leucine L Leu 113.08406
aspagin N AsN 114.04292
aspartic aci D Asp 115.02694
glutamine Q GIN 128.05857
lysine K Lys 128.09496
glutamic aci E Glu 129.04259
methionin M Met 131.04048
histidine H His 137.05891
phenylalanin F Phe 147.06841
arginine R Arg 156.10111
tyrosine Y Tyr 163.06332
tryptophai W Trp 186.07931

Table 1.5.1 List of amino acids, their 1 and 3 letter codensd aassociated
monoisotopic masses.
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Figure 1.5.4 shows an example of the peptide VATVASLPR and ithre ladder

made up of b-ions and y-ions resulting from itgfeentation. (A) The series of b-
ions from a fragmented peptide with a m/z of 883. Corresponding amino acid to
the MS/MS fragments generated as determined byp4ioas. (C) The series of y-
ions from the same fragmented peptide shown in (@).Corresponding amino acid
to the MS/MS fragments generated as determinechéytions. (E) Displays the
overlap between b and y-ions as a result of theigeefragmentation and (F) how
the ion series from both b and y-ions complemerheather to provide peptide
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amino acid
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V+A+THV+A+S+L+P
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(D)

amino acid

R

R+P

R+P+L

R+P+L+35
R+P+L+S+V
R+P+L+5+V+T
R+P+L+S+V+T+A
R+P+L+S+V+T+A+V

(F)

amino acid m/z

V. R+P+L+S+V+T+A+V 833
V+A  R+P+L+S+V+T+A 734
V+A+T  R+P+L+5+V+T 663
V+A+T+Y  R+P+L+5+V 562
V+A+T+HV+A+S R+P+L 463
V+A+T+HV+A+S+L R+P+L 366
V+A+T+HV+A+S+HL+P R+P 253
V+A+T+V+A+S+L+P+R R 156

Y-ions
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To obtain the mass of every amino acid in a fragetrpeptide (i.e. de novo
sequencing) in a complex protein sample is notetuly a realistic goal. Although
peptide fragmentation may only contain partial ®pe information, when coupled
with information on the mass of the peptide, thigynstill be sufficient to derive
protein identification when searched against a wehotated database (Sadygov et

al., 2004) (the use of proteomic databases is ssstlifurther in section 1.5.8).

1.5.4 Mass spectrometry data output

During analysis of a sample by LC/MS, data is atéld in a ‘file’ on a computer
connected to the LC/MS system. A mass spectronfééycan contain peak list
information such as peptide mass value and peak asewell as MSn peak list
information including intensity values and begirmend end ion information. While
there are a number of file formats specific to @ertvendors e.g. RAW files
(Thermo Scientific), wiff files (Ab Sciex) or as ttiple files within a folder with a
.raw extension (Waters and Agilent), open souresférmats are also available such
as mzML. Open source formats provide the user \gimater freedom to share
information and develop software for data analyBisutsch 2010), while vendor
specific formats typically require commercially dshle software to facilitate their
use (Deutsch 2012). The mass spectra containeuege tfiles may be represented
either as ‘profile’ data which contains all acqdimata points or as ‘centroided’ data
where only m/z and intensity pairs of the deteagi¢aks are extracted (Deutsch
2012). The file size can depend on the compleXith® sample and the nature of the
data being collected (Patel et al. 2009).

1.5.5 Bioinformatic analysis of mass spectral data

Once a sample has been analysed on the mass spetetrothe information gathered
is then used to identify the proteins present ia Hnalyte. Although manual
interpretation can identify amino acid sequencesnfipeptides, many proteomics
experiments utilise the power of protein databasms automated spectrum

interpretation.
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Publically available databases such as uniprotspwig, NCBI etc, contain the
amino acid sequence information for all the respecproteins identified in a

particular species.

Databases are continuously changing as new infavmé& obtained and added, or
existing information modified. How well annotatediaabase is will depend on how
much experimental work has been carried out inréiqodar species. For example,
species such as Homo sapiens, Mus musculus, Drntsophelanogaster,
Caenorhabditis elegans, Arabidopsis thaliana, aaccl&romyces cerevisiae are
generally considered to be well annotated (Holt ¥addell 2011). Using a search
algorithm such as MASCOT or SEQUEST (Cottrell andndlon 1999; Eng,
McCormack, Yates 1994), the mass spectral dateaicked against a database. The
objective of a spectral database search is toifgehe best sequence match to the
actual spectrum generated by the mass spectroriiéene are four basic approaches
that may be used for this comparison, this includésscriptive, interpretative,

stochastic and probability-based modelling (Sady@mnciorva, Yates 2004).

A theoretical digestion of the database takes phdwen the operator of the software
inputs the enzyme used to digest the protein saniplerefore, if trypsin was used
as the digestion enzyme, all the protein sequenceshe database will be
theoretically cleaved at the amino acids lysine amdinine to provide every
combination of amino acid sequence possible inolydimiss cleaved events.
Naturally searches become more complex as statdypamic modifications are
added to the search criteria (Savitski, Nielserhatav 2006). How the mass spectral
data is then compared against this theoreticalstlidgepends on the software used.
For example, SEQUEST, described as a descriptivdemoompares fragment ions
against the MS/MS spectrum and generates a prelimscore for each amino acid
sequence. A cross correlation analysis is thenopedd against the top 500
preliminary scoring peptides by correlating theioadt reconstructed spectra against
the experimental spectrum and a cross correlatoamesis given to any peptide
match (Xcorr) (Eng, McCormack, Yates 1994).
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MASCOT uses a probability-based approach for pmoteientification by first
comparing the calculated peptide masses for eatrly @nthe sequence database
with those identified by the mass spectrometer.chteg using mass values (either
peptide masses or MS/MS fragment ion masses) amaysl handled on a
probabilistic basis. A score is then awarded basethe absolute probability that the
observed match of either peptide masses or MS/Bigrfent ion masses is a random
event (Cottrell and London 1999).

The use of such programmes such as SEQUEST or MAS@fles on the
individual to use their discretion to select a offt-score that will prevent the
inclusion erroneous results while at the same timieexcluding correctly assigned

identifications (Cooper 2011).

1.5.5.1 CHO specific proteomic databases

Historically, due to the limited number of proteiagailable in the CHO database,
studies relied on sequence homology between CHOnatidannotated mammalian
databases such as Human, mouse or rat (Baik2QHl,; Carlage et al. 2009; Doolan
et al. 2010; Kantardjieff et al. 2010; Lee et &@10). It is only more recently that
two CHO specific databases have become availabéde@dy et al. 2012; Xu et al.
2011). The first, released by Xu et al. in 2011swenerated following genomic
sequencing of CHO-K1 cells (Xu et al. 2011).

A year later data from the expression of cDNA in@Eklls growing under different
conditions was used to produce a second databaskedt et al. 2012). Growing
the cells under different conditions resulted ia #@xpression of a greater variety of
genes, as such it was found that the use of bot® @Gatabases provided increased
coverage of the CHO proteome of CHO (Meleady et2812). Although CHO
specific databases have been desired for some timseyecent advance in CHO
proteomics is clearly a significant step forwardpasteins will be identified with
increased confidence and new, previously unidedtifiroteins are discovered. As
more information about the CHO genome becomesaiMailLewis et al. 2013), it is
likely that even greater proteome coverage wilpbssible in the near future.
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1.5.6 Post Translational Modifications (PTM) Analyss using Mass
Spectrometry

Much work has been carried out on the developmentdiferent peptide
fragmentation methodologies, understanding theirsicba mechanics and
implementing their use. A significant developmewemthe past few years has been
the development of the “high-high” strategy (ManndaKelleher 2008) - high
resolution at both MS and MS/MS levels - which hasn particularly useful for the
analysis of PTMs (Olsen and Mann 2013). An exarmoplene instrument capable of
implementing this “high-high” strategy is the LTQ#trapXL from Thermo Fisher
Scientific which has allowed for high mass accuré&c®ppm) and high resolution
analysis (100,000 FHWM). This high resolution caligbenables the identification
of specific amino acid modifications on a given fdp based on the observation of

the mass difference associated with the particuladification (Table 1.5.2).

T Amino Acid Mass
Modificat Context .
odrication Involved ontex Difference (Da)
Oxidation M Sample.pr.eparatlon (Va_lrlable- 15.995
all methionines are modified)
Carbamidation C Samplg preparation (Complete 57.021
all cystines become modified)
rF:hosphoryIatlo S, T,Y |[Posttranslational 79.966
Water loss S, T Mass Spec -18.01
Deamination N,Q Post translational 0.984

Table 1.5.2List of modifications for amino acids and the mdg&rence associated
with the modification.

It should also be pointed out that in an instrum&mth as an LTQ-OrbitrapXL,
fragmentation can take place either in the ion twaphe Orbitrap of the mass
spectrometer. Where the fragmentation occurs wileshd upon the end application
as the ion trap uses faster rates of fragmentdtignhas low resolution while the
Orbitrap is capable of high resolution, but hasvslofragmentation speed compared
to the ion trap. High resolution is crucial for #pgations such as a label-free
experiment where the ability of the mass spectremiet discern between separate
peptide peaks is defined by its resolving powerx(@od Mann 2011) (Quantitative
label-free LC/MS is further discussed in sectids 9).
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In other words, in instances where peptides arelating, a low resolution mass
spectrometer may observe the co-eluting peptidesnas peak, whereas a high
resolution mass spectrometer will be able to difidiate between the different
peptide profiles (Mann and Kelleher 2008). The stman speed of the Orbitrap may
result in less MS/MS data being produced as lesgnfentation occurs. MS and
MS/MS tasks can, however, be divided between theit@p and the ion trap

enabling high resolution MS and multiple MS/MS fragntation data to be gathered
simultaneously (Yates, Ruse, Nakorchevsky 2009).

1.5.7 Identification of phosphopeptides by mass sgieometry

The identification of proteins through the analysfstheir respective peptide was
outlined in section 1.5.5. The following piece pd®s an overview of how sites of
phosphorylation are determined during phosphopeaidlysis by LC/MS.

The fragmentation pattern of a phosphorylated depuill appear shifted by a mass
of +80Da relative to predicted mass of the unphosgated species due to the
presence of the phosphoric acid group as showiguré1.5.5. The use of collision-
induced dissociation to fragment peptides contgimphosphorylated threonine and
serine results in the cleavage of the phosphodsterd and dissociation of
Phosphoric acid (H3PO4) as a neutral loss (nespaties). This fragmentation,
particularly with the use of high resolution mapg&rometers, is usually adequate
to obtain sufficient sequence information to engbdptide identification (Villén,
Beausoleil, Gygi 2008)
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Figure 1.5.5Diagram of a phosphorylated MS/MS sequence irokeatlapped with
the unphosphorylated sequence in black. Phosphidpspare indicated by peaks
shifted by an increase of 80Da relative to the ijgted unphosphorylated peptide
mass due to the presence of a phosphate group. i$h&so shown in the
accompanying table with the mass of the ions frova phosphorylated peptide
indicated in red and the unphosphorylated sequieniokack. (Phosphorylated serine
denoted by *)

However it should be pointed out that CID of phasph acid from a
phosphopeptide is usually accompanied by only gddriigmentation of the peptide
backbone with the fragmented ions being dominatgdthe neutral loss of
phosphoric acid which can make peptide identiferatifficult. In other words, the
presence of the phosphate group ‘shields’ the gefptom fragmentation resulting in
the loss of peptide sequence information (Figute6).(Villen, Beausoleil, Gygi
2008). In such instances, multiple fragmentatiorS(i strategies may be used to
obtain peptide sequence data. This is a usefukglydor the study of PTMs such as
phosphorylation. In instances where the MS/MS fragtation results in the loss of a
phosphate group from the peptide, the loss of théss is detected by the mass
spectrometer and triggers a third fragmentatiome(ddS/MS/MS). (This can result
in the further loss of a loss of water ( 18Da) froserine and threonine residues
(Steen and Mann 2004)). Frequently this third fragtation event aids in the
gathering of further sequence information that wootherwise not have been
observed due to the ‘shielding’ effect of the phwgp group (Villén, Beausolell,
Gygi 2008). Often the triggering of this MS3 evéntused as a ‘validation’ of the
phosphorylation of the peptide of interest (Yule807).

41



miz

(A)
lon miz Amino acid
b1 98
b2 170 A
%‘ b3 271 T
B b4 370
- b5 R4 g (+B0Da)
- i b G59 L
- jz b7 T46 P
B2 271 b4 T 75 B h& 052 [
CLrlq
100 500 1000
miz (B)
lon miz Amino acid
b1 a9
b2 170 A
% = b3 271 T
b2 445 -
% . 17 b4 370
= ) 23 ba b5 449 S (-180a H20)
370 [113] hG2 L
G w oms 07 859 P
| ces | b& 815 R
100 500 1000

Figure 1.5.6(A) MS/MS showing a predominant peak correspondmthe neutral
loss of H3PO4 from a phosphorylated Serine. Howéhersignal-to-noise ratio of
the downstream ions are lower (Phosphorylated esedenoted by *). (B)
MS/MS/MS of neutral loss peak showing increasedaifp-noise ratio of all ions
and the associated loss of water from serine asated in the accompanying table.

The identification of site-specific phosphorylatimnnot a trivial task, particularly as
the size of the data sets obtained from large sphlesphoproteomic profiling

campaigns continue to increase, manual validatiecoimes increasingly onerous
(Beausoleil et al. 2006). Often the use of phosghton site localisation scoring

algorithms to determine which amino acid residughiesphorylated with confidence
is required. Ascore, PTM score and PhosphoRS aaengbes of some of the site
determining algorithms currently available, eachwmbich uses a different approach
to identifying the site of phosphorylation (Beausbét al. 2006; Olsen et al. 2006;
Taus et al. 2011).

42



For example, the Ascore algorithm uses a probghil#tsed approach to score the
likelihood of correct site assignment based on phesence or absence of site-

determining fragment ions (Beausoleil et al. 2006).

Although PTM-Score also utilises a probability-bdhsgpproach, unlike Ascore,
PTM-Score groups potential phosphorylation sitee ifour categories (class | —
class IV) based on their distinguishing fragmemsiowith class | being the best
quality (Beausoleil et al. 2004). In this way, mtlthan using a definitive threshold
to claim a site has been identified with confidertbe quality of the fragmentation
pattern is ranked. Despite this, those sites ifledtas class | are commonly deemed
confident in phosphoproteomics studies and repddegublic databases (Wiese et
al. 2013). The leading commercially available tBbbsphoRS operates on a similar
principal to PTM-Score (Collins et al. 2014; Wiedeal. 2013), however PhosphoRS
distinguishes itself from PTM-Score through itsli&pito provide site localisation
information based on data obtained from a numbelissfociation methods including
CID, HCD, and ETD on high resolution instrumentsay$ et al. 2011), whereas
PTM-Score was originally designed for use with Cdlata obtained from low
resolution instruments (Chalkley and Clauser 2012).

1.5.8 Phosphoproteomic databases

Given the important role that phosphorylation playsnany cellular processes such
as growth and apoptosis, little wonder it has eté@ much attention from those
attempting to gain further insights into the workimechanisms of a cell. The
presence or absence (or abundance) of phosphorylati different proteins can
have dramatic effects on cellular function. Presgnan understanding of all the
phosphorylation sites and their precise functiowad beyond the capabilities of any
one research group. As such, phosphorylation spelifa bases are seen as a useful
resource to pool all current knowledge on the phoppoteome of different species.
Since the creation of the first phospho-specifitadase in 1998 (Blom, Kreegipuu,
Brunak 1998), a large number of databases spdoifgpecific species have been

developed (some of these are further reviewed élse(Xue et al. 2010)).
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Some of the more well-known databases include Rfu&ipePlus, a manually
curated database developed by Cell Signalling Taolgres and largely contains
information on PTMs associated with human and maquséeins (Hornbeck et al.
2012). PhosphoSitePlus currently contains 155,55 radundant phosphorylation
sites. Phospho.ELM stores in vivo and in vitro gdtasylation data on 42,500 non-
redundant phosphorylation sites extracted from #wentific literature and
phosphoproteomic analyses of human, mouse, Drdsophd C.elegans proteins
(Dinkel et al. 2011). Another databsase, PHOSID®inated from an experiment
which identified and quantified phosphorylation etgein HelLa cells as a result of
EGF stimulation (Beausoleil et al. 2004), it nowtns information on over 70,000
phosphorylation sites from nine different speciéadd, Gunawardena, Mann 2011).
Over the last number of years improvements in sanfpdctionation, LC/MS
technologies and search algorithms has led to matra increase in our ability to
generate vast amounts of data on the phosphopretéouila et al. 2010; Zhou et al.
2012). While this represents a huge step forwarderms of profiling different
biological systems, it also presents a number afblems for the scientific

community.

Given that different databases have different aecee criteria for data regarding
peptide identification and phosphosite localisatoy effort to reduce redundancy is
going to be a challenge (Rogers and Foster 200%)leWhere are a number of
comprehensive databases currently available, nosib@es yet contains a full data
set (Rogers and Foster 2009). This means that iheti#l a gap in our knowledge of
the phosphoproteome of any given species. Couplédthe fact that the precise
number of phosphorylation sites in an organismbaised on estimates, just how big
this gap in our knowledge is has yet to be detezthinEven when all
phosphorylation sites become known, identifying ible each one plays remains an
enormous challenge (Newman et al. 2013). While phogroteomic databases are a
very useful resource for pooling current knowledgere is still a significant amount

of work to do before any phosphoproteome can liktsde fully characterised.
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1.5.9 Quantitative label-free LC/MS

Quantitative mass spectrometry based means ofgmaeuantitation has typically
relied on the use of labelling in order to obtaurantitative information. Labelling
strategies such as iTRAQ (Ross et al. 2004), iIC&Vgf et al. 1999) (chemical
labelling) or SILAC (metabolic labelling) (Ong et 2002) have been used with
great success in a large number of proteomic studitee primary advantage of these
labelling methods is the reduction in both samglesample variation and mass
spectrometry analysis time due to the pooling ofdas (America and Cordewener
2008). These methods are not without their linotadi, however; aside from expense
(Grossmann et al. 2010; Winefield, Williams, HinZ09), poor labelling efficiency
may mean that not all peptides in the sample qeesented leading to a decrease in
protein sequence coverage (Melanson, Avery, Piri662 Sakai et al. 2005).
Labelling strategies also often suffer from a leditdynamic range (Ow et al. 2009;
Wu et al. 2003).

The number of comparators in a given experimeiaise limited by the number of

labels available. Although this has improved witke advent of increased number of
labels e.g. ITRAQ 8-plex (Choe et al. 2007) and aertous SILAC isotopes, this may
lead to other problems as the increase in co-gjupeptides may make data

acquisition difficult (America and Cordewener 2008)

One means of overcoming these issues is to uskekftae approach (Patel et al.
2009). Label-free LC-MS can be conducted using aintevo methods; (i) spectral
counting, or (i) ion peak intensity. Spectral ctong protein quantification is
calculated using the linear correlation that existveen MS spectra intensity and

peptide abundance (Liu, Sadygov, Yates Il 2004).

Peak ion intensity uses the chromatographic peaksity of peptide precursor ions
to calculate protein abundance in different samp&iace there is no labelling

involved, each sample must be analysed individuaily data from each run collated
once all the samples have been analysed. So whieray be saved during sample
preparation (since labelling is not used), timens@malysing all the samples on the

mass spec may negate any time saved.

Quantitative label-free LC/MS has successfully besed in a wide a variety of

proteomic investigations such as cancer, both whek (Zhu et al.,, 200 and
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secretome (Lawlor et al. 2009), serum (Levin et 2007), cardiac membrane
(Donoghue et al. 2008) and prokaryotic (Zhang eR@0D6). More recently it has
been used to study post translational modificati#BMs) such as phosphorylation
(Froehlich et al. 2011) and glycosylation (Rebeathal. 2009).

While data normalization and statistical analyses @equired for spectral counting
strategies (Zybailov et al. 2006), their impleméptais perhaps more important for
ion peak intensity techniques which requires noisatibn to correct for minor

variations in sample preparation and sample imac{iChelius and Bondarenko
2002). High chromatographic reproducibility is asisgprerequisite for this method.
Poor reproducibility results in changes in retemttone and m/z, and can create
problems when trying to accurately quantitate proebundance. Many of these
issues have now been addressed through the usgesamipfisticated algorithms to

normalise and allow for slight shifts in retentibome (Sandin et al. 2011) and (ii)

chromatography equipment with improved reproduitib(Qian et al. 2006).

An interesting potential source of error raisedToytoi and co-workers is that only a
limited number of points can be acquired over akp@eer a given time (Turtoi,
Mazzucchelli, De Pauw 2010). While this does raatse significant problems at the
moment due to the already fast scan speed of modass spectrometers such as the
LTQ-FTMS or LTQ-Orbitrap, undoubtedly future gertewas of mass spectrometers
will offer improved performance. It is perhaps alsorth mentioning that a small
number of studies have used matrix assisted l&sargtion ionization (MALDI) for
label-free quantification (Getie-Kebtie et al. 20Hhttan and Parker 2006).

Despite a small number of studies being done, diffscult to determine which

method is superior. A comparative study by Old aodworkers found spectral
counting to be more sensitive for detecting pratethat undergo changes in
abundance, while ion peak intensity provided mareueate estimates of protein
ratios (Old et al. 2005).

However if peptide abundance is low (thus redutignumber of spectral counts as
a result), spectral counting becomes a less seamgitiethod (Old et al., 2005).
Another study found the two methods to be comparabl terms of response

linearity and reproducibility (Stevenson et al. 200
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1.6  Analysis of protein phosphorylation

The reversible phosphorylation of protein is fregplye used within cells to control
signalling events for a wide variety of functionsck as growth, cell cycle,
metabolism, transcription and apoptosis (Dix et28112; Volarevi and Thomas
2000). Generally speaking, phosphorylation of srthreonine and tyrosine are the
most widely reported phosphorylated amino acidsainratio of 1,800:200:1
(Gronborg et al. 2002). The complexity of the daltuyprocesses that rely upon this
post translational modification for such signalliegents becomes apparent when it
is realised that roughly one third to one half bbfemkaryotic proteins can become
phosphorylated (Cohen 2001; Olsen et al. 20103hduld be pointed out however
that although phosphorylation sites in eukaryotallsc are evolutionarily well
conserved (Gnad et al. 2010), many of these phoglaiion events may be
physiologically irrelevant and may not be requifed cell signalling (Dephoure et
al. 2013). Despite the frequency with which phosplation occurs in the proteome,
enrichment strategies at the protein level or thgtigde level or a combination of the
two is often required for phosphoproteomic analyBsausoleil et al. 2004). This is
primarily due to the low abundant nature of mangg@hoproteins coupled with the
fact that phosphorylation is often sub-stoichiomeetr

From the perspective of analysis by mass spectrgméhe relatively high
abundance of the non-phosphorylated peptides dStgresses detection of the
phosphorylated species (Wang et al. 2007). Simgjléine presence of low abundant
phosphoproteins on a 2D-gel may be masked by higimdant proteins (Chen,
Southwick, Thulin 2004). For these reasons, enrafinstrategies are often utilized
in the study of phosphorylated proteins (Beltrad &utillas 2012; Fila and Honys
2012). The following sections will discuss some tbe enrichment strategies
commonly used and a table of their associated adgas and disadvantages is
provided in Table 1.6.1.
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Selective ,
, . Starting
Phosphorylation |enrichment/ . .
L protein Advantages Disadvantages
type monitonng
amounts
strategy
Selective
enrichment of
hundreds of .
. Requirement of mor¢
. tyrosine . e
Immunoaffinityf starting material limitg
. . hosphorylated |. ..~ . :
Tyrosine (ant-pTyr 20mg—40mglo eptides its utility in studying
antibodies) pep __|clinical samples like
detectable by hlghbio sies
resolution and high” "
sensitivity mass
spectrometers
Unbiased selective
enrichment of
thousands of
Serine/Threonine TiO, / IMAC p.hosphorylatlon Under r_epresentatlo
. Fe (IlI), 2mg-15mg (sites detectable byf tyrosine phospho
Tyrosine \ . . .
Galium (111) high resolution angkites.
high sensitivity
mass
spectrometers
Capable of Technical gxpenlse
L and experience
enriching .
required to carry out
thousands of efficient enrichment
Serine/Threonine{SCX 2ma-20m phosphopeptides Starting material )
Tyrosine Fractionation |9 9 |detectable by highh ™" g L
. — [requirement limits its
resolution and high .
sensitvity mass utiity. Usually
spectrometers coupled with TIO2 /
P IMAC enrichment
A prior knowledge of
target proteins to be|
Serine/ThreoninefAntibody micro gram |Low sample assayed. Specific
Tyrosine microarrays |amounts  [requirement antibodies and
biochemical
optimization required

Table 1.6.1Table summarising the advantages and disadvantdgessphoprotein

/ phosphopeptide enrichment strategies used iariagysis of the phosphoproteome.

Table adapted from (Harsha and Pandey 2010).
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Aside from the low abundance of phosphoproteins #melr associated sub-
stoichiometric nature, there are other challengpes &lso exist in the analysis of
phosphoproteomes. The rapid phosphorylation art#phosphorylation of a protein
that may occur as a result of a signalling eventlzadifficult to capture (Blagoev et
al. 2004; NitaLazar, SaitdBenz, White 2008).

Another issue in ‘large scale’ studies involves énegymatic digestion of the sample;
although trypsin is widely regarded as the enzyrehoice for protein digestion

prior to analysis by LC/MS, it does suffer from teém drawbacks. This includes
having little or no activity toward arginine-proéinand lysine-proline bonds and
difficulty cleaving residues adjacent to amino &cidontaining bulky post-

translational modifications or to highly acidic ishses (Tran et al. 2010). While a
number of strategies have been developed to impiteweenzymatic digestion of a
complex protein sample such as (trypsin-trypsin)ade digestion (Tran et al. 2010),
the use of multiple proteases (trypsin and lysifBpwnridge and Beynon 2011)
and trypsin enhancing reagents such as Proteasé®raburn, Stockwin, Newton

2011), obtaining complete digestion of a proteosn#iil difficult to achieve.

A difficulty that can also be encountered is thsigiament of a phosphopeptide to
the correct protein isoform (EngholKeller and Larsen 2013). As peptide sequences
can be shared between isoforms, accurate idenitficaf a particular isoform relies
on the detection of a peptide unique to that pno{&tastna and Van Eyk 2012).
Given that phosphoproteomic analysis often reliestlee identification of single
phosphopeptides, matching this to the correct rsofis fraught with difficulty and
often requires a second approach (such as weslk@)ntd confidently identify the

phosphorylated isoform of interest.
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1.6.1 Protein arrays to study phosphorylation
Arrays offer a means of simultaneously detecting 1@ 100’s of proteins in parallel

in a single experiment on a miniaturised, and sone= automated, platform (HS Lu

et al. 2012). Arrays contain a capture protein irbiliwed onto a surface such as
glass or nitrocellulose. This enables the detectibm protein of interest from a

complex sample such as a whole cell lysate. Theejoronay then be detected either
through the use of a secondary antibody designéthtbto the protein of interest as
it is retained by the capture antibody. Alterndiyyghe starting material may be

labelled, thus indicating the presence proteirametl by the capture protein after all
non-binding starting material has been removea¥atig a wash step. An overview

of the process workflow is provided in Figure 1.6.1

Protein arrays have been used for a wide varietgwastigations such as proteomic
profiling, protein-protein interaction, enzyme &dif and antibody screening
(Gordus and MacBeath 2006; Jones et al. 2005; Pttcal. 2005; Zhu et al. 2006).
It has also been used in the in the study of pasistational modification such as
phosphorylation (Lin et al. 2010). For example, omeestigation aimed at
identifying all the potential protein substrateseafch yeast kinase detected 4129
phosphorylation events in 1325 different proteidgaek et al. 2005). The phospho-
kinase array utilized in this thesis has also bmetessfully employed in a number
of studies including the identification of activdtErk1/2 and Akt as potential targets
for the multi-targeted kinase inhibitors, sorafeaid sunitinib in the treatment of
cholangiocarcinoma (Dokduang et al. 2013). Simjlastimulation of MAPK, AKT
and FAK signalling pathways following the activatiof the tyrosine receptor
kinases Mer and Axl as identified through the ud$eaophosphokinase array
suggested that Mer and Axl should be investigatethér as potential therapeutic
targets in the treatment of non-small cell lungoeain(Linger et al. 2013). Protein
arrays are not without their problems however; oty cross-reactivity resulting in
false positives or false negatives being one ofrtiaén ones. For this reason it is
important that results are validated using a complgary method such as
immunoblot or ELISA (Zhang and Pelech 2012). Desfiis, the ability of kinase
arrays to screen large elements of the proteoragangeted manner means that they
look set to remain a popular choice for the forabéefuture (Stoevesandt, Taussig,
He 2009).
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Figure 1.6.10verview of the process workflow for a proteinagr(lmage obtained
from http://www.baria.cz/apoptosis-array-0).

1.6.2 Staining of phosphoproteins for gel based apgaches

Of course phosphoproteins enriched by an IMAC omunoprecipitation based
enrichment do not have to be analysed by LC/MS) thay instead be visualized by
2D-gel electrophoresis. In such instance, changghosphorylation can be detected
on a 2D-gel through the use of a phosphorylatioecig stain such as Pro-Q
Diamond (Schulenberg et al. 2003); however thid wdt in itself indicate the
specific site of phosphorylation. A second metHogy such as western blotting
using site-specific antibodies or mass spectromeryfrequently employed to
provide this information. There are of course latidns with both of these follow up
approaches: the use of western blotting requirésr ginowledge of the protein

present in order to select a suitable antibodytéoetection.
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Reliance on the use of mass spectrometry to identhe protein could be
complicated by the presence of other proteinsriat migrate to the same point on
the gel, thus leading to incorrect protein idenéifion (D’Ambrosio et al. 2007).
Nonetheless, Pro-Q diamond has been utilized irstilngdy of the phosphoproteomes
of a wide variety of species including Bacillus sli®and Arabidopsis (Chitteti and
Peng 2007; Eymann et al. 2007) as well as neusnmbreast cell lines (Kang et al.
2007; Zhang, Wong, Koay 2007).

1.6.3 Chromatography for the enrichment of phosphomteins and
phosphopeptides

A popular means of enriching for phosphorylatiorthet protein and at the peptide

level is through the use of chromatography colurtiveg have an affinity for the

phosphate group. This section provides a brief\oger of some of these techniques.

Broadly speaking, metal affinity columns for phosptotein/peptide enrichment fall
into one of two categories, immobilized metal affincolumn (IMAC) or metal
oxide affinity column (MOAC). The main differentetween the two being that the
oxidised from of a metal is used for MOAC, whileethnoxidised form is used for
IMAC. In both instances phosphopeptide enrichmemtrk& on the basis of
electrostatic interactions occurring between thesphate group on the peptide and
the metal oxide sorbent (Engholeller and Larsen 2013). It should be noted
however that the precise chemistry for kit basedsphoprotein enrichment kits is
generally not revealed by the manufacturer makingjfficult to draw inferences
from the column used and the results obtained. tehess, the use of such columns
has become more popular and has been reported hier enrichment of
phosphoproteins in a number of studies. An exangfleone such study that
successfully employed phosphoprotein enrichmergstigated the tubular epithelial
to mesenchymal cell transition upon induction ansforming growth factor beta-1
(Chen et al. 2010). Enriched phosphoproteins wereyraatically digested and
ITRAQ labelled before undergoing 2D-nano-LC/MS itegg in the identification of
38 differentially-expressed phosphoproteins.
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An alternative to analysis of the elution fractibg mass spectrometry is to use
western blot in conjunction with the phosphoprotenrichment column to detect
changes in the abundance of protein phosphorylakon example, phosphoprotein
enrichment prior to western blot analysis has besed to identify changes in the

phosphorylation and / or abundance of the protedeuinvestigation.

This technique is based on the principle that thesphorylated form of the protein
of interest will have been preferentially retairmdthe enrichment column, while the
unphosphorylated form will not bind. Following ebnt of the phosphorylated

protein from the column, this sample is then aredyby immunoblot. If there has

been an increase in the abundance of the phosphenlyform of a protein under a
given condition, this change in abundance will beedted by an antibody specific to
the protein of interest. One advantage of this walogy is that, in the absence of
an antibody specific to the phosphorylated fornthef protein of interest, antibodies

raised against the unphosphorylated form of théepranay be utilized.

Similar to phosphoprotein enrichment, metal affinthromatography can also be
used for the enrichment of phosphorylated peptidgslike phosphoprotein
enrichment however, phosphopeptide enrichment egfieg are almost always
referred to by the metal chemistry used in the moluThe following sections will
discuss two of the more common methodologies; IM&&@ Titanium dioxide.

1.6.3.1 Titanium dioxide phosphopeptide enrichment

A MOAC based methodology called titanium dioxideieimment is perhaps one of
the most widely used phosphopeptide enrichment adstldue to its high capacity
and high specificity for the phosphate group (ByriSickmann, Zahedi 2011;

Larsen et al. 2005). Reports of the phosphopemideehment of samples such as
whole cell lysates without any prior enrichmentattgies have yielded significant

numbers of phosphopeptides.
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For example, titanium dioxide was employed in thaentification of 937
phosphopeptides in acute myeloid leukaemia cedlstéd with sodium pervanadate
(Montoya et al. 2011). Of course, phosphoprot@id phosphopeptide enrichment
techniques can be combined in an effort to obtainthér phosphorylation
information. One such instance of this is providea report by Nilsson et al. who
used phosphoprotein enrichment and titanium diogitesphopeptide enrichment to
measure responses of glioblastoma cancer stem ¢68C11) to STATS3
phosphorylation inhibition by WP1193 treatment ahd6 stimulation under

normoxic and hypoxic conditions (Nilsson et al. 200

One drawback initially associated with the useitahium dioxide columns is that in
addition to the binding of phosphate, they alsallacidic groups with high affinity
(Gates, Tomer, Deterding 2010). This was overcoowelrer by the use of organic
acids such as 2,5-DHB, as they bind metal oxidéls greater affinity than carboxyl
groups, but less affinity than phosphate (Aryal daoss 2010). It is typically
considered that titanium dioxide phosphopeptidecknrent columns preferentially
bind monophosphorylated species, while IMAC prafgedly binds multiply
phosphorylated peptides (Aryal, Olson, Ross 200&aZet al. 2013). It has been
proposed however that titanium dioxide does notraisnate between multi and
mono phosphorylated peptides, but multiple phosgated species are difficult to
elute due to the high affinity with which they bin@hingholm et al. 2008).
Although the optimisation of experimental condigoror the enrichment of
phosphopeptide using titanium dioxide columns iggoimg (Aryal and Ross 2010),
as yet there is no one set of conditions that carused to enrich for the entire
phosphoproteome (Thingholm et al. 2008). This canshid to be true of all
phosphopeptide enrichment strategies. The greadesrage of a phosphoproteome
is typically provided when methods such as titandioxide are used in conjunction
with other complementary methods such as IMAC (Bodider et al. 2007,
Carrascal et al. 2008).
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1.6.3.2 IMAC for phosphopeptide enrichment

The specificity with which phosphopeptides are @red using IMAC columns
depends on (i) the resin used (ii) the metal ioedusChoosing the optimum
enrichment resin / metal ion is not as straightBodvas it might appear. For
example, a resin of nitrilotriacetic acid (NTA) gied with an iron (Fe3+) metal ion
was found to be more specific for the enrichmenplodsphopeptides than a resin
containing iminodiacetic acid (IDA) and Fe3+ (Néwikt al. 1997). Conversely, a
combination of IDA and gallium (Ga3+) was founddotperform NTA combined
with Ga3+ (Posewitz and Tempst 1999). Despite tihiste are a number of other
IMAC based metal affinity resins such as aluminesanium and gallium that have
also been used for the enrichment of phosphopeptidih great success (Posewitz
and Tempst 1999; Qiao et al. 2010).

For example, it has been demonstrated that suctsppbpeptide enrichment
methodologies are capable of obtaining large nundiephosphopeptides from
samples such as whole cell lysates without anyr mimichment strategies; one
report identified 654 phosphopeptides in the idmatiion of hormone dependent
signalling pathways in renal medullary thick asaagdimb (mTAL) cells using
gallium phosphopeptide enrichment (Gunaratne et 28110). This is hardly
surprising given that it has been shown that gallis comparable with the likes of
titanium, iron, aluminium and zirconium for the mmment of phosphopeptides
(Aryal and Ross 2010; Posewitz and Tempst 1999mil& to titanium dioxide,
IMAC also suffers from the non-specific bindingaafidic rich glutamic and aspartic
acid residues. One approach to overcome this iegotlie acidification of samples
prior to loading on the IMAC column; this protonstthe carboxyl groups on the
highly acidic amino acid residues and reduces m&® of nonspecific binding
(Posewitz and Tempst 1999). A more recent advante IMAC based
phosphopeptide enrichment has been the developofienistrategy to sequentially
elute phosphopeptides from the IMAC column (Thirlghet al. 2008).

SIMAC (Sequential elution from IMAC) facilitates dh elution of
monophosphorylated and multi-phosphorylated peptid@o distinct fractions
enabling analysis of low abundant multi-phosphdedepeptides that otherwise may
go undetected due to the relatively high abundasfcéhe monophosphorylated

species.
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It has been through the continuous refinement glegrental conditions such as
this that has made IMAC one of the most popular meeaf enriching for

phosphopeptides (Niklew et al. 2010).

1.6.3.3 Strong cation exchange (SCX)

Strong cation exchange (SCX) has also been usead aslditional phosphopeptide
enrichment step prior to the use of an IMAC or Ti€&iumn (Beausoleil et al. 2004;
Villen et al. 2007). SCX operates based on thecypia that positively charged

proteins or peptides will bind to the negativelyaed functional groups on the
SCX resin. Because phosphorylated peptides poasseadditional negative charge
due to the presence of the phosphate group, thilselwte from the column earlier

than the non-phosphorylated species.

This technigue has been used as part of the eneichpmotocol in a number of large
scale phosphoproteome profiling studies includimg tdentification of 2,002
phosphorylation sites from HelLa cell nuclear frac, and 6,600 phosphorylation
sites in EGF stimulated HeLa cells (BeausoleilleR@04; Olsen et al. 2006). SCX
has been compiled with both immunoprecipitation dMAC phosphopeptide
enrichment methodologies to identify 5,635 phospladion sites in mouse liver
(Figure 1.6.2) (Villen et al. 2007). Indeed, theupling of multiple enrichment
methodologies has enabled the identification of @000 phosphorylation sites in
some biological systems (Olsen et al. 2010). Algiothe use of this technique
provides enhanced coverage of the phosphoproteitsne)plementation requires a
high level of technical ability on the part of tbheer (Harsha and Pandey 2010). In
addition to this, large volumes of starting matesi@ also required to ensure optimal
recovery of phosphopeptide (Olsen and Macek 2009).
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Figure 1.6.2Schematic of phosphopeptide enrichment straté§€X coupled with
immunoprecipitation and IMAC) as used by Villenagt (2007) in the identification
of 5,635 phosphorylation sites in mouse liver.
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Aims
Phosphoproteomic characterisation of CHO cells subgt to temperature-shift

Our current knowledge of the cellular mechanism@Iwved in the cell response to
reduced culture temperature is limited. Howeveraustanding such mechanisms
could aid in the identification of cell engineeritaygets to extend cellular viability,

increase productivity or influence cellular growstte. This project aims to:

To assess the feasibility of phospho-array baseahtdogy to characterise
the phosphoproteome of CHO cells, using antibodipstted onto a
nitrocellulose membrane to detect changes in tlagive phosphorylation of
kinases in temperature-shifted CHO cells;

Profile the phosphoproteome of CHO cells subjed¢tedemperature-shift
and identify phosphoproteins that are potentiaflyolved in the cellular

response to reduced culture temperature.

Establish and evaluate a protocol for the studphaisphopeptides in CHO
cells;

Utilise mass spectrometry to obtain site-specifimformation on the

differential-phosphorylation of phosphoproteins weing in direct response

to reduced culture temperature conditions.
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Proteomic profiling of Host Cell Proteins (HCPs) fom CHO cells

The secretome can also be a rich source of infeemgproviding insights into cell-
cell signalling events that effect cell growth aridbility. Analysis of the host cell
protein profile of bioprocess relevant cell linagls as hybridoma and CHO cells
could further our understanding of how the cellterd environment can impact on
product quality and cell viability. This projecinas to:

Characterise the extracellular proteome of CHOsaller time in culture to
identify proteins that potentially impact cellulgrowth and viability. In
addition, identify any proteins that may negativiehpact product yield and
/ or quality;

Determine whether there are significant differenoethe secretome of CHO
cells grown under temperature-shifted and non-teatpee-shifted
conditions;

Determine whether there are significant differenceshe secretome of a
recombinant protein-producing and non-producingloed;

Catalogue proteins secreted from IgG-producingnptypically distinct and

fast and slow growing CHO cell lines.
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Materials & Methods

60



2.0 Materials & Method

2.1 Preparation for Cell Culture

2.1.1 Ultrapure water

Ultrapure water was used in the preparation ddalitions used for cell culture. Pre-
treatment, involving activated carbon, pre-filtostiand anti-scaling was first carried
out. This water was then purified by a reverse assystem (Millipore Milli-RO

10 Plus, Elgastat UHP), which is low in organictsabrganic matter, colloids and

bacteria with a standard of 12 — 18 k¢m resistance.

2.1.2 Glassware

All glassware and lids used for any cell relatemtkmvere prepared as follows: all
glassware and lids were soaked in a 2% (v/v) soutif RBS-25 (AGB scientific,
cat. 83460) for at least 1 hour. Glassware wasbbed and rinsed several times in
tap water; the bottles were then washed by maalsimey Neodisher detergent. The
bottles were then rinsed twice with distilled watence with UHP water and

sterilised by autoclaving.

2.1.3 Sterilisation

Water, glassware and all thermolabile solutionsewsterilised by autoclaving at
121°C for 20 mins under 15 p.s.i. pressure. Theabid solutions were filtered
through a 0.22um sterile filter (Millipore, cat. ®033RB), with low protein

binding filters used for all protein-containing gtibns.

2.1.4 Subculturing of cell lines suspension cells

All routine cell culture work was carried out inckass Il down flow re-circulating
laminar flow cabinet (Nuaire Biological Cabinet)tri&t aseptic techniques were
adhered to at all times (see NICB SOP No. 000-Daminar flow cabinets were
swabbed with 70% industrial methylated spirits (IM8ior to and following all
work, as well as all equipment used during expentsieOnly one cell line was
worked with at a time in a cabinet, with 15 minutésarance time given between
work with individual cell lines. Each week cell twle cabinets and any incubators

used were cleaned with industrial detergents (\fijkemnd IMS.
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Cell lines adapted to suspension growth were g#pegaown in either sterile
disposable 250 ml flasks (Corning, cat. 431144hwi60 ml working media volume
or a disposable 50 ml spin-tube (Sartorius, cat-OBEMB-SSH) with a 5 ml

working media volume.

Prior to subculturing cells, a 100aliquot was removed from the flask or tube and
counted using trypan blue (section 2.1.5). Thesigpension was then transferred to
a 30 ml sterile container (Greiner, cat. 201151 eentrifuged at 170xg for 5 mins.
The resulting pellet was resuspended in fresh wgrmowth medium, and an
appropriate volume used to seed fresh flasks/ttdrefsirther subculture or planned

experiments.

Details of all the cell lines used in experimenes given in Table 2.1.1.

Re combinant :
. . - : . Selective|Culture
Cell line [Cellline origin|protein Media Source
reagents |format
product
(I\:Ae(:I:Sfissepclievev:t]h PHFMI Suspension In-house
4/2D mouse myelom iNon-producing (Gibco, N/A (T- 125) (Moran et
(SP2) cels 12040-077 al. 1996)
OptiCHO Suspension
CHO K1 [CHO K1 Non-producingGibco, N/A (Shake ATCC
12681-011) flask)
. |In-house
SFM-II Suspension .
CHO-K1- _ Dr. N
ceap | |CHOKI SEAP (Gbco,  |G418  |(Shake &urmar'raj
12052-098) flask) Thesis)
OptiCHO Suspension
DP12 CHO K1 IgG (Gibco, MTX (Shake ATCC
12681-011) flask)

Table 2.1.1Table of cell lines used in experiments preseirtedis thesis.

62



2.1.5 Assessment of cell number and viability
Cell counting and viability estimations were cadrieut using a trypan blue dye

exclusion technique.

First a sample was taken from a cell suspensiomardd 1:1 with trypan blue (i.e.
100 | cell sample mixed with 100 trypan blue). This was incubated for 3 mins at
room temperature, after which a sample was applied haemocytometer over
which a glass coverslip is then placed. Cells enahter four corners of the chamber
were counted microscopically using Nikon TS100 wscope and 10x objective
lens. Non-viable cells were stained blue, whilebigacells remained clear. Non-
viable cells were stained blue, while viable celsnained clear. The following

formula was used to calculate cell concentration:

2.1.6 Cryopreservation of cells

To allow for long term storage of cell stocks, selere cryo-preserved in liquid
nitrogen. Dimethyl sulphoxide (DMSO) (Sigma, cat3428) was used as a
cryoprotectant. Cells to be frozen down were gravmil the exponential phase,
harvested and counted. Cells were then pelletedenyrifugation at 170xg for 5
mins and resuspended in media to give a concemtrafi at least 5 x 106 cells/ml.
An equal volume of 2X concentrated freezing mediMEO-7.5% and serum
92.5%) was then added dropwisedue to the toxicitythe DMSO.The cell

suspension was then aliquoted into cryovials (@mircat. 12279) and quickly
placed into a freezer at -80°C overnight beforendpelaced into storage in liquid

nitrogen.

2.1.7 Thawing of cryopreserved cells

Upon removal from liquid nitrogen, the cryovial wdeawed in warm water. Once
slightly thawed, the contents of the cryovial waansferred to the pre-warmed
media (37°C). This suspension was centrifuged @kd 7or 5 mins. The supernatant
was then removed and the pellet re-suspended sh frarm growth medium. This
thawed cell suspension was then placed in a 5ml tgfie for suspension growth.
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After 24 hours, the medium was then replaced wigsH growth medium to remove

any potential traces of DMSO and the cells subeadtif necessary.

2.1.8 Sterility checks

Sterility checks were routinely carried out on @ledia, supplements and trypsin
used for cell culture (see NICB SOP 002-01). A Bample of the material being
examined was inoculated into 9mls of both tryptosmya broth (TSB) and
thioglycollate broth (Thio) and incubated at 379 7 days. Both samples were then

checked for turbidity and change in colour, inditgtcontamination.

2.1.9 Mycoplasma testing

Cells were regularly checked for the presence oftdpiasma using the Fluorescent
Hoechst stain method. Mycoplasma-negative NRK (Ndrrat kidney fibroblast)
cells were used as indicator cells for this analyiRK cells were incubated with a
sample of supernatant from the cell lines beingetesfor the presence of
mycoplasma and then stained. Testing was carrieécvery four months for each

cell line in use.

2.2 Protein Quantification

2.2.1 Bradford Assay

Protein levels were determined using the Bio-RadcK&tart™ Bradford Dye
Reagent (Bio-Rad, 500-0205) as follows. A 2 mg/mvibe serum albumin (BSA)
solution (Sigma, A9543) was prepared freshly inislysuffer. A protein standard
curve (0, 0.125, 0.25, 0.5, 0.75 and 1.0 mg/ml) mapared from the BSA stock
with dilutions made in lysis buffer. An aliquot tife protein samples were diluted as
appropriate (1:2, 1:5 or 1:10) with lysis buffer.| ®f standards and samples were
added to a minimum of three separate wells in av8bplate. 2501 of the Bio-Rad
solution was added to each well. After 5 minutesubation, absorbance was
measured at 595 nm and the concentration of thieipreamples was determined
from the plot of the absorbance at 595 nm versuscamration of the protein

standard.
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2.2.2 ELISA Assay

An ELISA (Enzyme-linked immunosorbent assay) wasdudo quantify the
recombinant Human 1gG1 (rHulgG1) antibodies secrdig the DP12 cell line.
Conditioned media samples were centrifuged at 170x§min and supernatant was
aliquoted into an eppendorf tube. Supernatant Wwas tentrifuged a second time at
19,000xg for 5 min to remove any residual cells alguoted into a fresh eppendorf
tube. 11 of coating antibody was diluted in 100coating buffer (0.05M Carbonate
Bicarbonate, pH 9.60) for well required (number sEmples plus number of
standards). Coated wells were incubated at 4°Cnayler After incubation, the
coating buffer was removed and the plate was waghédthes with wash buffer
(50mM Tris, 0.14M NaCl, 0.05% Tween20, pH 8.0). 200f blocking solution
(50mM Tris, 0.14M NaCl, 1% BSA, pH 8.0) was thended to each well and
incubated for 1 hour at RT. During this incubatijperiod samples and standards
were prepared in sample diluent (50mM Tris, 0.14MCN 1% BSA, 0.05%
Tween20). Blocking solution was then removed ared glate was washed 5 times
with wash buffer. 100 sample/standard was then added to their assigedd and
incubated for 1 hour at RT.

After incubation, the samples were removed andtaee washed 5 times with wash
buffer. The enzyme (HRP) linked detection antibadg diluted in sample diluent at
a dilution of 1:100,000 and 10Dadded to each well and incubated for 1 hour at RT
After an hour the coating buffer was removed amdplate was washed 5 times with
wash buffer. 1000 of HRP substrate solution (TMB - 3,3,5,5-
Tetramethylbenzidine) was then added to each welliacubated in the dark for 15
mins. 1001 of stop solution (0.18M H2S0O4) was then addedetxh well.
Absorbance of each well was read at a wavelengdb@hm.

2.2.3 SEAP Assay

Secreted Alkaline Phosphatase (SEAP) is a seceategme that was used as a
model recombinant glycoprotein (Lipscomb et al. 200CHO SEAP cells were
generated in house by Dr. Niraj Kumar (Ph.D Th2688). The enzymatic assay for
guantification of SEAP protein was adapted frommniethod reported previously by
Berger et al. (Berger et al. 1988). The followipgotocol was used to detect SEAP

levels in the supernatant of CHO cells transfeetgd a SEAP containing plasmid.
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Conditioned medium was collected from CHO SEAP scalhd centrifuged at
19,000xg for 5min. 500 aliquots of conditioned media were collected atafted at
-20 C until such time as the assay was ready tgdxormed. 50| of cell-free
conditioned medium was transferred to individuallsvef a 96-well flat bottom
plate. 501 of 2x SEAP reaction buffer (solution stock contai 10.50 g
diethanolamine (100%), 50 of 1 M MgCl, and 226 mg of L-homoarginine in a
total volume of 50 mL) was added to each sampkteRlwere incubated for 10 min
at 37°C and then 10 of substrate solution (158 mg of p-nitrophenolgbloate from
Sigma (P4744) in 5 mL of 1x SEAP reaction buffegda fresh for each use) was
then added to each well. The change in absorbasrceipute (OD 405/min) of each
well was monitored by a microplate reader. The geam absorbance per minute
was considered as indicator of the amount of SE/ARBgnt in the sample.

2.3 Proteomic Sample Collection and Preparation

2.3.1 Cell Lysate Sample Preparation

Cells were pelleted by centrifugation at 170xg fominutes and the media was
removed and cells were washed with ice cold 50mMPHE&. The cell suspension
was then transferred to an eppendorf and centdf@ael4000xg for one minute at
4 C. HEPES was then decanted, the eppendorf camgaithe cell pellet was

submersed in liquid nitrogen for 30 seconds betoeang stored at -80 C until

required. All procedures from this point forwardregperformed on ice. Cells were
lysed using an appropriate volume of lysis bufféM(Urea, 2M Thiourea, 4%

CHAPS, 30mM Tris, pH 8.5) and incubated on ice Z6rminutes with occasional
vortexing. Protease inhibitor (PI1-78415 Thermo S8ti), halt phosphatase

inhibitor (78428 Thermo Scientific) and Nucleasexr(80-6501-42 GE) were also
added to the lysis buffer to form a final concettra of 1x for each inhibitor. Cells

were lysed by pipetting up and down and by vortgxiSample lysates were
centrifuged at 19,000xg for 15 minutes at 4 C . @optant containing extracted
protein was transferred to a fresh chilled eppehiddae and stored in aliquots at -80

C if they were not going to be used immediately.
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2.3.2 Conditioned Media Collection

Media containing cells were placed into a 50ml ilteuniversal container and
centrifuged at 2000xg for 6 minutes. Upon completite media was decanted into a
fresh sterilin and centrifuged at 2000xg for aliert6 minutes. The media was then
decanted into a fresh sterilin and filtered usin@.4bum filter (VWR, 514-0075),
one filter per 25ml of media. Upon completion, theedia underwent further
filtration through a 0.22um filter (VWR, 514-0073)ne filter per 25ml of media.
Filtered conditioned media was then either stoted@C for long term storage or

kept on ice for immediate further processing.

2.3.3 Conditioned Media Sample Preparation

Conditioned media sample was concentrated by @egaétion at 3,200xg at 16 C
using Vivaspin 20 3,000 MWCO centrifugal concerdrat(Sartorius VS2092) until
samples had decreased in volume ~100-fold. 50-1@®potein from the sample of
interest was placed in an eppendorf and underwésiean up’ using ReadyPrep™
2-D Cleanup Kit (Bio-rad, 163-2130) as detailed 2.3

The protein pellet was then resuspended in 6M WkAThiourea, 10mM Tris, pH
8 (Label-free lysis buffer). The sample was somidatnd vortexed until the

precipitate was no longer visible and quantifiedBogidford assay.

2.3.4 Sample clean-up for Mass Spectral Analysis

80m of conditioned media @5ug protein) or 10@ of whole cell lysate (500ug
protein) was cleaned up in order to remove anygghat could interfere with Mass
Spectral Analysis. Sample clean-up was carriedusuig ReadyPrep 2D Cleanup
Kit (BioRad, 163-2130) according to manufacturenstructions with the exception
of the final incubation period where the sample wasibated at -20 C overnight as
opposed to 30 minutes. Following the final cengétion step, the supernatant was
removed and the pellet was allowed to air dry fonibhute before being resuspended
in the appropriate buffer depending on whetherstiraple was going to be analysed
by LC/MS or western blot.

2.3.5 In solution digestion for preparation of congtioned media samples
10ug of protein was placed into a new eppendoltfsaiples were then brought up

to an equal volume using label-free lysis buffetl 4f reduction buffer was added to
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each sample (DTT in 50mM ammonium bicarbonate sudicat the final
concentration of DTT will be 5mM). This was incubdtat 56 C for 20 minutes on a
shaker platform. Once the reduced samples had aoble of alkylation buffer was
added to the sample (lodoacetamide in 50mM AmmorBicarbonate such that the
final concentration of lodoacetamide is 55mM), andubated for 20 minutes at
room temperature in the dark. 0.2ug of Lys-C (Prgap&/1071) was then added to
each sample and left on a shaking platform for drfiat 37°C. After this incubation
period, each sample was diluted four volumes of dOdmmonium Bicarbonate.

0.4ug of sequence grade Trypsin (Promega, V52868)then added and all samples
were incubated overnight at 37°C on a shaker platfé\fter overnight digestion
PepClean™ C-18 Spin Columns (Pierce, 89870) wezd tspurify and concentrate
the resulting peptides as detailed in 2.3.7.

2.3.6 In solution digestion for preparation of whot cell lysate samples

100ul of whole cell lysate containing 500ug of pintwas cleaned up in order to
remove any agents that could interfere with mastspmetry analysis. Sample
clean-up was carried out using ReadyPrep 2D CleHKityBioRad)as detailed 2.3.4.
To prepare protein samples for digestion, samplese wesuspended in label-free
lysis buffer (6M Urea, 2M Thiourea, 10mM Tris, pH &8nd all volumes were
brought up to 70ul and 20ul of 50mM ammonium bicawdte added. The samples
were first incubated with 10ul 50mM dithiothreitir 30 minutes at 37°C. 11pul of
150mM iodoacetamide was then added to each samgleéeubated in the dark for
20 minutes at room temperature. 314ul of 50mM amuororbicarbonate was then
added to each sample. Digestion of protein samwis performed with trypsin
(sequence grade, Pierce) at a ratio of 31.25/lteipdenzyme w/w, i.e. 50@ of
protein was digested with 16ug of trypsin. 4.5uPobteaseMax (Promega V2071).
Samples were incubated overnight at 37°C to allendigestion to occur.

2.3.7 Peptide sample clean-up using C18 spin column

With the exception of two additional wash stepsuffavashes total) and two
additional elutions (three elutions total) C18 sémgean-up was carried out as per
the manufacturer’'s instruction using PepClean™ CSg@n Columns (Pierce,
89870).
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Samples were then placed in a vacuum evaporatortivey had dried fully and re-
suspended in an appropriate volume of 0.1% TFA%nARCN with vortexing and

sonication.

2.3.8 Peptide sample clean-up using Graphite spimlcimn

Graphite spin columns (Pierce, 88302) were usedidan up samples containing

>30ug of peptide. As well as concentrating the dasythis was done to remove any
agent that may interfere with Mass Spectral analysil samples were processed as

per the manufacturer’s instructions such that it £lution volume was 400

Samples were then placed in a vacuum evaporatdrtivey had dried fully and re-
suspended in an appropriate solution/volume forndet application e.g. titanium
phosphopeptide enrichment (2.4.4), iron phosphage@nrichment (2.4.5), LC-MS
analysis (2.4.6).

2.4  Proteomic Enrichment and Depletion Methods

2.4.1 Phosphoprotein enrichment Pierce

Enrichment for Phosphoproteins took place using Eierce Phosphoprotein
Enrichment Kit (Pierce, 90003). Cell pellets wereysed using the

Lysis/Binding/Wash buffer provided which was suppénted with CHAPS (0.25%)
(Sigma, C9426), 1X Halt Protease Inhibitor (EDTAd) (Thermo Scientific,

78425), 1X Halt Phosphatase Inhibitor Cocktail (fThe Scientific, 78420) and 1X
Nuclease Mix (GE Healthcare, 80-6501-42). Upon @aidiof cell lysis buffer to the

cell pellet, cells were passed through an 18-gawggdle 5 five times and then

vortexed.

Samples were placed on a rotator (Stuart, SB2)lefihépinning at 15rpm for 45
minutes at 4 C with periodic vortexing during thieriod. The lysate was then
centrifuged at 14,000xg for 20 minutes at 4 C amel supernatant collected. After
protein quantification by Bradford assay, phospbtgn enrichment and
concentration was carried out as per the manultsumstructions such that the
final volume of samples was 100-1%0At this point samples were either stored at -

80 C or kept on ice for further processing.
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2.4.2 Phosphoprotein-enriched Label-free sample pparation
Phosphoprotein-enriched sample fractions from thiercB Phosphoprotein
enrichment kit (Pierce, 90003) were gquantified bnadBord assay and 120ug of
protein was placed into a new eppendorf. All samplere then brought up to 50ul
using the elution buffer supplied in the Pierce $fitmprotein enrichment kit. This
volume was then brought up to 93.5ul using 50mMuimonium Bicarbonate. 1l
of reduction buffer was added to each sample (OBBM in 50mM ammonium
bicarbonate), vortexed, briefly centrifuged anduinated at 56 C for 20 minutes on a
shaker platform. Once the reduced samples had aiodléul of alkylation buffer
was added to the sample (0.55M lodoacetamide inVb@mmonium Bicarbonate).
The sample was then briefly vortexed and centrifluigefore being incubated for 20
minutes at room temperature in the dark. After thubation period, 1pl of 1%
ProteaseMAX™ surfactant trypsin enhancer (Prom¥ga,/1) and 2.2ul of 2ug/ul
Trypsin was then added and all samples were inedbavernight at 37°C on a
shaker platform. A volume of each sample equalQg2of peptide was then taken
and stored at -20 C for quantitative label-free MS/analysis. The remaining 100ug
of peptide was processed using Graphite spin cdur(fierce, 88302) and
Phosphopeptide enriched using Swellgel® Galliunm splumns (Pierce, 89853).

2.4.3 Gallium Phosphopeptide enrichment
Phosphopeptide enrichment using SwellGel® Gallilmelated discs was carried out
as per the manufacturer’s instructions (Pierce58%8

2.4.4 TiO2 Phosphopeptide enrichment

Following clean up using graphite spin columns ddetl 2.3.8) peptides obtained
from CHO whole cell lysates for TiO2 phosphopeptatgichment were enriched
using TiO2 phosphopeptide enrichment columns (Bie88303) as per the
manufacturer’s instructions. Each sample was theaned up using graphite spin
column as detailed 2.3.8.

2.4.5 Iron Phosphopeptide enrichment
Following clean up using graphite spin columns ddetl 2.3.8) peptides obtained
from CHO whole cell lysates for iron phosphopept@l@ichment were enriched

using iron phosphopeptide enrichment columns (BieB3300) as per the
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manufacturer’'s instructions such that the eluticactions were pooled. Samples

were then cleaned up using graphite spin columperag.3.8.

2.4.6 LC/MS analysis

Samples were resolubilised in@of LC-MS grade water with 0.1% TFA and 2%
ACN. 12.51 was then transferred to glass vials and the neimgireconstituted
sample stored at -80 C. Mass spectrometry was peeod by Mr. Michael Henry.
Nano LC-MS/MS analysis was carried out using ammdite 3000 nanoLC system
(Dionex) coupled to a hybrid linear ion trap/Orapr mass spectrometer (LTQ
Orbitrap XL; Thermo Fisher Scientific). Note, Sditip™ Standard Coating Tubing
OD/ID 360/20 um Tip ID 10 um Length 5cm, (NewGQdijee) were used as emitter

tips for nano electrospray.

A 2.5m injection of digested sample were picked up usindJltimate 3000 nanoLC
system (Dionex) autosampler using direct injectmokup onto a 20 microlitre
injection loop. The sample was loaded onto a €48 tolumn (C18 PepMap, 300
m ID x 5 mm, 5 m particle size, 100 A pore size; Dionex) and desiafor 10 min

using a flow rate of 29/min in 0.1% TFA containing 2% acetonitrile (Loadi
Buffer). The trap column was then switched onlinghwthe analytical column
(PepMap C18, 75m ID x 250 mm, 3 m particle and 100 A pore size; (Dionex))
using a column oven at 35 °C and peptides wereeluith the following binary

gradients of:

Mobile Phase Buffer A and Mobile phase buffer B28% solvent B in 120 min and
25-50% solvent B in a further 60 min, where solw&rdonsisted of 2% acetonitrile
(ACN) and 0.1% formic acid in water and solvent @éhsisted of 80% ACN and
0.08% formic acid in water. Column flow rate was$ 82350 nL/min. Data were
acquired with Xcalibur software, version 2.0.7 (fithe Fisher Scientific).

The Hybrid linear ion trap/Orbitrap mass spectran€LTQ Orbitrap XL; Thermo
Fisher Scientific) was operated in data-dependesdemand externally calibrated.
Survey MS scans were acquired in the Orbitrap en4B0-1800 m/z range with the
resolution set to a value of 30,000 at m/z 400.t&Jphree of the most intense ions
(1+, 2+ and 3+) per scan were CID fragmented inlittear ion trap followed by an
MS3 event.
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MS3 was only triggered if a neutral loss of phamphacid was detected indicated
by a -98, -49 or -32.7 Da loss from the parent ym&mr. Dynamic exclusion was
enabled with a repeat count of 1, repeat durati@0seconds, exclusion list size of
500 and exclusion duration of 40 seconds. The mimnsignal was set to 500. All
tandem mass spectra were collected using a noedatsllision energy of 35%, an
isolation window of 2 m/z, activation Q was set0t@50 with an activation time of
30.

2.4.7 Mass Spectrometry Protein ldentifications

Mass spectrometry data is generated as *RAW filesn LTQ XL instruments.
Data was analysed using the search algorithms Badpoest (Thermo Fisher
Scientific) and MASCOT (v2.3.01, Matrix Science,rdwmn, UK) through Proteome
Discover 1.3 (Thermo Fisher Scientific) against |&eld-BOKU-CHO database
(Meleady et al 2011) and CHO-K1 genomic data adighdd by Xu et al. (2011) for
all LC/MS analysis of samples originating from CHeEltures. For samples
originating from Hybridoma cultures, Swissprot-umipMouse databases (fast file

Jan 2014) were used.

The search parameters that were used allowed twasenhi cleavages, fixed
modification of cysteine (carbamidomethyl-cystejn@priable modifications of

methionine (oxidised), serine, threonine and tyres{phosphorylated) and serine
and threonine (dehydrated). The Hybrid linear i@apAOrbitrap mass spectrometer
used a peptide tolerance of 20ppm and the MS2 a88 Mlerances were set at
0.5Da.

On completion of the database search the peptaigtsenere filtered as follows for
host cell protein analysis: a MASCOT criteria of®%onfidence interval (C.I.)
threshold (p<0.05), with a minimum MASCOT score @0 while the following
TurboSequest filters were applied: for charge stateCorr > 1.9; for charge state 2,
XCorr > 2.2; for charge state 3, XCorr > 3.75 ardklia CN of 0.1.

For phosphoproteomic analysis the following filtesere applied: a MASCOT
criteria of 95% confidence interval (C.l.) threstho{p<0.05), with a minimum
MASCOT score of 40 while the following TurboSequest filters werepbgd: for
charge state 1, XCorr > 1.9; for charge state 2piXG 2.2; for charge state 3,
XCorr > 3.75. In addition, PhoshoRS filters wereate>99%.
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2.4.8 Label-free LC-MS data analysis

Data analysis was performed using Progenesis LGtSvare available from Non-
Linear Dynamics. Raw MS data files were importedPtogenesis LC-MS software
package.

Where specified reference run alignment was cardet twice, once using the
automatic reference run selection feature on thiievace and once by means of
manual reference run selection, otherwise, refereana selection was carried out
only once by manual reference run selection. Aregfee run is selected as the
sample which is most representative of the datadalitional sample runs are then

aligned to the reference sample run.

Alignment of sample runs allows correction of vhlé peptide retention times
during chromatographic separation thus allowing ganson of the different sample

runs.

(In instances where reference run alignment wagiechrout twice, lists of
differentially-expressed proteins or phosphopepgtidas generated by overlapping
the list of differentially-expressed proteins oh&d from the automatic reference run
selection with the list of differentially-expressptbteins obtained from the manual
reference run selection. Proteins / phosphopeptatesmon to both lists were
accepted as being differentially-expressed.) Uplgniment of all runs, detected
features were then filtered based on an anova yevaf less than 0.05 between
experimental groups. From this list of filtered tig@s a principal component
analysis (PCA) plot is generated. The MS/MS datanfthis list of filtered features
is then exported into the external search engineSRIAT to match these identified
features to known peptides as detailed in sectidrr 2

XML files containing MS/MS identifications were theimported back into

Progenesis. Conflicting peptides i.e. peptides comito two or more proteins, were
then sorted; the conflicting peptide with the higthien score was retained while all
other peptides for that conflict were removed. mstances where two or more
conflicting peptides shared a common ‘highest’ wrore, these peptides were
retained for identification purposes but not usedduantitation. Statistical criteria
of anova p-value less than 0.05 and fold-changatgrethan 1.5-fold between

experimental groups was then applied to the prdisin
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2.5 Other Proteomic Techniques

2.5.1 Gel electrophoresis

Proteins for analysis by Western blotting were hestb by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) using precast 4-12%TBs-gels (Life Technologies,
NP0322BOX (12 well), NP0321BOX (10 well)). Prior samples being loaded in
the relevant sample wells, 8-20 ug of protein wagtet in 2x laemmli loading
buffer (Sigma, S3401-1VL). Pageruler™ Plus prestirprotein ladder (Pierce,
26619) were loaded alongside samples. The gelsmperat constant voltage (200V)
until the Bromophenol blue dye front reached the eh the gel, at which time

sufficient resolution of the molecular weight markevas achieved.

2.5.2 Western blotting

Once electrophoresis was complete, the SDS-PAGEvagglequilibrated in transfer
buffer (10% 10X Tris/Glycine (Biorad, 161-0734),%0Methanol (Romil, H409),
70% diH20) for approximately 10 minutes. Six sheefs3 mm filter paper
(Whatman, 1001-824) were soaked in freshly prepasetsfer buffer and placed on
the cathode plate of a semi-dry blotting appardgBi®-Rad, TransBlotR) after
excess buffer was removed. Hybond™-P PVDF memb(&te Healthcare, RPN
303F), which had been equilibrated in the samestearbuffer, was placed over the
filter paper on the cathode plate. The gels weee @digned on to the membrane. Six
additional sheets of transfer buffer soaked fittaper were placed on top of the gel
and all air pockets removed. The anode was caydaitl on top of the stack and the
proteins were transferred from the gel to the membrat a current of 0.24A at 15V

for 35 minutes.

The membranes were then blocked for 2 hours at teomperature using either 5%
BSA in 0.1% Tris Buffered Saline with Tween 20 (TtBSor phosphorylated
proteins or 5% skimmed milk powder (Marvel) in 0.1%BSt for non-
phosphorylated proteins. Membranes were incubatiéd pvimary antibody over-
night at 4 C . All antibodies were prepared in 0.T®ST. Primary antibody was
removed after overnight incubation and the memizramesed 3 times with 0.5%
TBSt for a total of 15-30 minutes. Secondary aribwas added for 30-90 minutes
at room temperature. The membranes were washeouttdy in 0.5% TBSt for 15-

30 minutes.
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. . I . Product

Antibody Phospho Site Dilution Supplier Number Secondary
Akt NA 1:3000 |Cell Signaling 9272 Rabbit
Aktl Phos Ser473 1:1000 |Cell Signaling 9271 Rabbit
Erk NA 1:1000 |R&D Systems AF1575 Rabbit
Erk Phos Y204+Y187 1:1000 |Abcam Ab76299 Rabbit
Amp Kinase 1 NA 1:1000 |Cell Signaling 2795 Rabbit
Amp Kinase 2 NA 1:1000 |Cell Signaling 2757 Rabbit
Amp Kinase 1 NA 1:1000 |Cell Signaling 4178 Rabbit
Amp Kinase 2 NA 1:1000 |Cell Signaling 4148 Rabbit
Amp Kinase 1 NA 1:1000 |Cell Signaling 4187 Rabbit
Amp Kinase 2 NA 1:1000 |Cell Signaling 2536 Rabbit
Amp Kinase 3 NA 1:1000 |Cell Signaling 2550 Rabbit
gr:‘;p KZInISPS;S 1 Thri72 1:1000 |Cell Signaling 2531 Rabbit
JINK1 NA 1:1000 |R&D Systems | MAB17761 Mouse
JNK Phos Thr183/Tyrl85 1:1000 |Cell Signaling 4668 Rabbit
SAP/INK NA 1:1000 |Cell Signaling 9258 Rabbit
Mek 6 Phos Ser207 1:1000 |Abcam Ab36722 Rabbit
Mek 6 NA 1:2000 |R&D Systems AF1604 Rabbit
ATF-2 NA 1:1000 |Abcam Ab31483 Rabbit
ATF-2 Phos Thr51/Thr69 1:1000 |Abcam Ab131106 Rabbit
NDRG1 NA 1:1000 |Cell Signaling 5196 Rabbit
NDRG2 Phos Ser330 1:1000 |Cell Signaling 3506 Rabbit

-Tubulin NA 1:2000 |Abcam Ab55611 Mouse
HRP Conjugated Bethly
Goat anti-Human NA 1:50000 . A80-104P N/A

Laboratories

lgG-Fc
MMP19 NA 1:1000 |Abcam Ab53146 Rabbit
BMP1 NA 1:1000 |Abcam Ab118520 Rabbit
PSAP NA 1:1000 |Abcam Ab68466 Rabbit
GRP87/Bip NA 1:1000 |Sigma 8918 Rabbit

Table 2.5.1List of primary antibodies used in the experimemsgd in this thesis
including those used to detect phosphorylated amdpthosphorylated versions of
the proteins studied.

2.5.3 Enhanced chemiluminescence (ECL) detection

Immunoblots were developed using ECL2 Western BigttSubstrate (Pierce,
80196) which facilitated the detection of boundgxéiase-conjugated secondary
antibody. Following the final washing membranesenecubated with 2ml of ECL2
reagent, 5:1 (Buffer A : Buffer B), for 1-5 minutéBhe membrane was then placed
between two sheets of clear acetate and then exptseutoradiographic film
(Kodak, X-OMATS) for various times (from 10 secorids30 49 minutes depending
on the signal). The exposed autoradiographic filas weveloped for 1-5 minutes in
developer (Kodak, LX-24). The film was then washedvater for 15 seconds and
transferred to a fixative (Kodak, FX-40) for 5 mias. The film was then washed

with water for 15 seconds minutes and left to droam temperature.
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2.5.4 MAP Kinase array

Samples were analysed on the Human Phospho-MAPHyAfit (R&D systems,
ARY002B) as per the manufacturer’s instructionsbl&a?.5.2 shows the kinases
detected by the array. Antibody detection was by ES detailed section 2.5.3.

Exposure time to autoradiographic film was 1 hour.

TargetContral Alternate Momeanclature Phosphorylation Site Datected
Pasitive Control Control {+) e
Positive Control Contral {+) —
Akt PKBa, AACH 5473
Akt2 PKE[. BACH 5474
Akt3 PKBy, RACy 5472
Akt pan — 5473, 5474, 5472
CHEB — 5133
EBK1 MAPK3, p44 MAPK T202204
ERK2 MAPK1, p42 MAPK T185187
GSK-3a/j GEK3A/GEK3B 521/59
GSK-3j GEK3B 59
HSP27 HSPB1, SAP27 S7A/882
JNEA MAPKS, SAPK1y T183M185
JNK2 MAPKD, SAPK1n T183Y185
JNE3 MAPK10, SAPK1j T221/223
JNK pan — T183/Y 185, T221/Y223
MKK3 MEK3, MAP2K3 5218/T222
MKKE MEKE, MAP2KE 5207211
MSK2 ASK[i, RPSEKAS 5360
p38a MAPK14, SAPK24A, CSBP1 T80 182
p38j MAPK 11, SAPK2B, p38-2 T180/182
p3B5 MAPK13, SAPK4 Ti80M 182
p3By MAPK 12, SAPK3, ERKE T183Y185
p53 — 548
p70 S6 Kinase S6K1, pTla, APSEKB1 T421/5424
RSK1 MAPKAPK1x, APSBKAT 5380
RSK2 ISPK-1, RPSEKA3 5386
TOR — 52448
PBS Control (-} —
Paositive Conirol Control {+) —

Table 2.5.2Shows list of kinases and the specific site ofgporylation detected
by the kinase array.
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2.5.5 Depletion of IgG from conditioned media collgted from DP12 cell line
Protein A affinity chromatography work was carriaat on an Aktaprime plus using
a 5ml HiTrap MabSelect SuRe column (GE HealthchteQ034-94). Each sample
was processed manually on the Aktaprime plus.dtighbe noted that all runs used
a flow rate of 5ml/min and the pressure alarm vweads 1MPa. Equilibration / wash
buffer consisted of 20mM sodium phosphate, 0.15Mwsu chloride pH adjusted to
7.2 with HCI solution. Elution buffer was 60M sodiucitrate pH adjusted to 3.3
using 1M citric acid. All buffers were made up upiniC/MS grade water.

The column was equilibrated using 5 column volurf@gs) of equilibration/wash

buffer. Conditioned media sample was then run thinailne column and collected in
a clean tube. The collected conditioned media samyas then returned to the
original sample tube and run through the ProteicoAimn for a second time. This
was repeated until the sample had been passedgthrtie column four times.

Conditioned media samples were then either stare®DaC or prepared immediately
for subsequent analysis (section 2.3.3). The colwas then equilibrated for further
depletion by running an 80% solution of elutionfeufthrough the column for 10
CV’s followed by a 100% equilibration / wash buffer 10 CV'’s.
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Results
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3.0 Host Cell Protein Analysis

Chapter overview

For some time now, engineering of recombinant jmmopgoducing cell lines has
been the primary focus of the bioprocessing comtgunian effort to create faster
growing, higher producing cell lines. It is onlynmore recent times that the host cell
protein profile has been looked at in greater tiétaidentify how the cell culture
process can impact on downstream purification amodiyct quality. In addition to
this however, the secretome can also be a richceoof information, providing

insights into cell-cell signalling events that effeell growth and viability.

The first study conducted in this thesis lookedtsnges in the relative abundance
of proteins between early exponential and earlyttdgdase in a hybridoma cell
culture. Given the widespread use of temperaturféishindustry, the effect of the
reduction in culture temperature over time (and jpared to early and late phases at

37 C) were also examined.

In industry, the primary cell line of choice is tB&1O cell. It was therefore decided
to extend the investigation to include a studyhe HCP profile of non-producing
CHO cells over time in culture under temperatunéteth and non-temperature-

shifted conditions.

To complement the analysis of the non-producing Ce#lls, an IgG-secreting

CHO-K1 cell line, CHO-DP12, was also selected foalgsis. Analysed in a similar

manner to the CHO-K1 cells, this allowed direct pamsons to be made between
the two CHO cell lines enabling the identificatioh proteins with the potential to

impact on product quality and cell culture vialyilas well as the confirmation of

changes in the HCP profile as a direct result wiperature-shift.

To the best of my knowledge, the work presentethis thesis is the first time that
the HCP profiling of a hybridoma and CHO cell lineger time in culture under

temperature-shifted and non-temperature-shifteditions has been reported.
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3.1 Characterisation of the host cell protein profile & a non-
producing hybridoma cell line

Although there have been a number of publicatiazscdbing some of the proteins
secreted by hybridoma cell lines, these have almwslusively focused on specific
proteases or growth factors. To the best of my kedge, there have been no reports
in the literature detailing the proteomic profilind host cell proteins produced by
hybridoma cells. In order to facilitate the useaofuantitative, label-free, LC/MS
method a non-producing hybridoma cell line was el to generate conditioned
media samples, as the presence of an activelyteddggG molecule, the quantity of
which would change both over time and under differeulture conditions, would
interfere with the accurate quantitation of HCPse Rvailability of a well annotated
mouse protein database would also facilitate ifieation of any proteins detected
in the cell culture supernatant of the hybridom# loge. This chapter reports the
proteomic analysis of proteins secreted into thHe adture supernatant of a non-
producing hybridoma cell line under both tempemshifted and non-temperature-
shifted conditions by quantitative label-free maggctrometry. In addition, this
chapter will also look at the changes in the HC#filer over the life time of the

culture from early exponential phase to late stetrg phase.

3.1.1 Growth profiling of non-producing hybridoma cell li ne

A hybridoma cell line called 4/2D (generated in s@wy Dr. Annemarie Larkin
NICB) was grown in 20ml volume of chemically deftherotein free PHFM-1I™
media in T-175 monolayer culture. Cells were seeate®x106 cell/ml and after 48
hours, flasks selected for temperature-shift weéaeqa in a 31 C incubator for the
remainder of the culture period. Cell culture sapé&ants were collected 24, 72 and
96 hours post-temperature-shift from both tempeeashift and non-temperature-
shifted cultures see Figure 3.1.1 (as per matesiadsmethods 2.3.2). Due to the low
volumes of media used, conditioned media from thaskis were pooled to provide a
sufficient sample size for analysis. Media from tpmoled flasks was considered
one replicate. Enough flasks were set up so thaetheplicates’ from each time

point at each temperature could be collected.
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Although a lower cell density is placed under terapge-shift by reducing culture
temperature at 48hrs, which may be sub-optimakédlecting maximum titre of a
recombinant therapeutic, it enabled biological refees to be drawn from
proteomic analysis of two distinct cultures, thuswviding insights into changes

occurring in temperature-shifted hybridoma cells.

4/2D Growth Curve
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Figure 3.1.1 Growth curve of a non-producing hybridoma cell ligeown under
temperature-shifted (31 C) and non-temperatureesthif (37 C) conditions.
Temperature-shifted culture was placed at 31 Cra&f@hrs in culture. Cell culture
supernatants were collected 24, 72 and 96 houtstgmgerature-shift and analysed
using mass spectrometry.
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3.1.2 Quantitative label-free LC/MS analysis of conditiored media from a
non-producing hybridoma cell line

Conditioned media from three biological replicatssen at 24, 72 and 96 hours post

temperature from cultures grown at @7and 31C were prepared for quantitative

LC/MS analysis as described in materials and metl208.2 and 2.3.3.

3.1.3 Data analysis of differentially-regulated proteinsidentified by label-free
LC/MS profiling of conditioned media from a non-producing hybridoma
cell line

Data acquired following LC/MS analysis was analyssthg Progenesis label-free

software. A protein was deemed to be differentiedigulated if it has a statistically

significant fold-change (anova >0.05) greater tiab-fold between experimental
groups, and was identified with an ion protein sced0 (this score is a minimum
score per peptide and is not based on a cumulaggregate score between

peptides).

Due to the use of multiple time points between twaditions in this experiment, it
was decided that the data would be analysed assil

24hrs vs 96hrs at 37 C
24hrs vs 96hrs at 31 C
37 Cvs 31 C at 24hrs
37 Cvs 31 C at 96hrs

Note: The time in hours above is with respect togerature-shift. i.e. 24hrs is 24hrs

post-temperature-shift.

Analysing the data in this way allows (i) changasthe abundance of proteins
between early stage and late stage culture undepei@ture-shifted and non-
temperature-shifted conditions and (ii) changeth@&abundance of proteins between
temperature-shifted and non-temperature-shiftetiied at early stage and late stage

culture, to be captured.
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In order to identify what role the differentiallggulated proteins might play in the
cell culture supernatant, the gene symbol for theuse version of the protein
identified was obtained and searched in the Unipratatabase

(http://www.uniprot.org/). Proteins classified byniprot as being a protease,
glycosidase, apoptotic protein or miscellaneoustgmowere deemed to be of
particular interest and, as such, were labelledraaagly.

3.1.3.1 Differential regulation of HCPs 24hrs vs 96hrs at 3 C
When using the Progenesis label-free software talyae the LC/MS data, a
principal component analysis (PCA) plot was germerathowing how the samples

from 24hr and 96hr cultures at 37 C clustered. H@A plot is displayed in Figure
3.1.2.
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Figure 3.1.2 PCA plot for the non-producing hybridoma cell lisample groups
24hrs (pink) and 96hrs (blue) at 37 C generatedinduquantitative label-free
LC/MS data analysis using Progenesis software.

A total of 79 proteins with 1 or more peptides welentified as being differentially-
expressed at 37 C between early (24hrs) and l&brgd. Of these, 25 (with 1 or

more peptides) had increased expression at 96hpeidgix A, Table 3.1.1), while 54
were found to be down-regulated (Appendix A, Tahle?2).
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A number of proteins identified in this analysise avf potential interest to the
bioprocessing community due to the role they may jnh affecting culture viability

or product quality. This includes the up-regulatminthe stress protein STIP1 by
almost 21.0-fold and the down-regulation of therstd protease Cathepsin D
(732.7-fold) at 96hrs compared to 24hrs at 37 Qe 3.1.3). The large fold-
change observed in Cathepsin D is likely to bedative of presence / absence

scenario, particularly when coupled with the féetttthe proteins were identified by

one peptide.
24hrg T
g
T
E:
4
g
Stress-induced-phosphoprotein 1
Total Guantitative
Peptides Peptides Score Anova (p) Fold
2 2 124 0.0006 21.0
28hrs Gbhrs
¥
i
]
%
5
-
Cathepsin D
Total Cluantitative
Peptides Peptides Score Anova (p) Fold
1 1 40 00123 7327

Figure 3.1.3 Shows examples of Progenesis label-free outputdifedrentially-
expressed HCPs, such as the upregulation of Strégsed-phosphoprotein 1 and
the down-regulation of the secreted protease Cathep. Both proteins were
identified as being differentially-expressed wheshi$ was compared to 24hrs at
37 C in the conditioned media of a non-producingidoma cell line.
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3.1.3.2 Differential regulation of HCPs 24hrs vs 96hrs at 3 C
A PCA plot showing how the samples from 24hr andr@fultures at 31 C cluster
was generated by Progenesis label-free softwaraglanalysis of LC/MS data and

is displayed in Figure 3.1.4.
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Figure 3.1.4 PCA plot for non-producing hybridoma cell line sdengroups
compared at 24hrs (pink) and 96hrs (blue) at 3lebegated during label-free
LC/MS data analysis using Progenesis software.

A comparison between early (24hrs) and late (96prgses of the temperature-
shifted (31 C) culture found 65 proteins (with 1 onore peptides) to be
differentially-expressed. Of these, 31 were up-tagd at 96hrs (Appendix A, Table
3.1.3) and the remaining 34 were down-regulatecofiglix A, Table 3.1.4).

Among the differentially-expressed proteins ideeatifin this study were the secreted
proteins Olfactomedin-like protein 3 (2.4-fold upgulated) and Calumenin (5.6-fold
down-regulated) (Figure 3.1.5). Secreted proteiurch f1s these are possibly involved
in controlling culture growth and viability throughbell-cell signalling events.

Despite the relatively high viability of the cel&d 31C, the static nature of the
culture i.e., the cells were grown in monolayerpamsion format, would suggest
that the increase in intracellular proteins is ageault of apoptosis and the

subsequent release of proteins from dead celldhetculture media.
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ArcSink Normalised Abursdange

24kt

Transitional endoplasmic reticulum ATPase
Total Cuantitative
Peptides Peptides Score Anova (p) Fold
2 2 116 0.0022 20
24hes SEhrs
¥
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Calumenin
Total Cluantitative
Peptides Peptides Score Anova (p) Fold
1 1 43 0.0402 5]

Figure 3.1.5 Shows examples of Progenesis label-free outputdiftérentially-

expressed HCPs, such as the upregulation of tihaceilular protein Transitional
endoplasmic reticulum ATPase (VCP) and down-reguradf the secreted protein
Calumenin. Both proteins were identified as beirnfflecentially-expressed when
96hrs was compared to 24hrs at 31 C in the condtiomedia of the non-producing

hybridoma cell line 4/2D.
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3.1.3.3 Differential regulation of HCPs at 24hrs 37 C vs 31C
A PCA plot generated by Progenesis during datayaisaindicates how the samples
from 37 C and 31 C cultures at 24hrs cluster ipliged in Figure 3.1.6.
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Figure 3.1.6 PCA plot for non-producing hybridoma cell line sa@engroups 37 C
(pink) and 31 C (blue) after 24hrs in culture gexted during label-free LC/MS data
analysis using Progenesis software.

In order to identify changes in the HCP profileaohon-producing hybridoma cell
line as a result of temperature-shift, samplesnddhrs post-temperature-shift from
37 C and 31 C cultures were compared. Of the 2#edhtially-expressed proteins
with 1 or more peptides identified, 4 were deenwdhtrease in abundance at 31 C
(Appendix A, Table 3.1.5) while 23 were down-regeth(Appendix A, Table 3.1.6).

The Progenesis output from some of the differegtipressed proteins identified,
including Laminin subunit gamma-1 (10.5-fold) andldgen-2 (7-fold),.are shown

in Figure 3.1.7. Interestingly, a number of seagbeoteins are down-regulated at
31 C, these are of particular interest becausehef role they play in cell-cell

signalling events. This raises the question; doeted proteins play a role in the
cellular response to temperature-shift? These im®oteould warrant further

investigation to determine whether extracellulgnsiling events influence the
growth of temperature-shifted cells.
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ArcSink Normalised Abursdange
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Total Cluantitative
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1 1 44 0.0324 7.0

Figure 3.1.7 Shows examples of Progenesis label-free outputdiftérentially-
expressed HCPs, such as the secreted proteins ibasubunit gamma-1 and
Nidogen 2, both of which were identified as beimgvd-regulated at 31 C compared
to 37 C 24hrs post-temperature-shift in the candgéd media of the non-producing
hybridoma cell line 4/2D.
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3.1.3.4 Differential regulation of HCPs at 96hrs 37 C vs 31C

A PCA plot generated by Progenesis label-free softwluring analysis of LC/MS
data.is shown in Figure 3.1.8. The PCA plot displagpw the samples from 37 C
and 31 C cultures at 96hrs post-temperature-shifiter.
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Figure 3.1.8 PCA plot for non-producing hybridoma cell line sa@engroups 37 C
(pink) and 31 C (blue) after 120hrs in culture gented during label-free LC/MS
data analysis using Progenesis software.

A direct comparison of 37 C and 31 C cultures 96pisst culture temperature
reduction revealed the differential expression4pdoteins with 1 or more peptides.
The 31 HCPs identified as being down-regulatechan temperature-shifted culture
are shown in Appendix A, Table 3.1.7. The 13 prigahat showed an increase in
abundance are listed in Appendix A, Table 3.1.8.

Given the reduction of culture viability in the & culture compared to the 31 C
culture, the down-regulation of HCPs in the temperashifted culture makes sense
given the likely increase in the release of intHata proteins from dead cells at
37 C. Among the proteins identified as down-regedaat 31 C were a number of
proteins that could negatively impact on productliqy such as the protease
Endoplasmic reticulum aminopeptidase 1 (2.2-fold) tbe secreted protease

Cathepsin B (27.9-fold), both of which were dowgtrated at 31 C (Figure 3.1.9).
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ArcSink Normalised Abursdance

37C

31C

Endoplasmic reticulum aminopeptidase 1
Total Guantitative
Peptides Peptides Score Anova (p) Fold
4 4 1748 0.0006 22
3T 31C
¥
3
%
g
=
Cathepsin B
Total Quantitative
Peptides Peptides Score Anova (p) Fold
1 1 43 0.0497 279

Figure 3.1.9 Shows examples of Progenesis label-free outputdiftérentially-

expressed HCPs, such as the protease Endoplagioidue aminopeptidase 1 and
the secreted protease Cathepsin B, both of whiate wentified as being down-
regulated at 31 C compared to 37 C, 96hrs post-exatpre-shift in the conditioned

media of the non-producing hybridoma cell line 4/2D
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3.1.3.5 Comparison of differentially-regulated HCPs over tme in culture at
37 C and 31 C in a non-producing hybridoma cell lire
Quantitative analysis of conditioned media samfile® 24hrs compared to 96hrs at
37 C identified 80 differentially-expressed protgirwhile a comparison between
24hrs and 96hrs at 31 C revealed changes in tlaiwelabundance of 66 proteins.
In order to compare the effect of temperature-siiftproteins over time in culture
with those in a non-temperature-shifted culturstsliof differentially-expressed
proteins from sections 3.1.3.1 and 3.1.3.2 werebtoed and proteins common to
both lists compiled in Table 3.1.9. The low numbgproteins that overlap between
the two lists may be as a result of the differdraigpression of proteins under one
culture temperature and no change in relative adneelat the other temperature, as
opposed to a complete absence of the protein frenculture media. As can be seen
in Table 3.1.9, many of the proteins trend in thme direction over time in culture,
such as the secreted protein Laminin subunit garhmiad the pro-apoptotic protein
Guanine nucleotide-binding protein subunit beta-IL, both of which were down-
regulated after 96hrs in culture. There are a nurob@roteins however that show
opposite trends, such as the intracellular prot€masisitional endoplasmic reticulum
ATPase (VCP), 60S acidic ribosomal protein PO-lkked Elongation factor 1-
gamma. Opposite trends in the differential expoessif intracellular proteins in the
cell culture media may be as a result of differente the viabilities of the two
cultures at 96hrs. Functionally, these proteinsndb group into specific cellular
roles. However, information such as this could Iseful to the bioprocessing
community, for example; if a recombinant therapeusi known to be negatively
affected by the presence of a specific proteasetsecby the cells into the culture
media, comparing the data as provided in Tablé®3wtould enable identification of

the culture conditions that generates the lowesiusnnof this protease.
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Table 3.1.9List of differentially-expressed proteins commor2éhrs vs 96hrs 37 C and 24hrs vs 96hrs 31 C faomon-producing hybridoma

cell line.

Gene Description 37C Tot.al Quantl'tatlve Score  |Anova (p) Fold Direction of fold Comparison
symbol Peptide Peptides change

2 2 104 0.018 28.9 Dow n at 96hrs | 24hrs vs 96hrs 37C
Hspdi 60 kDa heat shock protein, mitochondrial

3 3 147 0.0108 3.8 Dow n at 96hrs |24hrs vs 96hrs 31C

1 1 62 0.0217 102.1 Dow n at 96hrs | 24hrs vs 96hrs 37C
RplpO 60S acidic ribosomal protein PO

2 2 88 0.0035 3 Up at 96hrs 24hrs vs 96hrs 31C

1 1 54 3.57E-05 Infinity Up at 96hrs 24hrs vs 96hrs 37C
Alpl Alkaline phosphatase, tissue-nonspecific isozyme

1 1 55 0.0438 1.7 Up at 96hrs 24hrs vs 96hrs 31C

1 1 52 0.0066 Infinity Dow n at 96hrs | 24hrs vs 96hrs 37C
Got2 Aspartate aminotransferase, mitochondrial

2 2 113 0.0288 24 Dow n at 96hrs |24hrs vs 96hrs 31C

1 1 74 0.0318 23 Dow n at 96hrs | 24hrs vs 96hrs 37C
Eeflg Hongation factor 1-gamma

1 1 47 0.0196 6.6 Up at 96hrs 24hrs vs 96hrs 31C

1 1 43 0.0126 484.6 Up at 96hrs 24hrs vs 96hrs 37C
Erp29 Endoplasmic reticulum resident protein 29

1 1 42 0.0023 2.8 Dow n at 96hrs | 24hrs vs 96hrs 31C

2 2 92 0.0027 8.7 Dow n at 96hrs | 24hrs vs 96hrs 37C
G6pdx Glucose-6-phosphate 1-dehydrogenase X

1 1 62 0.0438 21492.2 Dow n at 96hrs | 24hrs vs 96hrs 31C

1 1 44 0.0002 17.2 Dow n at 96hrs | 24hrs vs 96hrs 37C
Gnb2I1 Guanine nucleotide-binding protein subunit beta-2-like 1

1 1 52 0.0125 2.4 Dow n at 96hrs | 24hrs vs 96hrs 31C

1 1 43 0.03 1545.6 Dow n at 96hrs | 24hrs vs 96hrs 37C
Hnrnpab Heterogeneous nuclear ribonucleoprotein A/B

2 2 90 0.0204 4.2 Up at 96hrs 24hrs vs 96hrs 31C

) 1 1 40 0.0407 12.6 Dow n at 96hrs | 24hrs vs 96hrs 37C

Impdh2 Inosine-5'-monophosphate dehydrogenase 2

2 2 93 0.009 25 Dow n at 96hrs | 24hrs vs 96hrs 31C
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2 2 98 0.0284 214.2 Up at 96hrs 24hrs vs 96hrs 37C
Lmnbl Lamin-B1
1 1 45 0.0489 7.2 Up at 96hrs 24hrs vs 96hrs 31C
1 1 64 0.0096 16935.2 Dow n at 96hrs | 24hrs vs 96hrs 37C
Lamcl Laminin subunit gamma-1
1 1 41 0.0384 3.8 Dow n at 96hrs | 24hrs vs 96hrs 31C
1 1 42 0.0017 30 Dow n at 96hrs | 24hrs vs 96hrs 37C
Nme2 Nucleoside diphosphate kinase B
1 1 53 0.0307 8.9 Up at 96hrs 24hrs vs 96hrs 31C
1 1 40 0.0295 1336.7 Dow n at 96hrs | 24hrs vs 96hrs 37C
Olfmi3 Olfactomedin-like protein 3
1 1 53 0.0201 2.4 Up at 96hrs 24hrs vs 96hrs 31C
o ] 1 1 56 3.63E-06 Infinity Up at 96hrs 24hrs vs 96hrs 37C
Pafahlb3 |Patelet-activating factor acetylhydrolase IB subunit gamma
1 1 60 0.0441 3.8 Up at 96hrs 24hrs vs 96hrs 31C
1 1 47 0.0044 Infinity Dow n at 96hrs | 24hrs vs 96hrs 37C
P4hb Protein disulfide-isomerase
1 1 49 0.0003 3.3 Dow n at 96hrs | 24hrs vs 96hrs 31C
1 1 65 0.0017 95.8 Dow n at 96hrs | 24hrs vs 96hrs 37C
Pdia4 Protein disulfide-isomerase A4
1 1 50 0.0055 1.9 Dow n at 96hrs | 24hrs vs 96hrs 31C
- ] ] 3 3 153 0.0201 323 Dow n at 96hrs | 24hrs vs 96hrs 37C
Vcep Transitional endoplasmic reticulum ATPase
2 2 116 0.0022 2 Up at 96hrs 24hrs vs 96hrs 31C
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3.1.4 Qualitative analysis of proteins identified by labé&free LC/MS profiling

of conditioned media from a non-producing hybridomacell line
Progenesis label-free software provides quantgamformation on changes in the
relative abundance of proteins. This however, igadhe fact that there are also
proteins present in the sample, the expressionhathwmay not change. Knowledge
of these proteins may be useful in providing inggimto whether significant
differences exist between temperature-shifted andn-temperature-shifted

hybridoma cultures.

The RAW files obtained from LC/MS analysis of thenditioned media samples
collected in biological triplicate and taken at 22, and 96 hours post-temperature-
shift from 37C and 31C cultures as per Figure 3.1.1, were searched stgtie
mouse UniproKB database using Mascot and SEQUES&Mcsalgorithms. These
searches were conducted in parallel using Protddiseoverer 1.4. Proteins were
“identified” if they met the criteria as set out sBection 2.4.7.In order for an
‘identified’ protein to be considered “present”hat at 37C or 31C, it had to be
observed in the mass spectral data from a minimutwa biological samples at the

given temperature.
The following comparisons were made by overlappimglists of identified proteins:

Hybridoma cell line 4/2D - 37 C vs 31 C Cultures
o0 Proteins identified with 1 or more peptides
o0 Proteins identified with 2 or more peptides

As can be seen in Figure 3.1.10 A, 476 protein$ wite or more peptides were
identified in both temperature-shifted and non-temapure-shifted cultures. Of these,
362 were common to both cultures, 74 unique to3th€ culture and 40 unique to
the 31C culture. By using a minimum of two peptides tentfy a protein, the
confidence with which that protein is identifiecdieases. Figure 3.1.10 B shows that
262 proteins with two or more peptides are comnwi8ZC and 31C cultures,
while 59 are unique to the non-temperature-shifigtlire and 25 are unique to the

temperature-shifted culture.
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This shows that despite increasing the criteria footein identification, that
differences exist between the proteins expresse87& and 31C. Lists of the
proteins identified in Figure 3.1.10 A and Figur&.30 B are available in Appendix
A Tables 3.1.10 - Table 3.1.14.

1 or more
peptides
(476)

2 or more
peptides
(346)

(B)
e
B aic

Figure 3.1.100verlap of the list of proteins identified in thenditioned media of a
non-producing hybridoma cell line grown at 37 C aBH C over 144 hours in
stationary suspension culture. Samples were cellect biological triplicate and
taken at 24, 72 and 96 hours post-temperature-shgitin diagram (A) represents
those proteins identified using a minimum of 1 @renpeptides. Venn diagram (B)
is compiled from those proteins identified usingri@imum of 2 or more peptides.
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While some of the differences seen between temyershifted and non-
temperature-shifted cultures could be attributed teduction in the viability of the
37 C culture and the subsequent release of intraeellploteins from dead cells,
another possible explanation could be the indusgdession of a cohort of proteins
in the temperature-shift culture as a result ofdbks undergoing temperature-shift.
In either event, the identification of a set ofteins unique to temperature-shift and
non-temperature-shift culture conditioned has irtgodr implications (i) for the
ability of a generic anti-HCP ELISA to detect cantaating HCPs in the final drug

product.

3.1.5 Summary

Attempts to group proteins into cellular functioesy. protease, growth factor,
apoptotic etc., and identify trends in the diffar@lrexpression of these groups either
over time in culture or between temperature-shifid anon-temperature-shift
conditions proved inconclusive (data not shown)siie this, analysis of the HCP
profile identified changes in the expression oftgases such as Cathepsin B,
Cathepsin D and Endoplasmic reticulum aminopeptidasis well as the apoptotic
protein Guanine nucleotide-binding protein subub#ta-2-like 1 under both
temperature-shifted and non-temperature-shiftedditions over time in culture.
This provides useful information for the bioproagegscommunity for the selection
of culture conditions for the production of a redmnant therapeutic sensitive to
enzymatic activity. An interesting finding of thisvestigation was the identification
of a number of secreted proteins that change imddnce when 3 and 31C
cultures are compared at both early and later ghasehe growth cycle. This
possibly indicates an active cell-cell signallingsponse to reduction in culture
temperature. Additionally, the identification ofcahort of proteins unique to both
temperature-shift and non-temperature-shift cuftusea significant finding of this
work. During the time that this analysis was conddcthe CHO genome was
sequenced and access to a CHO protein databasedewvailable. The availability
of such a database would provide greater coverdg#eo CHO proteome and
increased confidence in the assignment of protintifications.
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Given that this analysis was carried out in a ldima cell line, and we were able to
successfully identify HCP proteins, it was decidledt this investigation should be
extended to include one of the most commonly us#dlioe in the production of
biopharmaceuticals; the CHO cell.
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3.2 Characterisation of the host cell protein profile & a non-

producing CHO-K1 cell line

While there have recently been a number of puldinatdiscussing the host cell
protein (HCP) profile of CHO cell lines, they hapgimarily focused on late

stationary and death phases of culture. This pmgfihas also almost exclusively
been based around the use of (2D) gel based texhndrhis chapter details the use
of a quantitative, label-free, mass spectrometsetapproach to identify changes in
the HCP profile of a non-producing cell line ovémé in culture, from early

exponential to late stationary phase. In additmihis, the HCP profile of a culture
under reduced culture temperature conditions @ edamined. This allows for direct
comparisons to be made between temperature-shaftddnon-temperature-shifted

conditions over the cell culture cycle.

3.2.1 Growth profiling of non-producing CHO-K1 cell line

CHO-K1 cells were grown in triplicate in a 50ml uole of chemically-defined
protein free OptiCHO™ media in shake flask batcliuca. Cells were seeded at
2x10 cell/ml and after 48 hours in culture flasks stddor temperature-shift were
placed in a 31 C incubator for the remainder of thdture period. Cell culture
supernatants were collected 24, 72, 96 and 120shpost-temperature-shift from
both temperature-shifted and non-temperature-shiftdtures Figure 3.2.1 (as per
materials and methods 2.3.2). While it is recoghibat 48 hours may not have been
an optimum time to place cells under reduced celttonditions from the point of
obtaining maximum vyield of a therapeutic produainir the process, it provides
clarity from a biological perspective in terms déntifying a functional response to
a change in the culture conditions.
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Figure 3.2.1 Growth curve of CHO-K1 non-producing cell line gmo under

temperature-shifted

(31C) and

non-temperatureehif (37 C)

conditions.

Temperature-shifted culture was placed at 31 Cra&f@hrs in culture. Cell culture
supernatants were collected 24, 72, 96 and 120shpaost-temperature-shift and
analysed using a quantitative, label-free, masstspaetry based approach.
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3.2.2 Quantitative Label-free LC/MS analysis of conditiored media from a
CHO-K1 non-producing cell line

Cell culture supernatants from three biologicalliogpes at time points under both
temperature-shifted and non-temperature-shiftedlitons were concentrated ~100
fold using centrifugal concentrators with a 3kDalecalar weight cut off. Protein
from an aliquot of each sample was then precigitateng a ReadyPrep™ 2D clean
up kits. 10g of sample was then prepared for LC/MS analysideigiled in
materials and methods 2.3.3. It was establishemhglyreliminary studies that a 3hr
reverse phase gradient was sufficient for LC/MSlyaia of conditioned media as
these samples did not have the same level of complas a whole cell lysate,
which requires a 5hr gradient, however the usehofdgtadients resulted in loss of
peptides. After mass spectral analysis of all Hrages was complete, inclusion lists
were generated and analysis for some of the samplesepeated. This was done to
obtain information on additional peptides to furtb#engthen protein identifications
and identify low abundance proteins that were metipusly identified in the initial

analysis.
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3.2.3 Data analysis of differentially-regulated proteins identified by
guantitative label-free LC/MS profiling of conditioned media from a
CHO-K1 non-producing cell line

Progenesis label-free software was used to analysedata acquired following

LC/MS analysis. A protein was considered to beeddhtially-regulated if it met the

criteria as set out in 3.1.3.

Due to the complex sampling nature of the expertm&n multiple time points

between two conditions, it was decided that tha @aiuld be analysed as follows:

24hrs vs 120hrs at 37 C

24hrs vs 120hrs at 31 C

37 Cvs 31 C at 24hrs

37 Cvs 31 C at 120hrs

Analysis of differential regulation over 24, 72, @8d 120 hours at 37 C
using Pearson correlation analysis

Analysis of differential regulation over 24, 72, @8d 120 hours at 31 C

using Pearson correlation analysis

Note: The time in hours above is with respect togerature-shift. i.e. 24hrs is 24hrs

post-temperature-shift.

In order to infer a biological function for the fdifentially-regulated proteins
identified, the gene symbol for the human versibrthe protein was obtained and
searched in the Uniprot database (http://www.uniprg/). Proteins involved in in
roles deemed to be of potential importance wersstdiad as protease, glycosidase,

apoptotic or miscellaneous.
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3.2.3.1 Differential regulation of HCPs 24hrs vs 120hrs aB87 C
A principal component analysis (PCA) plot generabgdProgenesis during data
analysis showing how the samples from 24hr and r20ltures at 37 C clustered is

displayed in Figure 3.2.2.
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Figure 3.2.2 PCA plot for CHO-K1 non-producing cell line samgjeoups 24hrs
(pink) and 120hrs (blue) at 37 C generated duringngtative label-free LC/MS
data analysis using Progenesis software.

A total of 322 proteins with 1 or more peptides avedentified as being

differentially-expressed at 37 C between early @3fand late (120hrs). Of these,
274 (with 1 or more peptides) had increased exmmesst 120hr, while 48 were

found to be down-regulated (Table 3.2.1) (see AdpeB, Table 3.2.2 and Table
3.2.3 for full lists).

As can be seen in Table 3.2.1 proteins involvedpoptosis increased in abundance
at 120hrs compared to 24hrs, this most likely ctflghe decrease in cell viability
the later time point. An example of the up-reguiatiof one such pro-apoptotic
protein, Guanine nucleotide-binding protein subbeita-2-like 1 (3.2-fold) is shown
in Figure 3.2.3. The predominant up-regulation it@ases at 120hrs would suggest
that recombinant products would be more susceptiibénzymatic activity at the late
phase of culture. Conversely, another group ofgimstlikely to negatively impact
on product quality, glycosidases, are down-regdlatel120hrs compared to 24hrs at
37 C. Figure 3.2.3 shows the 1.8-fold down-regolatiof the glycosidase Beta-
galactosidase.
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Table 3.2.1 Number of differentially-expressed proteins at r24bompared to 120hrs at 37 C in a CHO-K1 non-pecaty cell culture
supernatant. Using Uniprot protein database, prstef biological relevance have been identified #relnumber of differentially-expressed

proteins under the relevant classification inclutiethe table. The protein count indicates the neindd proteins identified byl peptides or 2
peptides.

24hrs vs 120hrs at 37 C
Total Up at 120hrs Down at 120hrs
1 Peptide 2 Peptides 1 Peptide 2 Peptides 1 Peptide 2 Peptides
Protein Count 322 112 274 96 48 16
5 2 5 2 0 0
Apoptosis GNB2L1, CLU, API5, GNB2L1, CLU GNB2L1,CLU,API5, |GNB2L1, CLU
PDCD6IP, PPM1F PDCD6IP,PPM1F
20 5 14 2 6 3
DPP7, THOP1, Clra, DPP7, THOPL, Cira, THOP1, Otub1l, THOP1, Otubl DPP7, Clra, DPP7, Clra,
Otubl, CTSZ, BMP1, Otubl, CTSZ BMP1, ADAM10, CTSZ, ADAMTS], |CTSZ
ADAM10, ADAM15, ADAM15, MMP9, CTSA
Protease ADAM17, EIF3F, PSMAS, ADAML17, EIF3F,
PSMA4, PSMB1, PSMB4, PSMA3, PSMAA4,
PSMB6, UCHL3, PSMB1, PSMB4,
XPNPEP1, ADAMTS1, PSMB6, UCHL3,
MMP9, CTSA XPNPEP1
6 3 2 0 4 3
Glycosidase MAN2B2, NAGA, GLB1, MAN2B2, NAGA, GLB1 NEU1, FUCA1L MAN2B2, NAGA, |MAN2B2, NAGA,
NEU1, FUCA1, SMPD1 GLB1, SMPD1 GLB1
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Beta-galactosidase
Total Cuantitative
Peptides Peptides Score Anova (p) Fold
2 2 132 00181 18

Figure 3.2.3 Shows examples of Progenesis label-free outputdifedrentially-
expressed HCPs, such as the apoptotic protein Gelanicleotide-binding protein
subunit beta-2-like 1 and the glycosidase Betaegasadase, identified as being
differentially-expressed between 24hrs and 120hB87&C in the conditioned media
of a CHO-K1 cell line.
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3.2.3.2 Differential regulation of HCPs 24hrs vs 120hrs aB1 C
A PCA plot generated by Progenesis during datayaisashowing how the samples
from 24hr and 120hr cultures at 31 C cluster ipldiged in Figure 3.2.4.
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Figure 3.2.4PCA plot for non-producing CHO-K1 cell line sam@eoups 24hrs
(pink) and 120hrs (blue) at 31 C generated duringngtative label-free LC/MS
data analysis using Progenesis software.

When early (24hrs) and late (120hrs) phases ofaimperature-shifted (31 C) were
compared 146 proteins identified with 1 or moretpls were found to change in
relative abundance (96 up-regulated at 120hrs @mdb&n-regulated) (Table 3.2.4)
(For full list see Appendix B, Table 3.2.5 and TeaB.2.6). Although there is still an
overall increase in the expression of proteasésealater time point, there are not as
many as was observed in the 37 C (Table 3.2.1¢réstingly, there is an increase
the number of up-regulated glycosidases at the tme point at 31 C compared to
the 37 C culture. Taken together, this would intBcghat while a recombinant
therapeutic would be less susceptible to proteateity at 31 C, glycans on the
molecule would be more prone to cleavage due tapheegulation of glycosidases
at 120hrs in the temperature-shifted culture.
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Table 3.2.4 Number of differentially-expressed proteins at 24kpmpared to 120hrs at 31 C in a CHO-K1 non-producell culture
supernatant. Using Uniprot protein database, prstef biological relevance have been identified #relnumber of differentially-expressed

proteins under the relevant classification inclutethe table. The protein count indicates the neindd proteins identified byl peptides or 2
peptides.

24hrsvs 120hrs at 31 C
Total Up at 120hrs Down at 120hrs
1 Peptide 2 Peptides 1 Peptide 2 Peptides 1 Peptide | 2 Peptides
Protein Count 146 38 96 24 50 14
. 2 0 0 0 2 | 0
Apoptosis APP, Cycs APP, Cycs
8 2 6 1 2 1
CTSD, C1ra, CTSL1, CTSD, Clra CTSD, CTSL1, |CTSD ADAMTS7, |Clra
Protease CTSB, PSMB1, PSMBS, CTSB, PSMB1, Clra
Otubl, ADAMTS7 PSMB6, Otubl
6 3 5 2 1 1
Glycosidase NAGLU, GANAB, NAGA, |[NAGLU, GANAB, NAGA [NAGLU, NAGA, |INAGLU, NAGA |GANAB GANAB
MAN2B2, GAA, IDUA MAN2B2, GAA,
IDUA
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Among the differentially-expressed proteins ideetlf in this study at 120hrs
compared to 24hrs at 31 C was the protease Cath€p€3.1-fold up-regulated) and
the secreted protein Pentraxin-related protein PTX3-fold down-regulated) as

shown in Figure 3.2.5.

24hrs 31C 120kes 31C
g
¥
2
=y
T
=
£
3
Cathepsin D
Total Guantitative
Peptides Peptides Score Anova (p) Fold
3 3 250 0.0040 3.1
24kig 310 12088 31C

Archinh Mormalied Aburdance

Pentraxin-related protein PTX3
Total Cuantitative
Peptides Peptides Score Anova (p) Fold
2 2 127 0.0140 2.5

Figure 3.2.5 Shows examples of Progenesis label-free outputdifédrentially-
expressed HCPs, such as the protease Cathepsmriedulated at 24hrs and 120hrs
at 31 C) and the secreted protein Pentraxin-relptetein PTX3 (down-regulated at
24hrs and 120hrs at 31 C), both of which were idieqtin the conditioned media of
a CHO-K1 cell line.
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3.2.3.3 Differential regulation of HCPs at 24hrs 37 C vs 31C
A PCA plot generated by Progenesis during datayaisaindicates how the samples
from 37 C and 31 C cultures at 24hrs cluster igpliged in Figure 3.2.6.
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Figure 3.2.6 PCA plot for CHO-K1 non-producing cell line sampjeoups 37 C
(pink) and 31 C (blue) after 24hrs in culture geated during quantitative label-free
LC/MS data analysis using Progenesis software.

A direct comparison of 37 C and 31 C cultures 24psst culture temperature
reduction revealed a significant increase in tHatikee expression of HCPs in the
31 C culture. Of the 211 differentially-expresseatpins with 1 or more peptides
identified, only 14 were down-regulated at 31 C Hi97 were deemed to increase
in overall expression. This included up-regulatimin4 apoptotic proteins and 7
proteases and a decrease in the abundance ofdsuglgises (Table 3.2.7). (A full list

of differentially-expressed HCPs is provided in &pdix B Table 3.2.8 and Table
3.2.9).
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Table 3.2.7Number of differentially-expressed proteins betw8&rC and 37 C at 24hrs post-temperature-shift @HO-K1 non-producing
cell culture supernatant. Using Uniprot proteinathaise, proteins of biological relevance have bdentified and the number of differentially-

expressed proteins under the relevant classificatioluded in the table. The protein count indisdige number of proteins identified by
peptides or 2 peptides.

37 Cvs 31 C 24hrs
Total Upat3lC Down at 31 C
1 Peptide 2 Peptides 1 Peptide 2 Peptides 1 Peptide 2 Peptides
Protein Count 211 55 197 52 14 3
5 0 4 0 1 0
Apoptosis CLU, API5, GNB2L1, API5, GNB2L1, CLU
KIAA1967 , PPM1F KIAA1967,
PPMLF
11 5 7 3 4 2
CTSH, DPP7, THOP1, CTSH, DPP7, THOP1, THOP1, THOP1, UCHLS3, Otubl CTSH, DPP7,|CTSH, DPP7
Protease UCHL3, Otubl, MMP19, UCHL3, Otubl UCHL3, Otub1, MMP19, TPP1
TPP1, CNDP2, DPP3, CNDP2, DPP3,
LTA4H, PREP LTA4H, PREP
. 3 1 1 1 2 0
Glycosidase GANAB, HEXA, GAA GANAB GANAB GANAB HEXA, GAA
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The Progenesis output from some of the differeytexpressed proteins identified
are shown in Figure 3.2.7. This includes the up#agn of the intracellular protein
GRP78 (3.3-fold) and the 1.9-fold down-regulatidntlze glycosidase Lysosomal
alpha-glucosidase at 31 C when compared to 37 € afthrs.

ITC 24hes 31C Mhes

ArcSinh Normalised Abundance

78 kDa glucose-regulated protein
Total Quantitative
Peptides Peptides Score Anova (p) Fold
4 3 292 0.0022 33
3TC s 310 2hes
g
-
E
Lysosomal alpha-glucosidase
Total Cuantitative
Peptides Peptides Score Anova (p) Fold
1 1 67 0.0398 19

Figure 3.2.7 Shows examples of Progenesis label-free outputdifedrentially-
expressed HCPs, such as GRP78, up-regulated at &8thdC the glycosidase
Lysosomal alpha-glucosidase, down-regulated at 324Drs post-temperature-shift
in the conditioned media of a CHO-K1 cell line.
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3.2.3.4 Differential regulation of HCPs at 120hrs 37 Cvs 3 C
A PCA plot generated by Progenesis during datayaisathowing how the samples
from 37 C and 31 C cultures at 120hrs cluster gpliiyed in Figure 3.2.8.
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Figure 3.2.8 PCA plot for CHO-K1 non-producing cell line sammeoups 37 C
(pink) and 31 C (blue) after 120hrs in culture geed during quantitative label-
free LC/MS data analysis using Progenesis software

When 37 C and 31 C cultures are compared at thetiase point, 120hrs post-
temperature shift, 228 proteins with 1 or more pigst identified are seen to alter
their expression, the majority of which are dowgulated in the 31 C culture (153
down-regulated, 75 up-regulated at 31 C compared 3®C, 120hrs post-
temperature-shift. See summary Table 3.3.10.) e reversal of the trend seen
when both culture temperatures were compared a&4hetime point (Table 3.2.7).
The significant number of down-regulated proteased glycosidases at 31 C
compared to 37 C suggests that a recombinant ptodold be less susceptible to
enzymatic activity in the temperature-shifted crdt(iTable 3.2.10 As seen in Table
3.2.10, six of the eight differentially-expressegoptotic proteins identified are
down-regulated at 31 C compared to 37 C. This cduddattributed to the overall
increased viability of the temperature-shifted wrdt compared to the non-
temperature-shifted culture. (See Appendix B T&11 and Table 3.2.12 for full
list of differentially-expressed HCPs).
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Table 3.2.10Number of differentially-expressed proteins betw8& C and 37 C at 120hrs post-temperature-shiét DHO-K1 non-producing
cell culture supernatant. Using Uniprot proteinathaise, proteins of biological relevance have bdentified and the number of differentially-
expressed proteins under the relevant classificatioluded in the table. The protein count indisdige number of proteins identified by
peptides or 2 peptides.

37 C vs 31 C 120hrs
Total Upat3lC Down at 31 C
1 Peptide 2 Peptides 1 Peptide 2 Peptides 1 Peptide 2 Peptides
Protein Count 228 67 75 18 153 49
6 2 2 0 4 2
Apoptosis GNB2L1, APP, GAPDH, |GNB2L1, APP DDX3X, Cycs GNB2L1, APP, GAPDH, |GNB2L1, APP
API5, DDX3X, Cycs API5
17 5 2 1 15 4
ADAMTS7, MMP19, ADAMTS7, MMP1,9 DPP7CTSD |DPP7 ADAMTS7, MMP19, ADAMTS7, MMP19,
PRSS22, BMP1, DPP7, |PRSS22, BMP1, DPP7 PRSS22, BMP1, HTRAL, |PRSS22, BMP1
Protease HTRA1, P15156, PLAT, P15156, PLAT, ADAM19,
ADAM19, MMP9, THOP1, MMP9, THOP1, CTSZ,
CTSZ, ADAM10, Clra, ADAM10, Clra, ADAM17,
ADAM17, ADAM15, CTSD ADAM15
7 1 3 1 4 0
Glycosidase MAN2B2, CTBS, NEU1, |MAN2B2 MAN2B2, MAN2B2 CTBS, NEU1, FUCAL,
FUCAL1, GBA, GANAB, GANAB, NAGA GBA
NAGA
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The Progenesis output indicating the down-reguiatid the pro-apoptotic protein
Guanine nucleotide-binding protein subunit beték2-1 (10.6-fold) and the protease

Matrix metalloproteinase-19 (4.0-fold) are showrigure 3.2.9.

37C Li0hrs 31C 120k

ArcSink Normalised Asndance

Guanine nucleotide-binding protein subunit beta-2-like 1
Total Guantitative
Peptides Peptides Score Anova (p) Fold
3 3 165 0.0175 10.6
37C 120kes 31C 120hrs

ArcSink Nommalised Abundance

Matrix metalloproteinase-19
Total Guantitative
Peptides Peptides Score Anova (p) Fold
3 3 187 0.0044 4.0

Figure 3.2.9 Shows examples of Progenesis label-free outputdiféérentially-
expressed HCPs, such as the apoptotic protein Gelamicleotide-binding protein
subunit beta-2-like 1 and the protease Matrix negtabteinase-19, identified as
being down-regulated at 31 C 24hrs post-tempereghiit in the conditioned media
of a CHO-K1 cell line.
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3.2.3.5 Pearson correlation analysis of differentially-reglated HCPs over 24,
72,96 and 120 hours at 37 C
Pearson’s correlation analysis was used as a nufanmseasuring the linearity of
protein expression over time in culture in the 3¢uure. An Anova cut-off of 0.05
was applied to add an additional layer of sta@titggour. Using this method of
analysis 84 proteins were deemed to change over itinculture. See Appendix B,
Table 3.2.13 for the proteins that decrease owee taind Table 3.2.14 for proteins
that increase over time in culture. An exampleheflinear increase in the expression
of a protein, semaphorin-3B, is show in Figure 32 With a Pearson correlation
score of 0.995 the tumour suppressor protein SeanapBB increases in expression
8.9-fold between 24 and 120hrs post-temperatuifie-ahi37 C. Expression of the
secreted protein Suprabasin is also shown to iserkaearly between 24 and 120hrs
post-temperature-shift at 37 C by 6.0-fold in Figus.2.11 (Pearson correlation
0.974, p-value 0.026).
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Pearson’s p- Total Quantitative Anova .
correlation | values | Peptides Peptides Score (p) Fold | Highest | Lowest
0.995 0.005 4 4 275 00114 | 849 120hrs 24hrs

Figure 3.2.10Progenesis label-free output of the tumour suppressmaphorin-3B
showing its increase in expression from 24hrs (Dag1120hrs (Day4) at 37 C (A).
Output from excel on which Pearson correlation wlakon is based (Pearson
correlation 0.995, p-value 0.005). (B)
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Pearson's Total Quantitative Anova .
correlation p-values Peptides Peptides Score (D) Fold | Highest | Lowest
05974 0.026 3 3 243 0.0017 6.0 120hrs 2dhrs

Figure 3.2.11 Progenesis label-free output of the secreted profprabasin
showing its increase in expression from 24hrs (Dag1120hrs (Day4) at 37 C (A).
Output from excel on which Pearson correlation wlakon is based (Pearson
correlation 0.974, p-value 0.026). (B)
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3.2.3.6 Pearson correlation analysis of differentially-reglated HCPs over 24,
72,96 and 120 hours at 31 C

Pearson’s correlation analysis was also used asaasrof measuring the linearity of
protein expression over time in the temperaturéeshi culture. This analysis
identified that 28 proteins increase expressioa linear manner over time in culture
(Appendix B, Table 3.2.15). Figure 3.2.12 and F&y8r2.13 shows the increase in
the secreted proteins Lactadherin (Pearson cdoel@ 995, p-value 0.0048.) and
Neuroblast differentiation-associated protein AHNMXearson correlation 0.956, p-

value 0.0442) over time in culture at 31 C.
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Figure 3.2.12 Progenesis label-free output of the secreted jprat@ctadherin
showing its increase in expression from 24hrs (Dag1120hrs (Day4) at 31 C (A).
Output from excel on which Pearson correlation wakon is based (Pearson

correlation 0.997, p-value 0.0026). (B)
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Pearson’s Total Quantitative Anova =
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Figure 3.2.13 Progenesis label-free output of the secreted jprokéeuroblast

differentiation-associated protein AHNAK showing ihcrease in expression from
24hrs (Dayl) to 120hrs (Day4) at 31 C (A). Outprdni excel on which Pearson

correlation calculation is based (Pearson coriddi. 956, p-value 0.0442) (B).
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3.2.3.7 Comparison of differentially-regulated HCPs over tme in culture at
37 C and 31 C in a non-producing CHO-K1 cell line

This study has identified a significant number tfedentially-expressed HCPs over
time in culture under both temperature-shifted andn-temperature-shifted
conditions (as detailed in sections 3.1.3.1 and32) In addition, comparisons
between 37 C and 31 C cultures at both early (24barsl late (120hrs) stage has
provided further information on the differentialpegssion of HCPs as a result of the
change in culture temperature. In order to obtadtearer picture of the differences
in the HCP profile of both cultures data from 24tgs120hrs at 37 C and 24hrs vs
120hrs at 31 C experiments were combined. In thag,whe differential expression
of a given HCP under temperature-shifted and nomp&gature conditions could be
directly compared (Figure 3.2.14). These proteingrew not identified as
differentially-expressed in the 37 C vs 31 C at b0 protein list, therefore it is
most likely that the relative abundance of thess#gans did not significantly change
between temperature-shifted and non-temperatufteditultures at a late stage in

culture.
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Figure 3.2.14Shows Progenesis label-free software outputs aatla of proteins common to 24hrs vs 120hrs 37 @ 24hrs vs 120hrs 31 C
differentially-expressed protein lists from non-gugcing CHO-K1 cell line.
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As can be seen in Figure 3.2.14, in many instankesdifferentially-expressed
protein trends in the same direction irrespectivéhe culture conditions. It may still
be useful to know whether the relative expressiothe HCP is greatest at 37 C or
31 C. For this reason, the list of proteins comnm24hrs vs 120hrs 37 C and 24hrs
vs 120hrs 31 C lists were then compared to 37 QYL at 120hrs and the data
from all common proteins combined . This would thpFovide an indication as to
which culture had the greatest relative abundarica given protein after 144hrs
(Appendix B, Table 3.2.16). Information such as ttould be useful for identifying
culutre conditions that accumulate the greatesteatnation of a given protease or
glycosidase and as such, increase the likelihoogrofluct degradation through

enzymatic activity.

To show how the abundance of some of HCPs idedtdi@nge over time, a number
of proteins were selected from Table 3.2.16 anthgushe output from Progenesis
label-free software as a visual representatioa,shown in Figure 3.2.15 and
Figure 3.2.16. Figure 3.2.15 shows the differergigbression of the anti-apoptotic
protein Endoplasmin and the protease ComplementAC&ubcomponent, while

Figure 3.2.16 shows the secreted proteins semapBBriand Basement membrane-
specific heparan sulfate proteoglycan core proteiSPG2). These proteins were
selected as examples as they may impact on célilitya(Endoplasmin) or product

quality (Complement C1r-A subcomponent). Knowledgg proteins actively

secreted into the cell culture supernatant by CHI3 enay also be useful as they are

possibly involved in cell — cell signalling and soe also included.
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Figure 3.2.15Shows the differential expression of the HCPs (Ajiégplasmin and (B) Complement C1r-A subcomponetwéxen early (24hrs)
and late (120hrs) stages in culture at3@nd 31C. The differential expression between@and 31C at 120hrs is also shown.
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Figure 3.2.16Shows the differential expression of the HCPs (&)n&phorin-3B and (B) HSPG2 between early (24hrd)laie (120hrs) stages
in culture at 37C and 31C. The differential expression between@and 31C at 120hrs is also shown.
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Using Pearson correlations as described in sec8dn8.5 and 3.1.3.6, information
was gathered on the linearity of the expressioprofeins over time at 37 C and at
31 C. The lists generated were compared and angipgopcommon to both lists are
shown in Appendix B, Table 3.2.17. To identify whi@mperature condition has the
greatest overall abundance of a given protein iste df common proteins was
compared to 37 C vs 31 C at 120hrs (Table 3.2.1d Bable 3.2.12). Based on this
comparison, no proteins identified as being comneoboth 37 C and 31 C Pearson
correlation lists were found to be differentiallypeessed between 37 C vs 31 C at
120hrs apart from PKM which was found to be 4.@Haip-regulated at 37 C
compared to 31 C.

Pearson correlation plots and the outputs from éhegis label-free software are
used in Figure 3.2.21 to show the linear incredsth® intracellular proteins (A)
Pyruvate kinase isozymes M1/M2 and (B) Vimentithe cell culture supernatant of
CHO-K1 cells. This increase occurs over time inhbi@mperature-shifted and non-
temperature-shifted cultures. While it is possiblat these proteins may be secreted
via some non-classical secretory pathway, it ish@es more likely that their
presence in the media is as a result of cell lgs@irring over time. Information on
the release of intracellular proteins is of inter@s not only might they impact on
culture viability or product quality, but their [g@nce is also an additional burden to

the purification of the final protein product.
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Figure 3.2.17 Pearson correlation plots and the outputs from éhegis label-free software of the intracellulart@ires Pyruvate kinase
isozymes M1/M2 (A) and Vimentin (B) as they increasver time in culture under both temperature-stlifand non-temperature-shifted
conditions.
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3.2.3.8 Comparison of quantitative label-free LC/MS CHO-K1 HCP data
normalised to cell number compared to normalisationby protein
concentration

Quantitative information on the differential exp®s in the cell culture supernatant
of CHO-K1 cells (as described in sections 3.2.321334) was obtained though the
LC/MS analysis of equal concentrations of proteont the respective samples and
applying a series of statistical cut-offs to theéadabtained (as described in sections
3.2.3). A protein was considered to be differehtiadgulated if its change in
relative abundance was >1.5 fold between experiahgmoups. Another approach
could consider normalising to cell numbers betw#en comparisons to take into
account changes in cell concentration (both viasld non-viable) over time or
under temperature-shifted and non-temperatureeshifonditions. It was decided
that a correction factor would be applied to thasliof differentially-expressed
proteins identified to facilitate normalisation thie data against cell numbers. This
was achieved by taking the total number of cellsymume of media collected at
each time point and calculating what this amourniteth HCP concentration in the
conditioned media samples. The fold-change in protdncentration between
experimental groups was then calculated and addetheé 1.5-fold cut-off to
establish a new threshold to determine differergigbression. As can be seen in
Table 3.2.18, applying the correction factor remliin the loss of a small number of
proteins from two comparisons (24hrs vs 120hrs7af &nd 37 C vs 31 C at 24hrs).
In the remaining two comparisons no correctiondagtas applied as there was no
change in protein concentration between experinhgrtaups. Due to the similar
number of differentially-expressed proteins obtdimgth and without the correction
factor applied (no change in two instances), it wasided that the 1.5-fold change
was sufficiently robust as a cut-off for determmiwhether or not a protein was

significantly differentially-regulated.
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Normalsiation  Number of differentially Number of diffe re ntially

Normalsiation correction factor  expressed proteins expressed proteins
correction  + 1.5-fold change identified using identified using 1.5-fold
Comparison factor cut-off correction factor cut-off
24hrsvs 120hrs at 37 C  0.3¢ 1.8¢ 30¢ 322
24hrs vs 120hrs at 31 C 0 1.5C 14¢ 14¢€
37 C vs 31 C at 24hrs 0.27 171 19C 211
37 C vs 31 C at 120hrs 0 1.5C 22¢ 22¢

Table 3.2.18 The use of a correction factor was investigated fdoilitate
normalisation of the data by cell number (as opgdsenormalisation by protein
concentration). This table show a comparison of miuenber of differentially-
expressed HCPs identified in the conditioned meflia CHO-K1 cell line with and
without the correction factor applied.

3.2.4 Bioinformatic analysis of differentially-regulated protein lists
In order to determine what cellular compartmentedéntially-expressed proteins
originated from, the gene symbol from each protgas searched using DAVID

functional annotation software (http://david.abecderf.gov/).

DAVID uses gene ontology to classify the differafiti-regulated proteins and
identify enrichment of cellular locations where tpeoteins would typically be
found. Protein lists generated from comparing 24bE20hrs at both 37 C and 31 C
were searched against DAVID using an adjusted pevaf 0.05 (Benjamini) as a
statistical cut-off. Benjamini is a conservativerregtion technique to correct
enrichment P-values to control gene family-wideséatliscovery rate under certain
rate (e.g. 0.05). Based on the analysis of 24hrs versus 124188 C using DAVID

it is immediately obvious that proteins represemta wide variety of cellular
components are released into the media of CHO-H$& €Bable 3.2.20 and Figure
3.2.18). While there is some enrichment of extilatal proteins, it would appear
that the majority are expected to be intracellylddcated, their presence in the
media possibly as a result of cell lysis or a réidumcin cell viability. This becomes
particularly apparent when compared to the litrmiched cell components obtained
from analysing 24hrs versus 120hrs at 31 C whergleT8.2.21 indicates that the
number of enriched entities is greatly reduced yf@g3.2.19). This is possibly
because of the high cell viability that was mainéai over time in the 31 C culture.
It is still perhaps worth noting that in both instas, the enriched extracellular

components identified still fall well below th®.05 Benjamini threshold set and that
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the Benjamini enrichment value is roughly the saméh in 37 C and 31 C lists.
Using the Uniprot protein database, all proteirassified as secreted in the lists of

differentially-expressed HCPs in this study werenidfied (Table 3.2.19).

Condition Appendix Table
Up at 120hrs when compared to 24hrs at 37 C TaBlek3.
Down at 120hrs when compared to 24hrs at 37 C Tabk3
Up at 120hrs when compared to 24hrs at 31 C TaBles.
Down at 120hrs when compared to 24hrs at 31 C TaBk5

Table 3.2.19List of tables containing quantitative information proteins classified
as secreted by the Uniprot protein database.

127



Table 3.2.20GO cellular component enrichment for differentiadypressed host
cell proteins identified in the conditioned mediaaoCHO-K1 non-producing cell
line at 37 C when 24hrs was compared to 120hrs t{j@osperature-shift for a
culture grown in parallel) analysed using quaritigatabel-free LC/MS. An adjusted
p-value of 0.05 (Benjamini) was used as a statistical cut@ffjenerate the list of
enriched cellular components.

Cellular Component g:l_?net P-Value Benjamini
cytosol 99 3.60E-29 1.20E-26
cytosolic part 29 2.10E-18 3.40E-16
ribonucleoprotein complex 48 3.50E-17 3.80E-15
cytosolic ribosome 21 4.40E-16 3.60E-14
cytosolic small ribosomal subunit 14 1.40E-12 9.40E-11
ribosomal subunit 21 4.70E-12 2.60E-10
melanosome 18 7.00E-12 3.30E-10
pigment granule 18 7.00E-12 3.30E-10
ribosome 26 8.40E-12 3.50E-10
small ribosomal subunit 14 8.00E-10 2.90E-08
membrane-bounded vesicle 37 8.70E-09 2.80E-07
cytoplasmic membrane-bounded vesicle 36 1.30E-08 3.90E-07
proteinaceous extracellular matrix 26 3.70E-08 1.00E-06
extracellular matrix 27 4.00E-08 1.00E-06
vesicle 39 6.40E-08 1.50E-06
lysosome 20 1.90E-07 4.20E-06
lytic vacuole 20 1.90E-07 4.20E-06
cytoplasmic vesicle 37 1.90E-07 4.00E-06
extracellular region part a7 3.50E-07 6.60E-06
extracellular matrix part 14 1.60E-06 3.00E-05
vacuole 20 2.90E-06 4.90E-05
chaperonin-containing T-complex 5 7.50E-06 1.20E-04
platelet alpha granule lumen 8 2.70E-05 4.20E-04
platelet alpha granule 9 2.70E-05 4.10E-04
spliceosome 13 3.30E-05 4.60E-04
non-membrane-bounded organelle 86 3.70E-05 5.00E-04
intracellular non-membrane-bounded organelle 86 3.70E-05 5.00E-04
cytoplasmic membrane-bounded vesicle lumen 8 4.30E-05 5.60E-04
basement membrane 10 5.00E-05 6.20E-04
vesicle lumen 8 5.80E-05 7.00E-04
cytosolic large ribosomal subunit 7 1.60E-04 1.90E-03
extracellular region 68 2.00E-04 2.30E-03
actin cytoskeleton 17 2.90E-04 3.20E-03
heterogeneous nuclear ribonucleoprotein complex 5 4.30E-04 4.50E-03
soluble fraction 18 5.40E-04 5.50E-03
proteasome core complex 5 8.30E-04 8.20E-03
membrane-enclosed lumen 60 1.70E-03 1.60E-02
proteasome complex 7 2.10E-03 2.00E-02
large ribosomal subunit 7 3.40E-03 3.10E-02
cortical cytoskeleton 6 4.20E-03 3.70E-02
extracellular space 27 4.50E-03 3.80E-02
lysosomal lumen 3 4.60E-03 3.80E-02
eukaryotic translation elongation factor 1 complex 3 4.60E-03 3.80E-02
basal lamina 4 5.60E-03 4.50E-02
secretory granule 11 6.30E-03 4.90E-02
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Figure 3.2.18 Graphical representation of Table 3.2.20 depict3@ cellular component enrichment and their cowagmg adjusted p-value 0f0.05
(Benjamini) for differentially-expressed host cptbteins identified in the conditioned media of H@K1 non-producing cell line at 37 C when 24hrsswa
compared to 120hrs (post-temperature-shift forlauigrown in parallel).
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Table 3.2.21GO cellular component enrichment for differentiadypressed host
cell proteins identified in the conditioned mediaaoCHO-K1 non-producing cell

line at 31 C when 24hrs was compared to 120hrst{jgosperature-shift) analysed
using quantitative label-free LC/MS. An adjustedgide of 0.05 (Benjamini) was

used as a statistical cut off to generate thefisnhriched cellular components.

Cellular Component Gene P-Value |Benjamini
Count
melanosome 11 9.90E-09( 2.20E-06
pigment granule 11 [9.90E-09| 2.20E-06
extracellular region 44  |5.10E-08| 5.60E-06
cytosol 31 |[3.70E-06| 2.70E-04
endoplasmic reticulum lumen 8 9.70E-06( 5.30E-04
extracellular region part 24  |2.50E-05( 1.10E-03
proteinaceous extracellular matrix 13 [4.60E-05| 1.70E-03
extracellular matrix 13 |9.50E-05| 3.00E-03
lysosome 10 1.60E-04| 4.50E-03
lytic vacuole 10 |1.60E-04| 4.50E-03
cytoplasmic membrane-bounded vesicle 16 1.90E-04| 4.70E-03
membrane-bounded vesicle 16 2.70E-04( 6.00E-03
vesicle 17 |5.20E-04| 1.00E-02
vacuole 10 6.10E-04( 1.10E-02
cytoplasmic vesicle 16 [9.80E-04| 1.60E-02
membrane-enclosed lumen 31 1.60E-03| 2.60E-02
extracellular space 16 1.90E-03| 2.70E-02
organelle lumen 30 |2.50E-03| 3.40E-02
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Figure 3.2.19 Graphical representation of Table 3.2.21 depict3@ cellular component enrichment and their cowagmg adjusted p-value 0f0.05
(Benjamini) for differentially-expressed host cptbteins identified in the conditioned media of H@K1 non-producing cell line at 31 C when 24hrsswa
compared to 120hrs (post-temperature-shift forlauigrown in parallel).
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3.2.5 Qualitative analysis of proteins identified by quanitative label-free
LC/MS profiling of conditioned media from a non-producing CHO-K1
cell line

The use of Progenesis label-free software will adbntify those proteins that are

deemed to be differentially-expressed under a 8pesgt of conditions. It does not

provide information on those proteins whose retabundance does not change.

Knowledge of all proteins present in a proteome just those that are differentially-

expressed, can provide useful information in aidimg identification of differences

and similarities between proteomes under diffeesvironmental conditions.

The RAW files obtained from LC/MS analysis of eamnditioned media sample
were searched against both the CHO NCBI and CHOdBtfabases using Mascot
and SEQUEST search algorithms in a parallel algoritsearch on Proteome
Discoverer 1.4. Proteins were “identified” if theayet the following criteria:

SEQUESTXcorr 1.9/2.2/3.75 (for charges +1/+2/+3), deltaCl1 and/or a ion

score of 40. In addition, in order for a proteinki® considered “present” under a
given condition, it must be identified by the M&sectrometer in a minimum of two
biological samples. Samples were collected in Igickl triplicate and taken at 24,

72, 96, and 120 hours post-temperature-shift agigere 3.2.1.

The following comparisons were made by overlappimglists of identified proteins:

CHO-K1 37 C vs 31 C Cultures
o0 Proteins identified with 1 or more peptides

o Proteins identified with 2 or more peptides

132



3.2.5.1 Qualitative comparison of HCPs identified in tempeature-shifted and
non-temperature-shifted CHO-K1 cultures
In order to determine whether the cell culture terapure impacted on HCP profile,
qualitative lists of HCPs identified in 37 C and Glculture were compared. Direct
comparison of these lists clearly shows that wttire is a large number of proteins
common to both culture conditions (596 proteinsiideed using a minimum of one
peptide, 395 proteins identified using a minimumtwbd peptides) (Figure 3.2.20),
there is also a subpopulation of proteins thatuaique to each culture temperature.
In this instance, 113 ‘one hit wonders’ are ideetifat 37 C and 155 were identified
at the lower culture temperature. While increasitiggp criteria for protein
identification from one to a minimum of two peptdeloes slightly reduce the
number of proteins unique to each condition (aseetqu), the numbers are still
significant. 105 HCPs detected were unique to 3@ 98 were only expressed at
31 C. This result indicates that cell culture temapere can impact on the HCP
profile of a CHO-K1cell line and that unique HCRg axpressed at lower culture
temperatures. Lists of the proteins identified igufe 3.2.20 A and Figure 3.2.20 B
are available in Appendix B Table 3.2.26 - Tab30.

133



Figure 3.2.200verlap of the list of proteins identified in thenditioned media of a

non-producing CHO-K1 cell line grown at 37 C and@bver 168 hours in shake
flask culture. Samples were collected in biologicgdlicate and taken at 24, 72, 96
and 120 hours post-temperature-shift. Venn diagf@jmrepresents those proteins
identified using a minimum of 1 or more peptidegn diagram (B) is compiled

from those proteins identified using a minimum adranore peptides.
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3.2.6 Summary

Quantitative label-free LC/MS analysis of condigohmedia samples from a non-
producing CHO cell line revealed that there wasnifitant changes in the
abundance of proteins over time in culture undeh bemperature-shifted and non-
temperature-shifted conditions despite the cultunesintaining high viability.
Proteins with the potential to negatively impact moduct quality (proteases and
glycosidases) and proteins with the potential tgatigely impact on culture viability
(apoptotic proteins) generally showed an increasealbundance at late stage
compared to early stage culture in both temperathifted and non-temperature-
shifted cultures. However, overall there was a céidu in the relative abundance of
proteases, glycosidases and apoptotic proteindentémperature-shifted culture
compared to the non-temperature-shifted culturé2@hrs. Qualitative analysis of
conditioned media samples from CHO-K1 cells rewé&tat while there was a lot of
commonality between the HCPs found in a@and a 31C culture, there were also
cohorts of HCPs that were unique to each cultungpégature. In order to gather
further information on the HCP profile of CHO cebsid to confirm our initial
findings, a second CHO cell line, this time an Igf@ducer, was also analysed by
LC/MS as detailed in section 3.3.
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3.3 Characterisation of the host cell protein profile & an IgG

producing DP12 cell line
In chapter 3.2 results from profiling the HCP canitef conditioned media from a
non-producing CHO-K1 cell line were detailed. Toieapter will outline how an IgG
depletion technique was coupled with a quantita@el-free LC/MS methodology
to investigate the HCP profile of an 1gG secretidigl2 CHO cell line. Similar to
the CHO-K1 cell line, the change in the HCP profiteder both temperature-shifted
and non-temperature-shifted conditions over thersmwf the cell culture cycle,
from early exponential to late stationary phasexiamined. In addition to the use of
the same quantitative label-free LC/MS based amprtfzat was employed for CHO-
K1 HCP analysis, the similar growth profile of tR#HO-K1 and DP12 cell lines
allowed for direct comparison of the results olgdifrom each data set as discussed
later in the thesis.

3.3.1 Growth curves at 31 C and 37 C of IgG producing DP2 cell line

DP12 cells were grown in the same manner as the-EHCells (as detailed 3.2.1)
with the exception that the temperature-shift deated culture flasks took place
72hrs after inoculation. 72hrs was selected bec#useDP12 cells displayed an
extended lag phase compared to the CHO-K1 cell losvever it still allowed a
clear distinction to be drawn between temperathifesl and non-temperature-
shifted cultures from a biological perspective @mnts of identifying a functional

response to a change in the cell’'s environmentadiitions.
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Figure 3.3.1 Growth curve of an IgG producing DP12 cell line wro under
temperature-shifted (31 C) and non-temperaturgeshif (37 C) conditions.
Temperature-shifted culture was placed at 31 Crafghrs in culture. Cell culture
supernatants were collected 24, 72, 96, 120 anch@drs post-temperature-shift and
analysed using a quantitative label-free mass speetry based approach.
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3.3.2 1gG depletion of conditioned media from IgG produchg DP12 CHO cell
line
In the analysis of cell culture supernatant by LG/kelatively high levels of IgG
(compared to the overall concentration of the oH€Ps) could present a number of
problems (i) high levels of IgG could potentiallyagk the presence of low abundant
proteins in the sample when analysed by mass speetry (ii) differences in IgG
concentration between samples would adversely tadigantitative results obtained;
a basic requirement of accurate quantitative |&eel- LC/MS is that equal
concentrations of protein are analysed in each Egntpe concentration of an
actively secreted IgG molecule would change botbrdime and under different
culture conditions therefore altering the relat@ncentration of HCPs in each
sample. In order to circumvent these problemsp#eeof Protein A chromatography
to reduce overall IgG abundance and normalise lgBcentration between all
conditioned media samples was examined. As caedreis Figure 3.3.2, Protein A
chromatography significantly reduces the levellg® in the cell culture supernatant
of the DP12 cell line.

Figure 3.3.2 Western blot image of IgG secreted by a DP12 lbed. Lane 1
contains conditioned media pre-protein A chromadpgy diluted 1:100. Lane 2
contains conditioned media that was passed thraugiotein A column once (flow
through 1). Lane 3 is the conditioned media froowflthrough 1 that has been
passed through the same Protein A column for ansettime (flow through 2). Lane
4 is flow through 2 after it has been passed thinahg Protein A column for a third
time (flow through 3). Note that equal volumes ohditioned media sample were
loaded onto a 1D-gel and immunoblotted for IgG.
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Although it was expected that IgG concentration Moncrease over time in culture,
this does not appear to be the case (Figure 3.838. concentration remains
relatively constant over time between the two aeltconditions. Nonetheless, IgG
depletion was carried out to ensure a reductiothénoverall concentration of 1gG
and to further reduce any difference in IgG conedian between samples (Figure
3.3.4). Cell culture supernatants from three bimlalgreplicates at each time point
under both temperature-shifted and non-temperatoifeed conditions were

collected and filtered as detailed methods 2.3.2.

Figure 3.3.3Concentration of IgG produced by a DP12 cell linenn under
temperature-shifted (31 C) and non-temperaturetesthif37 C) conditions was
determined by ELISA assay. Temperature-shifteclogiltvas placed at 31 C after
72hrs in culture. Cell culture supernatants welkected 24, 72, 96, 120 and 144
hours post-temperature-shift.

Figure 3.3.4Concentration of IgG remaining in conditioned meshanple from a
DP12 cell line grown under temperature-shifted (3land non-temperature-shifted
(37 C) conditions post IgG depletion by Protein ix@matography as determined by
ELISA assay.
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3.3.3 Quantitative label-free LC/MS analysis of conditiored media from a
DP12 CHO cell line

IgG depleted cell culture supernatants from threéogical replicates at each time

point under both temperature-shifted and non-teaipeg-shifted conditions were

concentrated and prepared for LC/MS analysis asilddtmethods 2.3.3. Prior to

LC/MS analysis 4 pmoles of Cytochrome C was addedach sample to act as an

internal control. After mass spectral analysis 0fthe samples was complete,

inclusion lists were generated (as discussed 3.2.2)

Due to the complex sampling nature of the expertma&n multiple time points

between two conditions, it was decided that the @aiuld be analysed as follows:

24hrs vs 144hrs at 37 C

24hrs vs 144hrsat 31 C

37 Cvs 31 C at 24hrs

37 C vs 31 C at 144hrs

Analysis of differential regulation over 24, 72,,9@20 and 144 hours at 37 C
using Pearson correlation analysis

Analysis of differential regulation over 24, 72,,920 and 144 hours at 31 C

using Pearson correlation analysis

Note: The time in hours above is with respect togerature-shift. i.e. 24hrs is 24hrs
post-temperature-shift.

Associating biological function with differentialyegulated proteins identified in

this study was carried out as detailed 3.2.3.
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3.3.4 Data analysis of differentially-regulated proteins identified by
guantitative label-free LC/MS profiling of conditioned media from a
DP12 CHO cell line

Progenesis label-free software was used to analysedata acquired following

LC/MS analysis. A protein was considered to beeddhtially-regulated if it met the

criteria as set out in 3.1.3. Although IgG levelthe conditioned media samples had

been significantly reduced (Figure 3.3.4), theres gl the possibility that there
may not have been uniform reduction of IgG betwden samples, and therefore

accurate protein quantification may be distorted.

To overcome this, an internal standard, Cytochr@neas added to each sample
prior to LC/MS analysis. The RAW files were initiahormalised to all features, as
would normally be the case for any label-free expent. Normalisation is carried
out by the software to correct for experimentaliateons such as deviations in the
guantity of protein loaded onto the LC/MS systendiferences in ionization. By
default the software will normalise all the datathe peptides that don’t change in

abundance.

Following this analysis, the files were then nornged to IgG and the data was
reanalysed. Finally the RAW files were normalised the internal standard,

Cytochrome C and the data was analysed for a tinirel

The three sets of data were then compared in tefipsoteins identified, number of
peptides identified, fold-change, direction off -@lkange and ANOVA score.
Results from this analysis indicated that when litis of differentially-expressed
proteins were compared, the files normalised to g5 too dissimilar to the other
means of normalisation and indicated that IgG cowdtl be used as a feature to
normalise the other proteins to. Although IgG hadrbgreatly reduced in the media,
the mass spectrometer would still be capable adfatieilg changes in the abundance

of IgG between the samples.
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While the overall abundance of IgG would not haeerb enough to interfere with
LC/MS analysis, even subtle changes in the relaiuendance of IgG would make it
unsuitable for normalisation. As can be seen frordiract comparison between
normalisation using an internal standard (Tablel3.8r normalising to proteins that
did not change in expression (Table 3.3.2) thergréat similarity in the results

obtained both in terms of proteins identified, foltange and their direction.
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DP12 24hrs vs 144hrs 37C All Features Normmalised t@ytochrome C

N = All Feature Normalisation

C = Cytochrome C ndisation

Peptide Peptide Quant Score Anova Fold Upin

C N C N C N C N C N C N

13 11 13 11 763 665 |0.00178 0.00053 16.3 10.7 | 24hrs  24hrs
12 9 11 9 895 719 ]0.01068 0.02744 2.9 2.1 24hrs  24hrs
11 11 9 9 617 617 [|7.29E-051.14E-0§ 8.3 12.1 | 144hrs 144hrs
10 10 9 9 530 530 ]0.01183 0.0031 5.6 3.5 24hrs  24hrs
10 1 10 1 567 59 [0.00771 0.03689 1.7 2.7 24hrs  144hrs
9 10 9 9 479 539 ]0.00043 0.0004) 5.6 3.8 24hrs  24hrs
9 9 7 7 437 437 |1.37E-050.00039 8 11.1 | 144hrs 144hrs
9 9 9 9 540 540 | 0.0005 0.00061 4.3 6.1 | 144hrs 144hrs
9 9 8 8 535 535 ]0.00205 0.00184 4.7 6.7 | 144hrs 144hrs
8 8 6 6 405 405 ]0.000961.08E-0§ 6.1 9.2 | 144hrs 144hrs

Protein

Complement C3

laminin subunit alpha-5 isoform 1

vimentin

Thrombospondin-1

Inter-alpha-trypsin inhibitor heavy chain H5
laminin subunit beta-1

endoplasmin

transketolase-like

Prostaglandin F2 receptor negative regulator
14-3-3 protein epsion

Table 3.3.1Top 10 differentially-regulated proteins, basedpaptide number, when all features of the proteofiler from 24hrs in a DP12
culture was compared to 144hrs and normalised tont@nnal standard, Cytochrome C. These proteinse wigen retrieved from the same
comparison but where all features were normalisgatdteins that did not change in expression. @lved for direct comparison to be made
between Cytochrome C Normalisation (C) and the Ndrmeans of Normalisation (N), based on peptidentoion score, ANOVA, fold-
change and what condition the proteins is mostiigkpressed in.
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DP12 24hrs vs 144hrs 37C All Features Nomalised teeatures with no Fold Change

Peptide Peptide Quant Score Anova Fold Upin Protein
N C N C N C N C N C N C
11 11 9 9 617 617 |1.14E-057.29E-04 12.1 8.3 | 144hrs 144hrs| vimentin
11 13 11 13 665 763 ]0.00053 0.00179 10.7 16.3 | 24hrs  24hrs | Complement C3
10 10 9 9 530 530 ]0.00311 0.01183 3.5 5.6 24hrs  24hrs | Thrombospondin-1
10 9 9 9 539 479 ]0.00041 0.00043 3.8 5.6 24hrs  24hrs | Laminin subunit beta-1
9 12 9 11 719 895 ]10.02745 0.01069 2.1 2.9 24hrs  24hrs | laminin subunit alpha-5 isoform 1
9 9 7 7 437 437 ]0.000381.37E-0% 11.1 8 144hrs  144hrs| endoplasmin
9 9 9 9 540 540 ]0.00061 0.0005] 6.1 4.3 144hrs  144hrs| transketolase-like
9 9 8 8 535 535 ]0.00188 0.0020§ 6.7 4.7 144hrs  144hrs| Prostaglandin F2 receptor negative regulator
8 6 7 5 430 310 ]0.01328 0.12704 2.7 1.4 144hrs  144hrs| peroxidasin homolog
8 7 4 4 459 416 |8.75E-06 0.00019 20.7 13.9 | 144hrs 144hrs| 14-3-3 protein eta
N = All Feature Normalisation C = Cytochrome C ndisation

Table 3.3.2Top 10 differentially-regulated proteins, basedpaptide number, when all features of the proteofiler from 24hrs in a DP12
culture was compared to 144hrs and normaliseddtejms that did not change in expression. Thesteimowere then retrieved from the same
comparison but where all features were normaligedrt internal standard, Cytochrome C. This allovie@ddirect comparison to be made
between the Normal means of Normalisation (N) aytb¢hrome C Normalisation (C), based on peptidentown score, ANOVA, fold-
change and what condition the proteins is mostiigkpressed in.
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3.3.4.1 Differential regulation of HCPs 24hrs vs 144hrs aB7 C
A principal component analysis (PCA) plot generabgdProgenesis during data
analysis showing how the samples from 24hr and riddhures at 37 C cluster is

displayed in Figure 3.3.5.

Figure 3.3.5PCA plot for the IgG secreting DP12 conditioned raexhmple groups
24hrs (pink) and 144hrs (blue) at 37 C generatednduquantitative label-free
LC/MS data analysis using Progenesis software.

Of the 375 proteins identified with 1 or more pdp8 as being differentially-

expressed at 37 C between early (24hrs) and laddh{¥), 335 had increased
expression at 144hr, while 40 were down-regulagadr(mary Table 3.3.3). Similar

to 24hrs compared to 120hrs at 37 C in the CHO-#lLIme (section 3.2.3.2), there

is an increase in the abundance of apoptotic pretat late stage culture (Table
3.3.3). This is likely to be as a result of a daseein culture viability at 144hrs in the
DP12 cell line. Also, the majority of proteases ghgtosidases, both of which have
the potential to negatively impact product qualdye up regulated at the later time
point. (Full lists of differentially-expressed peats are provided in Appendix C,
Table 3.3.4 and Table 3.3.5)
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Table 3.3.3Number of differentially-expressed proteins at 24twmpared to 144hrs at 37 C in an IgG secretingDé¢ll culture supernatant.
Using Uniprot protein database, proteins of biatagrelevance have been identified and the numbdifferentially-expressed proteins under

the relevant classification included in the table.

24hrs vs 144hrs at 37 C

Total Up at 144hrs Down at 144hrs
1 Peptide 2 Peptides 1 Peptide 2 Peptides 1 Peptide 2 Peptides
Protein Count 375 162 335 143 40 19
8 2 8 2 0 0
Apoptosis i N
P9 &( &( $%P &( &(
& &) & &)
25 9 17 6 8 3
N o*+& 3! N o*+& 3! $ I $l& $ sk S I o *+&
I $l& *$ I sl *$ 3 P& &(&! P& &(&! *+8&
P& &(&! *$ P& &(&! &, $! $!- *$ *
Protease *O&&PE  &* (8! &(&"$
tOIE, $! &+) &@&' $, &
$I-*" ( P& &&
$ &+) &(&!
$, $& &&
12 4 9 2 3 2
&& # & && # & && |& #& & && & H# #
Glycosidase $ H& & W(& W& && & & $
&& & & & & & &
& &
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Examples of some of the differentially-regulatedtpms identified in this analysis
shows the up-regulation of the secreted proteinréghgsin (2.5-fold) and the
protease Bone morphogenetic protein 1 (2.7-foldjufe 3.3.6).

Figure 3.3.6 Shows examples of Progenesis label-free outputdifedrentially-
expressed HCPs, such as the secreted protein @spramnd the growth factor Bone
morphogenetic protein 1, identified as being déferally-expressed between 24hrs
and 120hrs at 37 C in the conditioned media of 4 De&ell line.
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3.3.4.2 Differential regulation of HCPs 24hrs vs 144hrs aB1 C
A PCA plot generated by Progenesis during datayarsalillustrating how the
samples from 24hr and 144hr cultures at 31 C ctustdisplayed in Figure 3.3.7.

Figure 3.3.7PCA plot for the IgG secreting DP12 conditioned raexhmple groups
24hrs (pink) and 144hrs (blue) at 31 C generatednduquantitative label-free
LC/MS data analysis using Progenesis software.

When early (24hrs) and late (144hrs) phases ofdimperature-shifted (31 C) were

compared 179 were found to change in relative adocel (168 up regulated and 11
down-regulated at 144hrs with 2 or more peptidedl@ 3.3.6). Similar to the 37 C

culture, the majority of proteases and glycosidasesup-regulated at the later time
point. Interestingly, despite the increased viapilif the 31 C, there is a significant

increase in the number of apoptotic related pretainl44hrs in the 31 C compared
to the 37 C (Table 3.3.6). (Full lists of differedty-expressed proteins are provided
in Appendix C, Table 3.3.7 and Table 3.3.8).
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Table 3.3.6Number of differentially-expressed proteins at 24twmpared to 144hrs at 31 C in an IgG secretingDéll culture supernatant.
Using Uniprot protein database, proteins of biatagrelevance have been identified and the numbdifferentially-expressed proteins under
the relevant classification included in the table.

24hrs vs 144hrs at 31 C
Total Up at 144hrs Down at 144hrs
1 Peptide 2 Peptides 1 Peptide 2 Peptides 1 Peptide | 2 Peptides
Protein Count 391 179 361 168 30 11
7 4 7 4 0 0
GNB2L1, HMOX1, Cyc,s |GNB2L1, HMOX1, Cycs, |GNB2L1, HMOX1, |GNB2L1, HMOX1, Cycs,
Apoptosis APP, DNASE2, GAPDH, |APP Cycs, APP, APP
GAPDH DNASE2, GAPDH,
GAPDH
24 11 19 9 5 2
C1lra, MMP9, PSMB1, Clra, MMP9, PSMB1, PSMB1, PSMAG, PSMB1, PSMAG, PSMA3, |Clra, MMP9,|C1lra, MMP9
PSMAG, PSMA3, PSMB6, |PSMAG6, PSMA3, PSMB6, |PSMA3, PSMB6, PSMB6, DPP7, CTSB, PRCP,
DPP7, CTSB, CTSA, DPP7, CTSB, CTSA, DPP7, CTSB, CTSA, SCPEP1, P15156 |ADAM10,
SCPEP1, P15156, PRCP, |SCPEP1, P15156 CTSA, SCPEP1, MMP19
Protease ADAM10, MMP19, PSMAL1, P15156, PSMAL,
PSMB2, AGA, PARKY, PSMB2, AGA,
LAP3, PSMA7, CTSZ, PARK7, LAP3,
PSMA5, CTSD, CNDP2 PSMA7, CTSZ,
PSMAS5, CTSD,
CNDP2
11 6 9 6 2 0
IDUA, NAGLU, GAA, GLA, |IDUA, NAGLU, GAA, GLA, |IDUA, NAGLU, GAA, |IDUA, NAGLU, GAA, GLA, |MAN2A1,
Glycosidase GBA, FUCAL, MAN2A1, GBA, FUCAL GLA, GBA, FUCAL1, |GBA, CAl GUSB
GUSB, GANAB, NAGA, GANAB, NAGA,
GLB1 GLB1
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The Progenesis output displaying the up-regulatgcbgidase Alpha-L-iduronidase
(3.1-fold) and the apoptotic protein Amyloid betd protein (3.4-fold) are shown in
Figure 3.3.8.

Figure 3.3.8 Shows examples of Progenesis label-free outputdifédrentially-
expressed HCPs, such as the glycosidase Alpharbadiase and the apoptotic
protein Amyloid beta A4 protein, identified as bgmp-regulated between 24hrs and
120hrs at 31 C in the conditioned media of a DPdlRlme.
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3.3.4.3 Differential regulation of HCPs at 24hrs 37 C vs 31C
A PCA plot generated by Progenesis during datayarsaindicating how the samples
from 31 C and 37 C cultures at 24hrs cluster igpliged in Figure 3.3.9.

Figure 3.3.9PCA plot for the 1gG secreting DP12 conditioneddimesample groups
37 C (pink) and 31 C (blue) after 24hrs in cultugenerated during quantitative
label-free LC/MS data analysis using Progenesisvené

A comparison of 37 C and 31 C cultures 24hrs pastuce temperature reduction
revealed 150 HCPs with 1 or more peptides to bieréiftially-expressed between
the two temperatures. Of these, 107 were down-a¢guil at 31 C, while the

remaining 43 were up regulated (Table 3.3.9). Rerlilae most striking result is that
all proteases, glycosidases and proteins involnethe regulation of apoptosis are
down-regulated at 31 C (Table 3.3.9). (Full listsddferentially-expressed proteins
are provided in Appendix C, Table 3.3.10 and T&oBe11)
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Table 3.3.9Number of differentially-expressed proteins betw8&rC and 37 C at 24hrs post-temperature-shifhim ¢ulture supernatant of an
IgG producing DP12 cell line. Using Uniprot protediatabase, proteins of biological relevance havenhdentified and the number of
differentially-expressed proteins under the rel¢wassification included in the table.

37 Cvs 31 C 24hrs
Total Upat31C Downat31C
1 Peptide 2 Peptides 1 Peptide 2 Peptides 1 Peptide 2 Peptides
Protein Count 150 66 43 11 107 55
3 3 0 0 3 3
Apoptosis CLU, DNASE2, APP CLU, DNASE2, APP CLU, DNASE2, APP CLU, DNASE2,
APP
20 10 0 0 20 10
DPP7, SCPEP1, TPP1, |DPP7,SCPEP1, TPP1, DPP7, SCPEP1, TPP1,|DPP7, SCPEP1,
PRCP, PRSS22, HTRA1, |PRCP, PRSS22, HTRAL, PRCP, PRSS22, TPP1, PRCP,
CTSD, CTSH, Clra, CTSD, CTSH, Clra, HTRAL, CTSD, CTSH, |PRSS22, HTRA1,
Protease MMP19, MMP9, MMP19 Clra, MMP19, MMP9, |CTSD, CTSH,
ADAMTS1, ADAM9, CTSZ, ADAMTS1, ADAMO, Clra, MMP19
BMP1, CTSA, ADAM10, CTSZ BMP1, CTSA,
CTSL1, CTSB, P15156 ADAM10, CTSL1,
CTSB,P15156
13 6 0 0 13 6
GLB1, GAA, MAN2A1, GLB1, GAA, MAN2A1, GLB1, GAA, MAN2A1, |GLB1, GAA,
Glycosidase FUCA1L, MAN2B1, HEXA, |FUCA1, MAN2B1, HEXA FUCA1, MAN2B1, MAN2A1, FUCAL1,
SMPD1, MAN1A1, GLA, HEXA, SMPD1, MAN2B1, HEXA
GUSB, NEU1, HEXB, MAN1A1, GLA, GUSB,
NAGA NEU1, HEXB, NAGA
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A number of interesting proteins were identifiedhirs analysis including those with
the potential to affect culture viability or negegly impact on product quality such
as the growth factor Vascular endothelial growtletda C (2.4-fold) and the
glycosidase Beta-galactosidase (2.5-fold). Bothwbifch were down-regulated at
31 C compared 37 C to 24hrs (Figure 3.3.10).

Figure 3.3.10 Shows examples of Progenesis label-free outputdiftérentially-
expressed HCPs, such as the glycosidase Betawgmtlade and the growth factor
Vascular endothelial growth factor C, identified lasing down-regulated at 31 C
24hrs post-temperature-shift in the conditionedimefia DP12 cell line.
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3.3.4.4 Differential regulation of HCPs at 144hrs 37 Cvs 3 C
A PCA plot generated by Progenesis during datayaisathowing how the samples
from 31 C and 37 C cultures at 144hrs cluster gpliiyed in Figure 3.3.11.

Figure 3.3.11 PCA plot for the IgG secreting DP12 conditioneédm sample
groups 37 C (pink) and 31 C (blue) after 144hrscuiture generated during label-
free LC/MS data analysis using Progenesis software

144hrs post-temperature-shift 222 proteins withr inore peptides are seen to alter
their expression when temperature-shifted and eorpéerature-shifted cultures are
compared (Table 3.3.12) 127 proteins were up-régdilat 31 C, while 95 decreased
in expression (See Appendix C, Table 3.13 and TaHlé for full list). As seen in
Table 3.3.12, three of the four apoptotic protdaotentified are down-regulated at
31 C compared to 37 C at 144hrs. Similar to the CKDcell line (section 3.2.3.5),
this could be attributed to the overall increasabhiity of the temperature-shifted
culture compared to the non-temperature-shiftetlmilat 144hrs. It is also worth
noting that the number of differentially-expresgateases and glycosidases are
relatively evenly spread between the two cultunedaiions. This would indicate that
enzymatic activity at late stage culture under terafure-shift or non-temperature-

shift conditions could negatively impact on prodguaality.
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Table 3.3.12Number of differentially-expressed proteins betw8&rC and 37 C at 144hrs post-temperature-shitheculture supernatant of

an IgG producing DP12 cell line. Using Uniprot @iotdatabase, proteins of biological relevance lmen identified and the number of
differentially-expressed proteins under the reléwdassification included in the table.

37 C vs 31 C 144hrs

Total Upat31C Downat31C
1 Peptide 2 Peptides 1 Peptide 2 Peptides 1 Peptide 2 Peptides
Protein Count 222 77 127 46 95 31
4 2 1 1 3 1
Apoptosis CLU, HMOX1, PPID, MAPK1 |CLU, HMOX1 HMOX1 HMOX1 CLU, PPID, |CLU,
MAPK1
9 5 4 2 5 3
BMP1, HTRAL, DPP7, BMP1, HTRAL, DPP7, DPP7, P15156, |DPP7, P15156|BMP1, BMP1, HTRAL,
P15156, THOP1, MMP19, P15156, THOP1 PSMA, MMP9 HTRAL, THOP1
Protease ADAM17, PSMA5, MMP9 THOP1,
MMP19,
ADAM17
9 6 5 2 4 4
Glycosidase GAA, HEXA, NAGLU, FUCAL, |GAA, HEXA, NAGLU, NAGLU, NAGLU, GAA, HEXA, |GAA, HEXA,
MANZ2AL, GANAB, GUSB, FUCAL, MAN2A1, GANAB |FUCAL1, GUSB, |FUCAl1L MANZ2AL, MAN2A1, GANAB
GLB1, HEXB GLB1, HEXB GANAB
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Among the differentially-expressed proteins ideatifat 31 C compared to 37 C at
144hrs was the secreted growth factor Vascular teedal growth factor A (4.8-
fold, down-regulated) and the protein Cold-indueiRINA-binding protein (CIRBP)
(3.1-fold, up-regulated) (Figure 3.3.12).

Figure 3.3.12Shows examples of Progenesis label-free outputdiftédrentially-
expressed HCPs, such as the secreted growth fadboes morphogenetic protein 1
and Vascular endothelial growth factor A, identifias being down-regulated at
31 C 144hrs post-temperature-shift in the condgdmedia of a DP12 cell line.
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3.3.4.5 Western blot validation of HCPs identified as diffeentially-expressed
following quantitative label-free LC/MS analysis of the cell culture
supernatant from a CHO-K1 and DP12 cell line
Western blot analysis was used to validate thdtseshtained following quantitative
label-free LC/MS analysis of the cell culture sugant from CHO-K1 and DP12
cell lines. Validation was conducted in biologiciplicate using 8g of protein per
sample. Western blots show the down-regulationudated glycoprotein 1 at 3C
when 31C culture is compared to 37 culture at 24hrs and 144hrs in the DP12 cell
line (Figure 3.3.13). The intracellular protein GRHAs shown to be up-regulated at
31 C when non-temperature-shifted culture is compat@dtemperature-shifted
culture at 24hrs and at 144hrs in the CHO-K1 de# in Figure 3.3.14. GRP78 is
also shown to be up-regulated at 144hrs whel€ 3dlture is compared to 37
culture at 24hrs and when &l culture is compared to 37 culture at 144hrs in the
DP12 cell line (Figure 3.3.15). Validation of thefferential-regulation of the
proteases BMP1 (up-regulated at 120hrs in the CHCz#lI line when 120hrs is
compared to 24hrs at 37) and MMP19 (down-regulated at &Llin the CHO-K1
cell line when the 3T culture is compared to the & culture at 120hrs) are shown
in Figure 3.3.16 and Figure 3.3.17 respectivelghibuld be noted that the text cited
in Figure 3.3.13 to Figure 3.3.17 are based ormr¢kelts from the label-free LC/MS
analysis of the conditioned media from the resped@iHO cell lines and the western

blots were used to validate the direction of fdd@mge.

Figure 3.3.13 shows a western blot confirming the down-regulatioh the
intracellular protein Sulfated Glycoprotein 1 at Glwhen temperature-shifted
culture is compared to non-temperature-shifteduceltat 24hrs and 144hrs in the
conditioned media of the DP12 cell line.
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Figure 3.3.14shows a western blot confirming the up-regulatibthe intracellular
protein GRP78 at 3C when temperature-shifted culture is compared @a-n
temperature-shifted culture at 24hrs and 120hrshé conditioned media of the
CHO-K1 cell line.

Figure 3.3.15shows a western blot confirming the up-regulatibthe intracellular
protein GRP78 at 144hrs when 144hrs is comparédihos at 37C and at 31C in
the conditioned media of the DP12 cell line.

Figure 3.3.16shows a western blot confirming the up-regulatidrthee protease
BMP1 at 120hrs when 120hrs is compared to 24hB3 & in the conditioned media
of the CHO-K1 cell line.
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Figure 3.3.17shows a western blot confirming the down-regulatbhe protease
MMP19 at 31C when temperature-shifted culture is comparedoto-temperature-
shifted culture in the conditioned media of the GKHOcell line.

3.3.4.6 Pearson correlation analysis of differentially-reglated HCPs over 24,
72,96, 120 and 144 hours at 37 C

Pearson’s correlation analysis was used as a nfanmseasuring the linearity of
protein expression over time in culture in the 3¢uure. An Anova cut-off of 0.05
was applied to add an additional layer of stat@ticgour. Using this method of
analysis a total of 227 proteins were deemed tmghaver time in culture. 167
correlated positively (increased expression) anddi®elated negatively (decreased
in expression) between the 24 and 144hr period. liBh@f negatively correlating
proteins is shown in Appendix C, Table 3.3.15 ahdsé proteins displaying an

increase in expression are shown in Appendix CleTal3.16.

The linear decrease in the expression of the sztnetotein Nidogen-1 (Pearson
correlation 0.984, p-value 0.0024) between 24his Bvthrs at 37 C is shown in
Figure 3.3.18. The Progenesis and Pearson coomlatitputs from the protein
Elongation factor 2 (Pearson correlation 0.991ajue 0.001) showing its increase
in expression from 24hrs to 144hrs at 37 C are shiowFigure 3.3.19.
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Figure 3.3.18 Progenesis label-free output of the secreted proiidogen-1
showing its decrease in expression from 24hrs (Dayl44hrs (Day5) at 37 C (A).
Output from excel on which Pearson correlation wlakon is based (Pearson
correlation 0.984, p-value 0.0024). (B)
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Figure 3.3.19 Progenesis label-free output of the protein Eloogatfactor 2
showing its increase in expression from 24hrs (Dag1l44hrs (Day5) at 37 C (A).
Output from excel on which Pearson correlation wakon is based (Pearson
correlation 0.991, p-value 0.001). (B)
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3.3.4.7 Pearson correlation analysis of differentially-reglated HCPs over 24,
72,96, 120 and 144 hours at 31 C

This analysis identified that 405 proteins increaspression in a linear manner over

time in culture with a p-value0.05 (Appendix C, Table 3.3.17), but only 2 progein

that decrease in expression meet the same ciifgr@endix C, Table 3.3.18).

Figure 3.3.20 shows the decrease in the expressfothe secreted protein
Complement C3 (Pearson correlation 0.892, p-val@#a) between 24hrs and
144hrs post-temperature-shift at 31 C while FigBr& 21 shows the linear increase
in the expression of the protease Cathepsin D ¢Brarorrelation 0.985, p-value
0.0022) over the same period at 31 C.
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Figure 3.3.20Progenesis label-free output of the secreted jor@emplement C3
showing its decrease in expression from 24hrs (Payl44hrs (Day5) at 31 C (A).
Output from excel on which Pearson correlation wakon is based (Pearson
correlation 0.892, p-value 0.042). (B)

Figure 3.3.21Progenesis label-free output of the protease Cathd) showing its
increase in expression from 24hrs (Dayl) to 144bes/5) at 31 C (A). Output from
excel on which Pearson correlation calculationdseda (Pearson correlation 0.985,
p-value 0.0022). (B)
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3.3.4.8 Comparison of differentially-regulated HCPs over tme in culture at
37 Cand 31 CinaDP12 cell line

By analysing the conditioned media of a DP12 aak lover time in culture under
temperature-shifted and non-temperature-shiftedditions (sections 3.3.4.1 and
3.3.4.2), and by comparing both conditions at e@tt)hrs) and late (144hrs) stages
(sections 3.3.4.3 and 3.3.4.4), a significant nunabalifferentially-expressed HCPs
have been identified. By combining the results fradahrs vs 120hrs at 37 C and
24hrs vs 120hrs at 31 C experiments a clearer i@obéi how culture temperature

impacts on the HCP expression profile can be séppgndix C, Table 3.3.19).

Proteins identified as differentially-expressed rotime in culture common to both
37 C and 31 C that may be of particular interesth® bioprocessing community are
shown in Figure 3.3.22. As well as providing diffietial regulation information,
Figure 3.3.22 shows graphs generated by Progetss$-free software and the
changes in the relative abundance of the prote@sdisepsin B and Complement
C1r-A subcomponent and the glycosidase Glucosyicel@se. The enzymatic
activity of proteases and glycosidases could neglgtiimpact on the quality of
products secreted into the media, information omv ltbey change in relative
abundance between early (24hrs) and late (144he)es in culture under
temperature-shifted and non-temperature-shiftedditons may be useful for
identifying culture conditions under which a reconamt therapeutic has an
increased risk of becoming degraded through thereatic activity of proteases

and/or glycosidases.
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(A)

(B)

(©)

Total Quantitative Direction
Fig. Description Peptide Peptides Score Anova (p) Fold of fold Comparison
change
3 2 214 0.018 16 1lighat iizr V§7c
A Cathepsin B ¥ rts >an 'S
2 2 117 3.50E-05 43 pa rsvs
144hrs  |144hrs 31C
Down at |24hrs vs
2 2 119 0.0001 8.3
B Complement C1r-A 144hrs |144hrs 37C
subcomponent Down at |24hrs vs
2 2 134 0.0019 4.6
144hrs |144hrs 31C
Up at 24hrs vs
2 2 91 0.0196 2.2
c Glucosylcera- 144hrs  |144hrs 37C
midase Up at 24hrs vs
2 2 103 0.0014 29 144hrs 144hrs 31C

Figure 3.3.22Shows changes in the expression of the proteageSdepsin B and
(B) Complement C1r-A subcomponent and the glycagd&) Glucosylceramidase
between early (24hrs) and late (144hrs) stagesilinre under temperature-shifted
and non-temperature-shifted conditions.
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As outlined in section 3.1.3.7 many of the diffdralty-expressed HCPs trend in the
same direction under both temperature-shifted arah-temperature-shifted
conditions. In addition, proteins identified as felientially-expressed that were
common to 24hrs vs 144hrs 37 C and 24hrs vs 148ir€ lists, were also
compared to the list of differentially-expressedtpmns from 37 C vs 31C at
144hrs. A list of proteins common to all three camgons was then compiled
(Appendix C, Table 3.3.20). Thus information on hine abundance of the protein
changes over time and the culture temperature @hvthe relative abundance of the

protein is greatest is provided.

Based on this comparison, a clearer picture of tmvexpression of HCPs change
between early (24hrs) and late (144hrs) stageslliare under temperature-shifted
and non-temperature-shifted conditions as well a& hhey change in relative
abundance between & and 31C in late culture is provided. Using the outputs
from Progenesis label-free software examples ofdifferential expression of three
secreted proteins is shown in Figure 3.3.23. Infdrom on secreted proteases such
as matrix metalloproteinase-9 (Figure 3.3.23) islofious benefit as such proteases

may impact on product quality.
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(A)

(B)
(©€)
Total Quantitative Direction
Fg. Description ) ) Score |Anova (p) Fold of fold Comparison
Peptide Peptides
change
Down at 0
/ 144hrs ,
3 Down at 0
& a4 2 i 144hrs ,
/) , 0,
/ 0
$4 5 / 0
6478 2 ' ' ) ,
/| (12 , 0,
/ 0
s 9 2 / 0
/ , 0,

Figure 3.3.23 Progenesis label-free outputs and information om dhfferential
expression of the secreted proteins (A) Matrix thegpeoteinase-9, (B) Sulfated
glycoprotein 1 and (C) Suprabasin as they changeslative abundance between
early (24hrs) and late (144hrs) stages in culttm@armation from a comparison
between 37 C and 31 C at 144hrs is also provided.
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3.3.4.9 Comparison of Pearson correlation analyses of diffentially-regulated
HCPs over time in culture at 37 C and 31 C in a DP2 cell line

Pearson correlations were used to examine theriliped the expression of proteins

overtime in temperature-shifted and non-temperashrited cultures in sections

3.2.4.5 and 3.2.4.6. Similar to section 3.1.3.Btgins common to both 37 C and

31 C Pearson correlation lists are displayed in é&umpx C, Table 3.3.21. By

comparing the data in this manner the effect ofucaltemperature on the expression

profiles of HCPs over time in 37 C and 31 C culsi@n clearly be seen.

Pearson correlation plots and the outputs from éhegis label-free software are
used to show the change in abundance of some psdtem Table 3.3.21 that are of
particular interest due to their potential abilityimpact on cell viability or product
guality. These examples include the protease ADMaisd the reductase TXNDC5
(Figure 3.3.24). Interestingly, the relative abumzmaof ADMST1 reduces over time
in culture at 37C and it increases over the same period of tim&laZ. While the
linearity with which TXNDCS5 increases at &7 is poor, it can be clearly seen that
between 96hrs and 144hrs there is a sharp incrieasts abundance. This is
compared with the 3C where it increases in a more linear fashion dkiertotal

period in culture.
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Figure 3.3.24Pearson correlation plots and the outputs frongéhesis label-free software of the protease ADAM{A)land the reductase
TXNDCS5 (B) show how they change over time in cudtunder both temperature-shifted and non-temperatifted conditions.
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The proteins list obtained from the comparison e&Bon correlations analysis of
the expression of proteins over time at 37 C an@1aC was also compared to the
list of differentially-expressed HCPs identified eh37 C and 31 C cultures were
compared at 144hrs (section 3.2.4.4). Because mfathe proteins identified using

the Pearson correlation approach trend in the shraetion, the use of this third list
helps identify which culture has the highest abmedaof a given protein. A

compilation of this data obtained from the comparisf all three lists is shown in

Appendix C, Table 3.3.22.

Pearson correlation plots and the outputs from @&regis label-free software are
used to show the changes in the abundance of titetee protein the fucosidase
Tissue alpha-L-fucosidase (Figure 3.3.25). While frecise function of these
secreted proteins in CHO is still unclear it is oo that temperature affects the

release of Tissue alpha-L-fucosidase.
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Figure 3.3.25Pearson correlation plots and the outputs frongéhesis label-free software of the secreted pratmsue alpha-L-fuccosidase
shows how it changes over time in culture undeth b@mperature-shifted and non-temperature-shifi@aditions. Information from a
comparison between 37 C and 31 C at 144hrs is@igeided.
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3.3.4.10Comparison of differentially-regulated HCPs in the cell culture
supernatant of a CHO-K1 and DP12 cell line.

A significant number of differentially-expressed R€ were identified both over
time in culture and under temperature-shifted amu-temperature-shifted conditions
in the conditioned media of CHO-K1 (Section 3.2.3.8ection 3.2.3.4) and DP12
cell lines (Section 3.3.4.1 — Section 3.3.4.4)wdits therefore decided that the list of
differentially-expressed HCPs from each cell liheldd be compared in an effort to
identify proteins of interest that are common tahbeell lines. A summary of the
number of differentially-expressed HCPs that arenmon to both cell lines
compared to the total number of differentially-eegsed HCPs identified in each cell
line is shown in Table 3.3.23. While it can be sd®t there is some overlap in the
differential expression of HCPs between CHO-K1 dppll2 cells, there is a

significant proportion of differentially-expressétCPs that are unique to each cell

line.
Number of Number of Number of
differentially differentially differentially
Comparison expressed HCPs | expressed HCPs expressed HCPs
in the CHO K1 cell | in the DP12 cell common to CHO K1
line line and DP12 cell lines
24hrs vs 120hrs / 144hrs at 37C 322 375 174
24hrs vs 120hrs / 144hrs at 31C 146 391 50
37C s 31C at 24hrs 211 150 20
37C vs 31C at 120hrs / 144hrs 228 222 55

Table 3.3.23 Table indicating the number of differentially-eepsed HCPs
identified in a CHO-K1 and DP12 cell line compatedhe number of differentially-
expressed HCPs common to both cell lines. A fsll &if proteins common to each
cell line is available in Appendix C, Table 3.3:23.3.27.

A number of examples were selected from the listcommon differentially-

regulated proteins and their change in expressismalised using the output from
Progenesis label-free software as displayed in rEBigd13.26. This includes the
protease Cathepsin D, the secreted protein Sulphghgcoprotein 1 and the
apoptotic protein GNB2L1.
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Figure 3.3.26Progenesis label-free outputs and information orPsi@entified as being differentially-expressedath CHO-K1 and DP12
cell lines. This includes the apoptotic protein GNIR, the protease Cathepsin D, the protein Clustghich can be found both intracellularly
and extracellularly and the secreted protein Sugzhglycoprotein 1.

172



3.3.4.11Comparison of quantitative label-free LC/MS DP12 H@® data
normalised to cell number compared to normalisationby protein
concentration
Correction factors were applied to quantitativeeldbee LC/MS data on the
differential expression of HCPs in the conditiomaddia of DP12 cells. This was
carried out to account for changes in cell conegiuin (both viable and non-viable)
over time or under temperature-shifted and non-tgatpre-shifted conditions (as
described in section). As can be seen in Tabl8,.&pplying the correction factor
resulted in the loss of a small number of protdnesn three of the comparisons
(24hrs vs 144hrs at 37 C, 24hrs vs 144hrs at 3heC3x C vs 31 C at 24hrs). In the
remaining comparison however (37 C vs 31 C at 14xhthe use of the correction
factor resulted in the loss more than half the eddhtially-expressed proteins
originally identified. Interestingly, when the saroerrection factor was applied to
the 24hrs vs 144hrs at 31 C comparison only 26emstwere deemed to no longer
be differentially-expressed. This highlights thghifold-changes (>2.09 fold) of
proteins over time in culture at 31 C and the digant number of ‘subtle’ fold-
changes (<2.09 fold) between temperature-shifted aon-temperature-shifted
conditions at 144hrs in the DP12 cells. Futureysisiof this data could consider the
use of the correction factor as a means of addintdpér confidence to the list of

differentially-expressed proteins.

Normalsiation  Number of differentially Number of differe ntially
Normalsiation correction factor  expressed proteins expressed proteins

correction + 1.5-fold change identified using identified using 1.5-fold
Comparison factor cut-off correction factor cut-off
24hrs vs 144hrs at37 C 0.16 1.66 369 375
24hrs vs 144hrs at31 C  0.59 2.09 365 391
37 C vs 31 C at 24hrs 0.17 1.67 138 150
37 Cvs 31 C at 144hrs 0.59 2.09 105 222

Table 3.3.28 The use of a correction factor was investigated fdoilitate
normalisation of the data by cell number (as opgdsenormalisation by protein
concentration). This table show a comparison of miuenber of differentially-
expressed HCPs identified in the conditioned media DP12 cell line with and
without the correction factor applied.
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3.3.5 Bioinformatic analysis of differentially-regulated proteins
In order to gain an insight into the precise origfrthe host cell proteins identified
i.e. intracellular, secreted, etc. the gene syrfrooh each protein was searched using

DAVID functional annotation software (http://davathcc.ncifcrf.gov/).

As detailed in section 3.2.4, DAVID was used tcssléy the differentially-regulated
proteins and identify enrichment of cellular looats. Protein lists obtained from
comparing 24hrs to 144hrs at both 37 C and 31 Cewswarched against DAVID
using an adjusted p-value 00.05 (Benjamini) as a statistical cut-off. Similkar
section 3.3.4, DAVID GO analysis of differentiakyqpressed proteins from the cell
culture supernatant of an IgG producing DP12 dek lexamining 24hrs versus
144hrs at 37 C found that the majority of the prmwmeidentified were typically
intracellular in nature and although there was almmient of the extracellular
component (adjusted p-value 0.0011), this appearsnméke up only a small
proportion of the overall host cell protein popidat (Table 3.3.30 and Figure
3.3.27). Interestingly, when 24hrs versus 144h@&laf was analysed using DAVID
GO analysis it was found that the extracellular ponent was also predominantly
made up by proteins of intracellular origin (Tal&.31 and Figure 3.3.28). This
would appear to indicate that that many of the lvedit proteins present in the cell
culture supernatant are there as a result of somefscell lysis, possibly as a result
of cell death, particularly near the end of cultubespite this, based on gene count
alone, there is still a cohort of the host cell tpio population made up by
extracellular proteins, this is also evidenced gy number of proteins classified as
secreted using Uniprot protein database (Tabl293)31t is also possible that the
reason for such a large intracellular enrichmetiias$ proteins can occupy more than
one cell component, this may also give rise to dppearance of an increased

proportion of intracellular proteins.

Conditions Appendix Table
Up at 144hrs when compared to 24hrs at 37 Table 3.3.32
Down at 144hrs when compared to 24hrs a€37 Table 3.3.33

Up at 144hrs when compared to 24hrs at 31°C Table 3.3.34
Down at 144hrs when compared to 24hrs at 31°C Table 3.3.35

Table 3.3.29List of tables containing quantitative information proteins classified
as secreted by the Uniprot protein database.
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Table 3.3.30GO cellular component enrichment for differentiadypressed host
cell proteins identified in the conditioned mediaaoDP12 CHO cell line at 37 C
when 24hrs was compared to 144hrs (post-temperahuftefor a culture grown in
parallel) analysed using quantitative label-fredMS. An adjusted p-value 0f0.05
(Benjamini) was used as a statistical cut off taagate the list of enriched cellular
components.

Term ((:soeun:t P-Value Benjamini
cytosol 123 1.00E-39 3.60E-37
melanosome 28 3.30E-22 5.70E-20
pigment granule 28 3.30E-22 5.70E-20
cytosolic part 33 9.00E-21 1.00E-18
cytosolic ribosome 25 1.30E-19 1.20E-17
ribonucleoprotein complex 52 2.80E-17 1.60E-15
cytosolic small ribosomal subunit 18 2.60E-17 1.80E-15
ribosomal subunit 26 1.30E-15 6.10E-14
small ribosomal subunit 19 1.10E-14 4.90E-13
ribosome 27 3.80E-11 1.40E-09
membrane-bounded vesicle a4 1.20E-10 4.10E-09
vesicle 48 2.00E-10 6.20E-09
cytoplasmic membrane-bounded vesicle 42 5.30E-10 1.50E-08
endoplasmic reticulum lumen 16 1.30E-09 3.50E-08
chaperonin-containing T-complex 7 1.80E-09 4.40E-08
cytoplasmic vesicle 44 5.20E-09 1.20E-07
soluble fraction 29 7.20E-09 1.60E-07
proteasome core complex 9o 1.50E-08 3.20E-07
proteasome complex 13 3.40E-08 6.60E-07
lytic vacuole 22 9.60E-08 1.80E-06
lysosome 22 9.60E-08 1.80E-06
intracellular non-membrane-bounded organelle 106 1.80E-07 3.10E-06
non-membrane-bounded organelle 106 1.80E-07 3.10E-06
vacuole 22 1.90E-06 3.10E-05
membrane-enclosed lumen 79 3.10E-06 4.80E-05
organelle lumen 77 5.40E-06 8.20E-05
platelet alpha granule lumen 9 7.40E-06 1.10E-04
ER-Golgi intermediate compartment 9 7.40E-06 1.10E-04
cytoplasmic membrane-bounded vesicle lumen 9o 1.30E-05 1.80E-04
vesicle lumen 9 1.80E-05 2.30E-04
actin cytoskeleton 21 1.80E-05 2.40E-04
heterogeneous nuclear ribonucleoprotein complex 6 5.00E-05 6.10E-04
platelet alpha granule 9 7.90E-05 9.40E-04
extracellular region part 45 9.50E-05 1.10E-03
basement membrane 10 1.60E-04 1.70E-03
intracellular organelle lumen 70 1.70E-04 1.90E-03
extracellular matrix part 12 1.90E-04 2.00E-03
cortical cytoskeleton 8 2.20E-04 2.30E-03
cell surface 22 2.30E-04 2.30E-03
cytoskeleton 57 2.70E-04 2.60E-03
cytosolic large ribosomal subunit 7 3.60E-04 3.40E-03
spliceosome 12 5.40E-04 4.80E-03
extracellular matrix 21 5.30E-04 4.80E-03
extracellular region 74 7.80E-04 6.70E-03
cell fraction 45 1.20E-03 1.00E-02
large ribosomal subunit 8 1.50E-03 1.20E-02
nucleolus 32 1.80E-03 1.40E-02
secretory granule 13 2.20E-03 1.70E-02
proteinaceous extracellular matrix i8 3.40E-03 2.60E-02
cortical actin cytoskeleton 5 5.20E-03 3.80E-02
cell cortex part 8 5.10E-03 3.80E-02
eukaryotic translation initiation factor 3 complex 4 5.90E-03 4.20E-02
nuclear envelope 13 6.20E-03 4.20E-02
eukaryotic translation elongation factor 1 complex 3 6.10E-03 4.30E-02
endoplasmic reticulum part i8 7.60E-03 5.00E-02
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Figure 3.3.27 Graphical representation of Table 3.3.30 depicB1@ cellular component enrichment and their corredpw adjusted p-value of0.05
(Benjamini) for differentially-expressed host ceibteins identified in the conditioned media of BI2 cell line at 37 C when 24hrs was compared #his!
(post-temperature-shift for a culture grown in flath
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Table 3.3.31GO cellular component enrichment for differentiadixpressed host

cell proteins identified in the conditioned medfaaddP12 cell line at 31 C when
24hrs was compared to 144hrs (post-temperatur-ahidlysed using quantitative
label-free LC/MS. An adjusted p-value d.05 (Benjamini) was used as a statistical
cut off to generate the list of enriched cellulamponents.

Term §§$ri P-Value Benjamini
cytosol 128 1.10E-43 3.50E-41
ribonucleoprotein complex 64 2.50E-26 4.10E-24
cytosolic part 37 3.50E-25 3.90E-23
cytosolic ribosome 28 1.80E-23 1.50E-21
melanosome 26 9.10E-20 6.00E-18
pigment granule 26 9.10E-20 6.00E-18
ribosomal subunit 28 9.40E-18 5.20E-16
ribosome 33 3.70E-16 1.60E-14
cytosolic small ribosomal subunit 17 7.00E-16 2.80E-14
lysosome 30 9.00E-14 3.30E-12
Iytic vacuole 30 9.00E-14 3.30E-12
small ribosomal subunit 18 1.70E-13 5.70E-12
vacuole 31 1.50E-12 4.60E-11
membrane-bounded vesicle 43 3.70E-10 1.00E-08
cytoplasmic membrane-bounded vesicle 42 4.90E-10 1.20E-08
chaperonin-containing T-complex 7 1.70E-09 4.10E-08
vesicle 45 5.60E-09 1.20E-07
cytoplasmic vesicle 43 1.40E-08 3.00E-07
proteasome complex 13 3.30E-08 6.40E-07
heterogeneous nuclear ribonucleoprotein complex 8 9.90E-08 1.80E-06
intracellular non-membrane-bounded organelle 105 2.90E-07 5.10E-06
non-membrane-bounded organelle 105 2.90E-07 5.10E-06
cytosolic large ribosomal subunit 10 3.30E-07 5.50E-06
proteasome core complex 8 3.70E-07 5.80E-06
membrane-enclosed lumen 81 6.90E-07 1.00E-05
organelle lumen 79 1.30E-06 1.80E-05
endoplasmic reticulum lumen 12 5.20E-06 7.10E-05
large ribosomal subunit 11 6.60E-06 8.70E-05
platelet alpha granule lumen 9 7.20E-06 9.20E-05
cytoplasmic membrane-bounded vesicle lumen 9 1.30E-05 1.50E-04
soluble fraction 23 1.60E-05 1.90E-04
vesicle lumen 9 1.80E-05 1.90E-04
actin cytoskeleton 21 1.70E-05 2.00E-04
intracellular organelle lumen 73 2.70E-05 2.90E-04
spliceosome 14 3.00E-05 3.10E-04
ER-Golgi intermediate compartment 8 6.80E-05 6.80E-04
platelet alpha granule 9 7.70E-05 7.50E-04
nucleolus 36 8.70E-05 8.20E-04
extracellular region part 44 1.80E-04 1.60E-03
extracellular matrix 20 1.30E-03 1.20E-02
cell surface 20 1.40E-03 1.20E-02
cortical cytoskeleton 7 1.40E-03 1.20E-02
perinuclear region of cytoplasm 17 2.70E-03 2.30E-02
basement membrane 8 3.60E-03 2.90E-02
nuclear lumen 54 3.80E-03 3.00E-02
extracellular space 30 4.70E-03 3.60E-02
cell cortex part 8 5.00E-03 3.70E-02
eukaryotic translation elongation factor 1 complex 3 6.10E-03 4.40E-02
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Figure 3.3.28Graphical representation of Table 3.3.31 depic@@ cellular component enrichment and their corredpw adjusted p-value 00.05
(Benjamini) for differentially-expressed host gatbteins identified in the conditioned media of BI2 cell line at 31 C when 24hrs was compared @&his}
(post-temperature-shift for a culture grown in flath
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3.3.6 Qualitative analysis of proteins identified by labé&free LC/MS profiling

of conditioned media from a DP12 CHO cell line
As detailed in section 3.3.4, the lists of proteuesntified by Progenesis label-free
software are those that are deemed to changeativeebundance under a given set
of conditions. However by generating a list ofe{pressed proteins identified in the
conditioned media, it is possible to identify drfaces and similarities between
proteomes under different environmental conditionfrom different cell lines. This
could have important implications for the ability generic anti-HCP ELISAS to
detect contaminating HCPs in the final drug sulistaof products manufactured
using different CHO cell lines or culture conditson

The RAW files obtained from LC/MS analysis of eamnditioned media sample
were searched against both the CHO NCBI and CHOdBifabases using Mascot
and SEQUEST search algorithms as detailed in se8ti®5.

Protein lists obtained as a result of these searalege then combined and, as per
section 3.3.5, in order for a protein to be con@Ede“present” under a given
condition, it had to be identified in a minimum ©¥o biological samples by the
Mass Spectrometer.

The following comparisons were made by overlappimglists of identified proteins:

DP12 37 C vs 31 C Cultures
o0 Proteins identified with 1 or more peptides

o Proteins identified with 2 or more peptides

3.3.6.1 Qualitative comparison of HCPs identified in tempeature-shifted and
non-temperature-shifted DP12 cultures

When a comparison of proteins identified in tempeeashifted and non-

temperature-shifted cultures from a DP12 cell imenade it can be seen that while

there is a large number of proteins common to celtonditions, there is also a

cohort of proteins that are also unique to eactuneicondition (Figure 3.3.29 A).
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In order to further investigate this observatiopeaond comparison was made based
on proteins identified using two or more peptidése use of a minimum of two
peptides to identify a protein further strength#resbasis on which the identification
was made. This second comparison (Figure 3.3.28nBys a similar result to that
observed in Figure 3.3.29 A and again identifiesilapopulation of proteins unique
to both temperature-shifted and non-temperaturiéeshicultures. This result
indicates that cell culture conditions can impagcttee HCP profile expressed in a
DP12 cell line. A full list of all the proteins idé&fied in Figure 3.3.29 A and
Figure 3.3.29 B are provided in Appendix C, Talde%36 - 3.3.40.

Figure 3.3.290verlap of the list of proteins identified in thenditioned media of an

IgG secreting DP12 CHO cell line grown at 37 C &idC over 216 hours in shake
flask culture. Samples were collected in biologicgilicate and taken at 24, 72, 96,
120 and 144 hours post-temperature-shift. Venn rdag(A) represents those
proteins identified using a minimum of 1 or moref@es. Venn diagram (B) is

compiled from those proteins identified using aimuim of 2 or more peptides.
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3.3.7 Qualitative comparison of HCPs identified in a CHOK1 and DP12 cell
line

A list of all HCPs identified in the cell culturaugernatant of each cell line was
generated using both CHO NCBI and CHO BB databaseglentify proteins
expressed under both temperature-shifted and moperture-shifted conditions.
Due to the similar viabilities of CHO-K1 and DP1&lls at 37 C, as well as CHO-
K1 and DP12 cells at 31 C, it was felt that protksts generated from these cultures
were comparable. With this in mind, both @7and 31C lists were compared to

identify proteins are common or unique to eachloedl as follows:

DP12 vs CHO-K1
o0 Proteins identified with 1 or more peptides
o Proteins identified with 2 or more peptides

Based on proteins identified using a minimum of qeptide for identification,
1,181 proteins were identified between both celédi (Figure 3.3.30 A). Of these,
662 HCPs were common to both cell lines, 304 wengue to CHO-K1 and the
DP12 cell line expressed 215 unique HCPs. A sintiland was observed when
proteins whose identification was based on a mininad two peptides was used to
form the basis of the comparison (Figure 3.3.30 Bhile 462 proteins were
common to both cell lines, 154 HCPs were uniqu€El®D-K1 and 145 were unique
to the DP12 cell line. Based on this set of resulippears that while there is a large
number of HCPs expressed by both cell lines, tieeadso a subpopulation of HCPs
that are unique to both CHO-K1 and DP12 cell linedull list of all the proteins
identified in Figure 3.3.30 A and Figure 3.3.30 BE: grovided in Appendix C,
Tables 3.3.41 - 3.3.45.
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Figure 3.3.300verlap of the list of proteins identified in thenditioned media of an
IgG secreting DP12 CHO cell line and a non-prodgic@HO-K1 cell line grown at
37 C and 31 C in shake flask culture. Samples vesttected in biological triplicate
from both cell lines and taken at 24, 72, 96, 180 @44 hours post-temperature-
shift from the DP12 cell line and 24, 72, 96 an@{r2 from the CHO-K1 cell line.
Venn diagram (A) represents those proteins ideatifising a minimum of 1 or more
peptides. Venn diagram (B) is compiled from thosetgins identified using a

minimum of 2 or more peptides.
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3.3.7.1 Qualitative comparison of HCPs identified in a CHOK1 and a DP12
cell line under temperature-shifted and non-temperture-shifted
conditions

In order to decipher the findings in section 3.3ufther comparisons were made

between both cell lines based on proteins idenitiie(i) 37 C (ii) 31 C.

These comparisons were carried out as follows:

DP12 vs CHO-K1 37 C
o Proteins identified with 1 or more peptides
o Proteins identified with 2 or more peptides
DP12 vs CHO-K1 31 C
o Proteins identified with 1 or more peptides

o Proteins identified with 2 or more peptides

Based on proteins identified using a minimum of tpeptides, 390 proteins were
common to both CHO-K1 and DP12 cell lines at 37Fygre 3.3.31). 110 were
found to be unique to CHO-K1 and 126 unique to DPI& second comparison
overlapped the lists of HCPs identified in CHO-KhdaDP12 grown under
temperature-shift conditions. This comparison fothmat of those proteins identified
using two or more peptides, 157 proteins were wniguthe DP12 cell line and 143
were unique to CHO-K1 while 350 were common to lowth lines (Figure 3.3.32).

Taken together, this set of results appears texatéithat there are subpopulations of
HCPs that are unique to different cell lines. ldliidn to this, these subpopulations
can be influenced by the environmental conditionden which the cells are grown.
A full list of all the proteins identified in Figar 3.3.31 and Figure 3.3.32 are
provided in Appendix C, Tables 3.3.46 - 3.3.55.
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Figure 3.3.310verlap of the list of proteins identified in thenditioned media of an

IgG secreting DP12 CHO cell line and a non-prodgicdHO-K1 cell line grown at

37 C in shake flask culture. Samples were colleatduiological triplicate from both

cell lines and taken at 24, 72, 96, 120 and 144shpast-temperature-shift from the
DP12 cell line and 24, 72, 96 and 120hrs from th#OEK1 cell line. Venn diagram

(A) represents those proteins identified using aimium of 1 or more peptides.
Venn diagram (B) is compiled from those proteinsnidfied using a minimum of 2

or more peptides.
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Figure 3.3.320verlap of the list of proteins identified in thenditioned media of an

IgG secreting DP12 CHO cell line and a non-prodgicdHO-K1 cell line grown at

31 C in shake flask culture. Samples were colleatduiological triplicate from both

cell lines and taken at 24, 72, 96, 120 and 144shpast-temperature-shift from the
DP12 cell line and 24, 72, 96 and 120hrs from th#OEK1 cell line. Venn diagram

(A) represents those proteins identified using aimum of 1 or more peptides.
Venn diagram (B) is compiled from those proteinsnidfied using a minimum of 2

or more peptides.
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3.3.8 Utilisation of CHO specific proteomic databases irthe identification of
HCPs in conditioned media samples from a non-produeg CHO-K1 cell
line and an IgG secreting DP12 cell line.

The work detailed in this thesis has benefited fittun relatively recent publication

of two CHO specific proteomic databases (MeleadsleR012; Xu et al. 2011). As

discussed in section 1.5.5.1, the CHO NCBI proteataitabase was generated from

CHO-K1 genome information while the CHO BB datab@&serimarily based on

information from cDNA expressed in a variety of CH@Il lines grown under

different culture conditions, therefore, the useboth databases should result in
increased coverage of the CHO proteome (Meleadwl.e2012). This section
outlines the advantages of using both databast#geiexamination of mass spectral

data acquired during the proteomic analysis of Gid@ditioned media.

A list of proteins identified in the cell cultur@igernatant of a CHO-K1 and a DP12
cell line was compiled following mass spectral gs@l. In order for a protein to be
considered “identified” a search of the RAW dataiagt one of the CHO databases
previously mentioned must be detect that proteim iminimum of two biological
samples from both 37 C and 31 C cultures. The pmosdso had to be detected in
twice in a given database in order to be consid&cdehtified”, proteins that were
detected only once were removed from further amalyEhe protein samples were
collected in biological triplicate and taken at Z2, 96, 120 and 144 hours post-
temperature-shift as per (Figure 3.3.1).

Both databases were compared overlapping the disidentified proteins in the
CHO-K1 and DP12 cell line as follows:

CHO-K1
o Proteins identified with only 1 peptide
o Proteins identified with 2 or more peptides
o Proteins identified with 1 or more peptides
DP12
o Proteins identified with only 1 peptide
o0 Proteins identified with 2 or more peptides

o Proteins identified with 1 or more peptides
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3.3.8.1 Comparison of CHO NCBI and CHO BB proteomic databass in the
identification of HCPs from a non-producing CHO-K1 cell line

As can be seen in Table 3.3.56, when the RAW flesined from mass spectral
analysis were searched against the CHO NCBI pratedatabase a total of 966
proteins were identified in the conditioned mediaao CHO-K1 cell line. This
included 364 proteins identified using one peptae 602 identified using two or
more peptides. A search of the same files agamesiCtHO BB database identified
769 proteins, of which 225 were detected by ondigemnd 544 were identified
using two or more peptides.

A second comparison was then made based on overippipe list of proteins
identified in each database irrespective of how ynpaptides were used in the
identification of that protein. A comparison betwedatabases solely comparing
‘one hit wonders’ or proteins identified using two more peptides was not carried
out as there may be instances where a proteindeasified by two or more peptides
in one database and that same protein identifieahigypeptide in the other database.
This would have led to an inaccurate tabulatiothef proteins identified. When the
lists of proteins identified using the CHO NCBI a@HO BB databases were
overlapped 598 proteins were found to have beemumto both databases (Figure
3.3.33). 368 proteins identified were unique to @O NCBI database and 171
were only detected using the CHO BB database. Aligtl of all the proteins
identified in Figure 3.3.33 are provided in Appen@i Tables 3.3.57 - 3.3.59.
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Table 3.3.56Table displaying the number of proteins identifiadhe conditioned
media of a CHO-K1 cell line grown under temperatsiégt and non-temperature-
shift cultures with samples taken at 24, 72, 96 B2@ hours post-temperature-shift.
RAW files from the mass spectral analysis were et against the CHO NCBI
and CHO BB protein databases. Columns are dividemthose proteins identified
by 1 peptide and proteins identified by 2 or moeptules.

Figure 3.3.330verlap of the list of proteins identified in thenditioned media of a
non-producing CHO-K1 cell line. Samples were cdaéidcfrom both temperature-
shift and non-temperature-shift cultures. Samplesevtaken at 24, 72, 96 and 120
hours post-temperature-shift. RAW files from magsctral analysis were searched
against CHO NCBI and CHO BB proteomic databasedy @roteins that were
detected in at least two biological samples werented. The Venn diagram
represents those proteins identified using a mininofi 1 or more peptides.
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3.3.8.2 Comparison of CHO NCBI and CHO BB proteomic databass in the
identification of HCPs from an 1gG secreting DP12 ell line
Similar to section 3.3.8.1, RAW files obtained dgrimass spectral analysis of cell
culture supernatant from a DP12 cell line wered®ad against the CHO NCBI and
CHO BB proteomic databases. A total of 845 protdantifications were retrieved
from the CHO NCBI database, including 261 protedentified using one peptide
and 584 identified using two or more peptides. Arele against the CHO BB
database identified 204 proteins with one peptittk 232 were identified using two
or more peptides. This resulted in 736 proteingdp@ientified using the CHO BB
database (Summary Table 3.3.60).

The number of proteins identified that were commonnique to each database was
also compared. As per section 3.3.8.1 the compars@as made based on
overlapping the list of proteins identified in eaddtabase irrespective of how many
peptides were used in the identification of thait@n. When the lists of proteins
identified using the CHO NCBI and CHO BB databasese overlapped 574
proteins were found to have been common to bothbdses (Figure 3.3.34). 271
proteins identified were unique to the CHO NCBIatetse and 162 were only
detected in the CHO BB database. This result shbatsthe availability of a second

CHO database has greatly increased the number Bshtfntified in the sample set.

The number of proteins identified that are commpurdque to each database were
also compared. As per section 3.3.8.1 the comparis@s made based on
overlapping the list of proteins identified in eaddtabase irrespective of how many
peptides were used in the identification of thatt@n. This comparison found that
574 of the proteins identified were common to bibth CHO NCBI and CHO BB
databases (Figure 3.3.34). 271 proteins were ieohtas being unique to the CHO
NCBI database and 162 were only detected usinGH@ BB database.

These results, coupled with those from sectiorB3ldndicate show that the use of a
second database has increased the number of pigeetifications by a minimum of
171 and 162 proteins respectively (depending orthvtiatabase is being used). This
shows that this work has clearly benefited from d@vailability of a second CHO

database by greatly increasing the number of H@&tified in each sample set.
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Table 3.3.60Table displaying the number of proteins identifiadhe conditioned
media of a DP12 cell line grown under temperatiniéi-and non-temperature-shift
cultures with samples taken at 24, 72, 96, 120Jaddhours post-temperature-shift.
RAW files from the mass spectral analysis were et against the CHO NCBI
and CHO BB protein databases. Columns are dividemthose proteins identified
by 1 peptide and proteins identified by 2 or moeptules.

Figure 3.3.340verlap of the list of proteins identified in thenditioned media of an
IgG secreting DP12 CHO cell line. Samples wereectdld from both temperature-
shift and non-temperature-shift cultures. Samplesewaken at 24, 72, 96, 120 and
144 hours post-temperature-shift. RAW files from smaspectral analysis were
searched against CHO NCBI and CHO BB proteomichdetas. Only proteins that
were detected in at least two biological samplesevo®unted. The Venn diagram
represents those proteins identified using a mimnad 1 or more peptides. A full
list of all the proteins identified in this figuran be found in Appendix C, Table
3.3.61 - 3.3.63.
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3.3.9 Summary

In accordance with our initial findings in the npreducing CHO-K1 cell line,
guantitative label-free LC/MS analysis of an Ig@qucing DP12 cell line identified
an increase in relative abundance of proteins thiéhpotential to negatively affect
product quality (proteases/glycosidases) at latgestulture compared to early stage
culture under both temperature-shifted and non-g&¥atpre-shifted conditions. In
addition, proteins with the ability to impact cellbility (apoptotic proteins) were
found to be down-regulated under temperature-ghifnditions compared to non-
temperature-shifted conditions at 144hrs. Furtheena was also shown that
substantial differences exist in the HCP profilenir producing and non-producing
CHO cells when compared under both temperaturéeshiand non-temperature-
shifted conditions. This analysis utilised two CHecific proteomic databases that
were recently released. The use of both databaeeslpd increased coverage of the
secretome of both CHO cell lines allowing a greateanber of HCPs to be identified

than if only one database was available.
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4.0 Phosphoproteomic Analysis of CHO cells

Chapter overview

There have been a number of studies to profileptbéeome of the CHO cell that
have provided insights into the changes that celtglergo in response to
temperature-shift. Through profiling the phosphegome however it was hoped
that the cell signalling events that result in theBanges would be revealed.

Initially an antibody array based approach wasisatl to investigate a panel of
kinase for changes in phosphorylation under tempersshifted conditions
compared to non-temperature-shifted conditionss Tdrray contained antibodies
specific to the phosphorylation sites of 26 kinagetuding ERK, AKT, JNK and
p53, all of which are known to play key roles imtrolling cellular function.

During this study, advances in the sequencing ef @O genome facilitated the
release of two CHO proteomic databases. This edablmore global approach to

profiling the phosphoproteome to be pursued usiranttative label-free LC/MS.

Quantitative label-free LC/MS analysis of phospludgin enriched CHO SEAP
whole cell lysates collected from cells under terapee-shifted and non-
temperature shifted conditions was conducted. Ideorto obtain site specific
phosphorylation data, this experiment was followeygl quantitative label-free
LC/MS analysis of a Gallium oxide phosphopeptidericliment of the

phosphoprotein enriched samples.

While these label-free experiments provided sonfierimation on the differential-
expression of phosphopeptides from proteins inwbivecell cycle and translation,
the data obtained was limited due to the low numidedifferentially-expressed
phosphorylation sites identified.

To increase coverage of the CHO phosphoproteonuspblopeptide enrichment of
CHO SEAP whole cell lysate samples using titaniuroxide and iron oxide
columns were assessed (i) qualitatively for the Inemof phosphopeptides with site
specific information identified (i) quantitativelfor the differential expression of
phosphopeptides.
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The results show that this approach provided samtly enhanced coverage of the
phosphoproteome. It was also shown that the avktjalmf two CHO protein
databases contributed to increased coverage ghtb&gphoproteome.

In addition to the identification of the differeatiexpression of phosphopeptides
from a number of interesting proteins such as NDR&E4G3 and DNA excision
repair protein ERCC-6, GO analysis of quantitatidata from the three
phosphopeptide enrichment strategies was pooleztitegand identified enrichment
of processes including translation, cell divisiondamembrane organisation in

temperature-shifted CHO cells.

The work presented in this thesis is the first tithat profiling of the CHO
phosphoproteome by mass spectrometry has beentgepd¥hile future work to
definitively determine total and phosphorylatedtpio abundance may be required,
the application of phosphoproteomic profiling by smapectrometry to CHO cells
under temperature-shift has provided useful insighto the active cellular response

to reduced culture temperature conditions.
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4.1 Phospho-Kinase Array Analysis of CHO SEAP cells syéct to

temperature-shift
In order to identify candidates potentially invalven the cellular response to
temperature-shift an array based technology was tasassess a panel of kinases for
changes in phosphorylation. This array containdtbadies for 26 different kinases,
of which 9 were MAP kinases (Figure 4.1.1). (A fidit of the kinases detected by

the array is given in section 2.5.6.)

In this particular profiling experiment the arrayasvused to detect changes in
phosphorylation of the different kinases in CHO $Egells that had undergone
temperature-shift (37 C vs 31 C). Samples wereexddid 72hrs after the cell culture
flasks were seeded, 24hrs post-temperature shiftii@ 4.1.2). This time point was
selected as it is still relatively early into temgueire-shift and was more likely to
capture changes in phosphorylation that were atdiesult of culture temperature
reduction. Using a later time point as the basis doalysis may have been
complicated by other signalling events associatéld eells entering into stationary
or death phase. By using this early time point, levithe cells were still in
exponential growth, it was hoped that the signgllevent that triggered growth
arrest and subsequent increase in productivity triighcaptured. Samples used in
this experiment for array analysis (CHO SEAP) ardidation by western bolt
(CHO SEAP and DP12) were grown for up to 96 houwsstyemperature shift
(Figure 4.1.2 and Figure 4.1.3). The increased ymtidity in temperature-shifted
CHO SEAP cells can be seen in Figure 4.1.4. Wediats were carried out on
biological duplicates of CHO SEAP cells and oncesamples from the DP12 cell

line.

The experiment was conducted as a pair-wise cosgariusing biological
duplicates. This was done to ensure robustnessrgmaducibility of the array.
When a fold-change cut-off of 1.5 was applied te thsults, 12 different kinases
were deemed to have a potential change in phoslaltiory status after temperature-
shift (Table 4.1.1).

194



Figure 4.1.1Image of kinase array containing 26 different kesincluding 9 MAP
kinases. The array was used to look at the changlasphorylation of the different
kinases in CHO SEAP cells that had undergone testyoer-shift (37C vs 31C) 24
hrs post-temperature shift.
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Table 4.1.112 Kinases identified using a Phosphokinase asalgaving a potential
change in phosphorylation status in CHO SEAP céhir2 post-temperature shift.
This table represents the average fold change \wx$drom duplicate biological
samples analysed on the array (n=2).
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Figure 4.1.2Growth curve of CHO SEAP cell line under both tenapere-shifted
and non-temperature shifted conditions.

Figure 4.1.3 Growth curve of DP12 cell line under both tempemshifted and
non-temperature shifted conditions.
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Figure 4.1.4 Graph showing the final titre of SEAP secreting Cld€lls grown
under temperature-shifted (31 C) and non-tempeeaghifted (37 C) conditions.
Temperature-shifted culture was placed at 31 Crafghrs in culture. Cells were
collected for proteomic analysis after 24hrs, 48hAghrs and 96hrs at 31 C.

From this panel of 12 kinases, two (P38 and P5d)gdraviously been identified as
being involved in the cellular response to tempeeashift (Roobol et al. 2011).
This provided an interesting partial validationtbfs array as the results obtained
were in agreement with those obtained by RoobolaktAs both P38 and P53
proteins had already been reported, this left eggimdidates that were of interest,
due to a potential change in their phosphorylasitatus as a result of temperature-
shift (after removing P38, , and , and P53). From these, ERK, JNK and Mek6
were initially selected for validation by westertotb The antibodies used for
validation of each phospho-kinase were specifithtosame phosphorylation site as
the antibody on the array. In fact, the primaryseafor the omission of MSK6 from
validation was that there was no antibody availabldetect the phosphorylation of
S360 on MSK6. Antibodies against the unphosphagldorm of ERK, JNK and
MEK®6 were used to detect the relative abundana=aoh kinase. From this it could
be determined whether it was a change in the esioresf the kinase or a change in

phosphorylation that accounted for the resultsinbthusing the array.
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4.1.1 Western blot validation of Total and phosphorylatedERK

Based on the results from the array, of all theagntargets, ERK1 showed the
greatest increase in phosphorylation. Western bhdse conducted in duplicate
using four time points post-temperature shift, eacB4hr intervals, on CHO SEAP
whole cell lysates. As can be seen in Figure 4A)5the level of phosphorylation in
ERK1 is clearly increased on dayl at 31 C compé#odtie same time point at 37 C.
Interestingly, the level of phosphorylation remainsreased over the four time
points at 31 C compared to 37 C where it decreases time. Although the levels
of phosphorylated ERK at 37 C are greatly reduckeir decrease appears to
coincide with the reduction in culture viability. ot for the total ERK1 appears to
indicate that its overall levels within the celhrains constant throughout the culture
(Figure 4.1.5 C). This confirms that in the blot fine phosphorylated form of
ERKZ1, it is in fact an increase in phosphorylatibat is being observed and not just

an increase in total protein.

It should however be noted that the expected mtdesveight of total ERK1 does
not correspond with the band detected. It was érpdbat a band would be detected
at ~44kDa, in Figure 4.1.5 (C) it is just above B@kA band at the same molecular
weight is also detected in the control (MCF7 wha#d lysate). In order to see if this
response was cell line specific, a western blgttadsphorylated and total ERK was
also carried out on an IgG secreting CHO cell [[p&12). Although samples had
been collected at all the time points indicatedtiom DP12 growth curve (Figure
4.1.3), samples used for western blot analysisrgmhjust the 24-96hr range, similar
to the CHO SEAP samples. The behaviour of phosjétey ERK in the DP12 cell
line completely contrasted that observed in CHO BEA&hosphorylated ERK
remained constant over the four time points at 3A@er 24hrs at the reduced
culture temperature, phosphorylated ERK appeaghtsli reduced compared to the
same time point at 37C (Figure 4.1.6 A). Over tina¢ 31 C levels of
phosphorylated ERK appears decrease. It shouldobed nthat the two bands in
Figure 4.1.5 A and Figure 4.1.6 A correspond to ER§44) (upper band) and
ERK2 (p42) (lower band).
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It is interesting to see that in both figures, lneel of phosphorylation of ERK1 and
ERK2 remains relatively similar indicating that tafect of temperature-shift does
not appear to cause the cell to preferentially aighrough ERK1 or ERK2. Of

course, only knockout or inhibition based studiesl@d definitively confirm this.

Although viability remained high over the 24-96teriod investigated, the growth
rate of the DP12 at 31 C is almost completely atifl this is particularly apparent
when compared to the growth rate of the CHO SEAR aethe same temperature.

199



Figure 4.1.5Western blot image of Phosphorylated ERK (A) andltBRK (C) in a
CHO SEAP cell line over time in culture under btgimperature-shifted (31 C) and
non-temperature (37 C) shifted conditions. Alphbauiin (B and D) was used as a
loading control. Time is given in hours post cudtdemperature reduction and Cl is
whole cell lysate from MCF7 human cancer cell lrsea control.
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Figure 4.1.6Western blot image of Phosphorylated ERK1/2 (A) totdl ERK1/2
(C) in a DP12 cell line over time in culture undmth temperature-shifted (31 C)
and non-temperature (37 C) shifted conditions. Alphbulin (B and D) was used as
a loading control. Time is given in hours post grdttemperature reduction and Cl is

whole cell lysate from MCF7 human cancer cell lrsea control.
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The different responses of the two cell lines tdued culture temperature could
underpin the different expression profiles of phusplated ERK. To further
investigate change in phosphorylation of ERK in penature-shifted CHO SEAP
cells a western blot was conducted on MEK1/2, alestream activator of ERK1.
Unfortunately, MEK1/2 could not be detected in 8O SEAP cell line (Figure
4.1.7 A). A band detected at the expected moleaméaght of 45kDa in the control
MCF7 cell line indicated that the antibody was wogk It was hypothesized that the
failure to detect anything in CHO was possibly daethe antibody being raised
against the Human version of MEK1/2 which may navéa similar amino acid
sequence around the same phosphorylation site 0. Gtéwever, by comparing the
amino acid sequence of Human Mek1/2 against the @etSion it was discovered
that the sequence for up to 11 amino acids eitlerf Ser217/221 was completely
homologous. It therefore remains unclear why Mekd#%s not detected in CHO.
Immunoblotting for total MEK1/2 appeared to show thpposite trend to that seen
in phosphorylated ERK1 i.e. an decrease in aburedah@1 C compared to 37 C
(Figure 4.1.7 C). Without an immunoblot of the aetform of MEK1/2 one cannot
draw any firm conclusions. Due to the absence ddrdibody that detects MEK1/2
in CHO, western blots for phosphorylated and tdM&K1/2 were only conducted

once.
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Figure 4.1.7 Western blot image of Phosphorylated Mek1/2 (A) éotal Mek1/2
(B) in a CHO SEAP cell line over time in culturedem both temperature-shifted
(31 C) and non-temperature (37 C) shifted condioalpha tubulin (C) was used as
a loading control. Time is given in hours post ardttemperature reduction and Cl is
whole cell lysate from MCF7 human cancer cell lrsea control.
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4.1.2 Western blot validation of Total and phosphorylatedMEK6

Immunoblotting was also used to confirm the diffégi@ expression of
phosphorylation on MEK6. Kinase array analysis ¢atikd that phosphorylation of
MEK®6 increased 1.9-fold at 31 C. Analysis by westdrot was less conclusive
however. It was expected that a distinct band wbeldletected between 37-40kDa.
As can be seen in Figure 4.1.8 (A), despite algehiocking, incubation and washing
conditions, multiple bands were detected in CHO leteell lysate samples, while
western bolts of total MEK6 failed to detect anyntia in CHO lysates (data not

shown).

Figure 4.1.8Western blot image of Phosphorylated Mek6 (A) iGtaO SEAP cell
line over time in culture under both temperaturdtsti (31 C) and non-temperature
(37 C) shifted conditions. Alpha tubulin (B) wasedlsas a loading control. Time is
given in hours post culture temperature reductioa &l is whole cell lysate from
MCF7 human cancer cell line as a control.
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4.1.3 Western blot validation of Total and phosphorylatedJNK

Western blots were conducted on total INK1 andptiesphorylated form of JNK1
to determine whether changes in the levels of pgihasgation in JINK reported in the
kinase array results were as a result of changélseirabundance of the kinase as
opposed to changes in the levels of actual phogfatmm (Figure 4.1.9). The kinase
array detected a 2.29-fold increase in phosphaglaiNK1 (T183/Y185), a 2.09-
fold increase in phosphorylated JNK3 (T221/Y223)levthe antibody specific for
pan-phospho-JNK (T183/Y185 and T221/Y223) identifee 2.23-fold upregulation
for the phosphorylated forms of JNK1/JNK2/JNK3. Rigure 4.1.9 (A) it can be
seen that bands were detected at multiple moleeudgghts. The most prominent
bands are located at ~37kDa, ~43kDa and, to arlegsent > 70kDa. The predicted
molecular weight of phosphorylated JNK1lis 48kDawlwer distinct bands were
detected at this molecular weight. Similarly in tmemunoblot for total JNK1
numerous bands were detected at different moleawddghts (Figure 4.1.9 C). It
was expected that two well defined bands at 46kieb5#kDa would be observed in
accordance with the predicted molecular weight e kinase. While there is a
prominent band at ~46kDa, other distinct bandD&D4 and 49kDa raise questions
as to the specificity of the antibody. Assumingtthize band detected at 46kDa
corresponds to p46 JNK, then relative abundancthefkinase appears to remain
constant between both temperatures over all fooe fpoints. In the immunoblot of
phosphorylated JNK (Figure 4.1.9 A) the band atkBtB appears to greatest at
24hrs in 31 C when compared to its counterpar7at3

Since the kinase array was used to detect samgites at the 24hr time point, it is
possible that the increased abundance of this t@etda@and accounts for the 2.3-fold
increase in JNK observed in the initial profilingperiment. However given the
amount of non-specific binding seen on some ofitim@unoblots it is possible that

some of the results obtained were as a resultfspecific binding on the array.

It should be noted that none of the non-specifieding observed in the JNK or
MEK®6 immunoblots are believed to be caused by #wmoisdary antibody. This is
because blots incubated with secondary antibody didl not indicate any binding

was taking place (data not shown).
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Figure 4.1.9Western blot image of Phosphorylated JNK (A) artdltdNK (C) in a
CHO SEAP cell line over time in culture under btgimperature-shifted (31 C) and
non-temperature (37 C) shifted conditions. Alphbauiin (B and D) was used as a
loading control. Time is given in hours post cuitdemperature reduction and Cl is
whole cell lysate from MCF7 human cancer cell lrsea control.

206



4.1.4 Western blot validation of Total and phosphorylatedAKT1

Although AKT1 did not show any differential expressin phosphorylation during
array profiling, it was nonetheless worth invedigg to see if the results by western
blot reflected those obtained by the array i.e.fold change. It was also used to
determine if AKT1 changed in phosphorylation ainaet point beyond that measured
by the array. Western blots of AKT1 were conduagtedoth CHO SEAP and DP12
cell lines as one-off experiments. As can be seenFigure 4.1.10 the
phosphorylation of AKT1 remains constant at 24,a#®l 72hrs but then greatly
reduces at 96hrs at 37 C. This is in contrast t€ 3&here the phosphorylation of
AKT1 remains reduced over the 96hrs post-tempezashift. However when the
total abundance of AKT1 is examined (Figure 4.1B)Qit can be seen that it is in
fact a change in the abundance of AKT that is guiise to the appearance of a
change in the phosphorylation of the kinase. Smésults were observed in the
DP12 cell line (Figure 4.1.11). PhosphorylationA{T1 is greatly reduced for the
96hrs post- temperature shift at 31 C compared #eC 3Figure 4.1.11 A) and
relative abundance of total AKT1 remains constastr ahe four time points at both
temperatures in the DP12 cell line (Figure 4.1.)1Tis result indicates that there
is a specific reduction in the phosphorylation &€ in temperature-shifted DP12
cells. Taken together, both results provide soméeexe that either as a
consequence of reduced phosphorylation or a remudt total kinase abundance
that there may be some specific signalling takireeg via AKT1 in recombinant

protein producing CHO cells as a direct respongertyperature-shift.
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Figure 4.1.10Western blot image of Phosphorylated AKT1 (A) aoichl AKT1 (B)

in a CHO SEAP cell line over time in culture unteth temperature-shifted (31 C)
and non-temperature (37 C) shifted conditions. Tisigiven in hours post culture
temperature reduction and Cl is whole cell lysabenf MCF7 human cancer cell line

as a control.
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Figure 4.1.11Western blot image of Phosphorylated AKT1 (A) iDB12 cell line
over time in culture under both temperature-shif8dl C) and non-temperature
(37 C) shifted conditions. Alpha tubulin (B) wasedlsas a loading control. Time is
given in hours post culture temperature reductiot &l is whole cell lysate from
MCF7 human cancer cell line as a control.

4.1.5 Summary

As a result of this study, a number of kinasesuditlg ERK, JNK and AKT were
identified as being potentially involved in the loir response to temperature-shift.
Despite optimising western blot conditions throadiering blocking, incubation and
wash times, efforts to definitively validate thesssults by western blot were
hampered however by the non-specific binding ofeck®n antibodies causing
multiple bands to appear on the blots. While tippraach could provide a useful
platform to analyse changes in the phosphorylapiaiile of kinases involved in a
wide range of cellular functions, the reliance arti-Aauman antibodies to detect
kinases in CHO has proven to be sub-optimal. Tleenesequencing of the CHO
genome which heralded the advent of a CHO spettdfiabase enabled an alternative
approach to be explored; the use of Mass Spectrgmit analyse the

phosphoproteome of CHO cells.
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4.2 Phosphoproteomic profiling of CHO SEAP cells subjec to
temperature-shift

Phosphoproteomic profiling of CHO SEAP cells subjex temperature-shift was

conducted in an effort to identify pathways invalven the cellular response to

reduced culture temperature. Understanding sucthamesms could potentially aid

in the identification of cell engineering targetsextend cellular viability, increase

productivity or influence cellular growth rate.

This chapter details the use of phosphoprotein pihdsphopeptide enrichment
strategies coupled with LC/MS based technology Itaia both qualitative and
guantitative phosphoproteomic information on CHOA8Ecells under reduced
culture temperature conditions.

CHO SEAP cells collected from 37 C and 31 C culsu@6hrs post-temperature-
shift were lysed and prepared for LC/MS analysifollews:

. Whole cell lysate

. Phosphoprotein enrichment of whole cell lysate

. Gallium phosphopeptide enrichment of phosphopraanchment
. Titanium dioxide phosphopeptide enrichment of wiaak lysate

. Iron oxide phosphopeptide enrichment of whole lyskte

4.2.1 Growth of CHO SEAP cells subject to temperature-stit

Eight shake flasks of CHO SEAP cells seeded at 2&&l/ml were set up in a 50ml
volume of serum free CHO-S-SFMII media in a batciture. After 48 hours in
culture, four flasks were selected for temperasimé- and were placed in a 31C
incubator for the remainder of the culture peridfter 36hrs at 31 C CHO SEAP
cells were collected from both temperature-shifeatd non-temperature-shifted
cultures as detailed in methods section 2.3.1 (Eigu2.1). 36hrs was selected
because this is more than sufficient time for cstesit phosphorylation events in
direct response to culture temperature reductidake place and allow any changes
in phosphorylation that may be as a result of shodubside.
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Based on other growth profiling experiments, 36host-temperature-shift is also
still within the exponential phase of growth forstleell line. It was felt that this was
a good point at which to collect cell samples dksignalling events as a result of
temperature-shift may become difficult to decipfiem other signalling events later
in the culture, e.qg., reduced growth rate due ts @ntering stationary phase. The
increased productivity in temperature-shifted CHEAS cells can be seen in Figure

4.2.2.

Figure 4.2.1 Growth curve of SEAP-secreting CHO cell line growmder
temperature-shifted (31 C) and non-temperaturgesthif (37 C) conditions.
Temperature-shifted culture was placed at 31 Crafghrs in culture. Cells were
collected for proteomic analysis after 36hrs atC31
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Figure 4.2.2 Graph showing the final titre of SEAP-secreting Cld€lls grown
under temperature-shifted (31 C) and non-tempeeasuifted (37 C) conditions.
Temperature-shifted culture was placed at 31 Crafghrs in culture. Cells were
collected for proteomic analysis after 36hrs atC31
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4.2.2 Qualitative analysis of phosphopeptide enrichmentfaCHO SEAP

In order to obtain further information on the phlosproteome of temperature-
shifted CHO cells it was decided that a more glgiralfiling approach would be
required. To achieve this, LC/MS was coupled witlhogphoprotein and
phosphopeptide enrichment strategies. It is ontgufh the creation of two CHO
specific databases as a result of recent advancEjuencing the CHO genome that
phosphoproteomic profiling of CHO cells by Mass @pametry has been enabled.
This section assesses the different phosphopegptidehment strategies used in this

study, namely;

Gallium phosphopeptide enrichment of phosphopreteinched CHO whole
cell lysate samples.

Titanium dioxide phosphopeptide enrichment of CHIble cell lysates.
Iron oxide phosphopeptide enrichment of CHO wheliklgsates.

This section also details the contributions mad#hi® study through the use of two

CHO specific proteomic databases.

Following mass spectral analysis of all samplescbed using titanium, gallium and
iron phosphopeptide enrichment methods, a listhafsphopeptides identified was
compiled and compared as outlined above. Each dangn was based on the use of
the SEQUEST algorithm to search all RAW data agdoth CHO NCBI and CHO
BB databases. SEQUEST search criteria used adedetai 2.4.6. An algorithm
called PhosphoRS was used for the assignment cfpplooylation site localisation
(Taus et al. 2011). Searches performed with Phd®Bhased a site probability of
0.99 (this corresponds to a false localization (BteR) of 1%), peptide to spectrum
match (PSM) ambiguity was defined as unambiguousk geptide probability was
<0.05.

Tallying of phosphopeptides and phosphorylatioessitdentified was conducted
using a conservative counting method such thaémdifft charge states, oxidation of
methionine residue and mis-cleaved variations waoé considered as unique
peptides. Unless otherwise stated these are thhehsparameters used to identify

phosphopeptides in the comparisons that follow.
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4.2.2.1 Comparison of enrichment methods - Qualitative analsis of all
phosphopeptides and phosphosites identified

The use of different enrichment strategies to peatie phosphoproteome of CHO

cells in this work significantly increased the nuanlof phosphopeptides identified

with site-specific information. This section ca@les all the phosphopeptides

identified in this work and compares the differeréthods used for their enrichment.

Lists of identified phosphopeptides were generdigdsearching the RAW files
obtained from LC/MS analysis of phosphopeptidearaidl CHO SEAP samples as
detailed in section 4.2.2. In order for a phosplptide to be considered identified it
must have been detected in a minimum of two samgpécates for the respective
enrichment method from either temperature-shifted non-temperature-shifted
cultures. Lists obtained were then compared torohéte what phosphopeptides

were common or unigue to each enrichment method.

As a result of this comparison;

1,307 phosphopeptides were identified resultingh@ detection of 1,480
phosphorylation sites

Iron oxide enriched 960 phosphopeptides (1,076 giastes)

Titanium dioxide enriched 867 phosphopeptides (I fiflosphosites)
Gallium oxide enriched 105 phosphopeptides (12Gphosites)

Although Gallium oxide was by far the poorest emment method, it should be
remembered that the starting material used foiualbxide enrichment were pre-
enriched phosphoprotein samples and not wholelysdites as was the case with
titanium or iron enrichment methods. It is therefatifficult to make a direct
comparison between Gallium oxide and Titanium diexi Iron oxide enrichment

methods.
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Nonetheless, for the purpose of understanding timributions made by the three
enrichment methods, Figure 4.2.3 shows the numbghosphopeptides that are

common and unique to the different enrichment ckames.

Titanium and iron have the greatest number of shgrkosphopeptide
identification with 556 common to both enrichmergthods.

402 phosphopeptides were uniquely identified by iemrichment, followed
by titanium with 294 and gallium with 36.

51 phosphopeptides were enriched by all three mstho

A full list of the phosphopeptides identified ingkre 4.2.3 is available in Appendix
D Table 4.2.2 — Table 4.2.8. Also identified insthnvestigation were a number of
multiply-phosphorylated peptide species (Figure.4.2 Singly phosphorylated
peptides are typically identified using Gallium amdanium enrichment methods
while multiply-phosphorylated species are usuallyrighed using Iron based
methods. In this instance however no such bias abagrved with both methods

enriching similar numbers of singly and multiplygsiphorylated phosphopeptides.
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Table 4.2.1Table indicating the total number of phosphopejgtigtentified using
each phosphopeptide enrichment method followingckenrent of CHO SEAP cells
grown under temperature-shifted and non-temperaifeed conditions

Figure 4.2.3Venn diagram of the number of phosphopeptidesareatommon and
unique to each phosphopeptide enrichment methddwiolg enrichment of CHO
SEAP cells grown under temperature-shifted and tearperature-shifted
conditions. A full list of the phosphopeptides itibed are available in Appendix D,

Table 4.2.2 — Table 4.2.8.
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Figure 4.2.4Graph of the number of phosphorylation sites pgatide as identified
by titanium, iron and gallium phosphopeptide ermeint methods following LC/MS
analysis of CHO SEAP cells subject to temperaturi:s

217



4.2.2.2 Utilisation of CHO specific proteomic databases inthe analysis of
LC/MS data in a phosphoproteomic study
The relatively recent publication of two CHO specgroteomic databases (Meleady
et al. 2012; Xu et al. 2011) has enabled the ifleation of 1,307 phosphopeptides
and 1,480 sites of phosphorylation in this invesia@n. Here, the improvement in
the number of phosphopeptides identified through tise of a CHO specific
database is examined. In addition to this, the @idhgges of using a second database
are also explored.

A simple comparison was set up in order to deteemirhether there were any
significant differences in the number of phosphdjles identified using the CHO
databases compared to searching the data againsinhumouse, rat and CHO
protein information available in the UniProt/SwRmst database. It should be noted
that the CHO element of the UniProt/Swiss-Prot lolase is sequence information
that was available prior to the advent of the eittee CHO NCBI or CHO BB
database. As outlined in introduction section 115.8he key difference between the
two CHO databases is that the CHO NCBI proteomialzise is primarily based on
CHO-K1 genome information while the CHO BB databasginates from cDNA
expressed in a variety of CHO cell lines grown undiéerent culture conditions
(Meleady et al. 2012). The comparison was baseseanching a raw data file from
the LC/MS analysis of an Iron phosphopeptide emnieht of cells grown at 3C
against both CHO NCBI and CHO BB databases andchsagai UniProt/Swiss-Prot
database containing protein sequence informatiomdionan, mouse, rat and CHO.
At the time of analysis, the CHO NCBI database aimatd 24,383 sequences, CHO
BB contained 15,285 sequences while 20,273 Hum@w42 Mouse and 7,875 Rat
sequences were contained in the UniProt/Swiss-tRatdbase. A list of identified
phosphopeptides was generated by searching the RI&VEs detailed in section
4.2.2. As mentioned previously, this file was atearched against a UniProt/Swiss-
Prot database, this search was based on the sanch sateria as section 4.2.2.
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As a result of this search the following were idlied;

208 phosphopeptides using both CHO NCBI and CHQlBRbases
107 phosphopeptides using the UniProt/Swiss-Priatbdae
112 phosphopeptides were unique to the CHO spetatibases

This result clearly shows that use of the CHO djmeproteomic databases vastly
improves the number of phosphopeptides identifiedjure 4.2.5). Although 11
phosphopeptides were unique to the UniProt/Swiss-8atabase, the use of both
CHO databases identified 95 of the 106 phosphogeptiidentified by the
UniProt/Swiss-Prot database. This indicates thatuse of CHO specific proteomic
databases is not only comparable in the identiboatobtained from a search that is
primarily based on sequence homology, but it sigaitly increases

phosphoproteomic coverage.

Figure 4.2.5Venn diagram showing the number of phosphopeptdigified when
the raw file from LC/MS analysis of a phosphopeptahriched CHO SEAP sample
was searched against CHO BB, CHO NCBI and Swiss{Rtoman, mouse, rat and
CHO {downloaded Jan 11}) databases. A full listtteé phosphopeptides identified
are available in Appendix D, Table 4.2.9 — Tab 15.
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Figure 4.2.6 (A) provides an example of the usBbAST analysis to identify a
protein based on sequence homology in a relatediespevhose genomes are
sequenced and so have a well annotated databasifiédl following a search of
the CHO databases, a phosphopeptide sequence fenprotein Transcription
activator BRG1 is searched against BLAST and istiled as having 100%
sequence homology with human, mouse and rat. Ugmaglitional search
methodologies this protein would almost certairdyd been identified if the LC/MS
data file was searched against a database corgaeguence information from any
of these species. A BLAST search of a phosphopeetjuence from the protein
“LIM domain only protein 7" shows that while the gile shares some sequence
homology with the human version, there are stillnamber of amino acid
substitutions which may lead to the peptide nonndpeidentified depending on
database search cut-offs, see Figure 4.2.6(B).henaxample of a phosphopeptide
searched against BLAST is that of a peptide frorkaEyotic translation initiation
factor 4 gamma 3. Although there is still signiit@equence homology between the
human and CHO version of the protein, an amino sglktitution of a serine for an
alanine may have lead to an incorrect phosphooylatissignment on the peptide
Figure 4.2.6 (C). (Symbols for the amino acids i8griTyrosine and Threonine are
shown in Table 4.2.2.) These examples provide éur#vidence of the benefits of
availing of a CHO-specific database when using &IMS based approach to

characterise the phosphoproteome of CHO cells.

Amino Acid Symbol
Serine S
Tyrosine Y
Threonine T

Table 4.2.16Symbols denoting the amino acids Serine, TyrosmkeTreonine.
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Figure 4.2.6 Example of the use of BLAST analysis to identifpratein based on
sequence homology in a related species with a avelbtated database. (A) shows
100% sequence homology when a peptide from the @H®ein “Transcription
activator BRG1” is searched against Human and maiagsabases. (B) shows that
although the correct protein “LIM domain only pnot&” is identified, a number of
amino acid substitutions means there is less th#i?6lhomology between the
peptides. (C) indicates the potential for incorr@ssignment of phosphorylation due
to amino acid substitutions surrounding ThreoniB€TI12).
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While the improvement in the number of phosphopigstidentified through the use
of CHO specific databases have just been displaliedmportance of the use of the
two available databases (from genomic DNA and esqggé DNA) will now be
outlined.

Lists of phosphopeptides were generated by seay¢chenRAW files obtained from
LC/MS analysis of phosphopeptide enriched CHO SE&Rples as detailed in
section 4.2.2. In order for a phosphopeptide tadmesidered identified in a given
database it had to be detected in a minimum of itvdependent samples for the
respective enrichment method from either tempeeashifted or non-temperature-
shifted cultures. Lists of phosphopeptides idesdifiwere then compared to

determine what phosphopeptides were common or anmeach CHO database.

The following comparisons were made by overlappthg lists of identified

phosphopeptides:

CHO NCBI vs CHO BB database
o Gallium phosphopeptide enrichment
o Titanium phosphopeptide enrichment

o Iron phosphopeptide enrichment

Figure 4.2.7 shows the distribution of phosphomEpidentifications between the
CHO NCBI and CHO BB databases when LC/MS data f&@&©O SEAP whole cell
lysate samples were enriched using iron oxide spimmns. Figure 3.3.34 shows the
distribution of phosphopeptides from the same detab when titanium dioxide spin
columns were used for phosphopeptide enrichmerth Bamparisons show that the
CHO BB identified a smaller number of unique phasptated peptides than the
CHO NCBI database. Nonetheless, its use contribuged additional 50
phosphopeptide identifications in the case of ioxde enrichment and increases
titanium dioxide enrichment identifications by 44. both instances the CHO BB
database was capable of identifying >60% of all gphopeptides identified.
Although the number of phosphopeptides identifisthg gallium oxide enrichment
is significantly smaller than the two previously miened methods, the use of the
CHO BB database increases the phosphopeptide fidahtin rate by just over 8%
(Figure 4.2.9).
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As evidenced by these examples, the use of a sedatabase has provided a
number of additional identifications that would etise not have been obtained.
The resulting increase in proteome coverage idwefons benefit for a study such as
this. A full list of the phosphopeptides identified Figure 4.2.7, Figure 3.3.34 and
Figure 4.2.9 are available in Appendix D, Table #72- Table 4.2.25.

Figure 4.2.7 Overlap of the list of phosphopeptides identifedter the iron oxide
enrichment of a whole cell lysate from a CHO SEAH# kne. Four samples were
collected from both temperature-shift and non-terajpee-shift cultures 36hrs post-
temperature-shift (eight samples total). All eigh&AW files from mass spectral
analysis were searched against CHO NCBI and CH(Q®B:omic databases. Only
phosphopeptides that were detected in at least ihndependent samples were
considered to be identified. A full list of the Ephopeptides identified are available
in Appendix D, Table 4.2.17 - Table 4.2.19.

Figure 4.2.8 Overlap of the list of phosphopeptides identifigitier the titanium

dioxide enrichment of a whole cell lysate from a@BEAP cell line. Four samples
were collected from both temperature-shift and tenperature-shift cultures 36
hours post-temperature-shift (eight samples togdl) eight RAW files from mass

spectral analysis were searched against CHO NCHBI @RO BB proteomic

databases. Only phosphopeptides that were detéttadl least two independent
samples were considered to be identified. A fudit lof the phosphopeptides
identified are available in Appendix D, Table 4@-2Table 4.2.22.
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Figure 4.2.90verlap of the list of phosphopeptides identifedtkr the gallium oxide

enrichment of a whole cell lysate pre-enriched gbosphoproteins from a CHO
SEAP cell line. Three samples were collected frathliemperature-shift and non-
temperature-shift cultures 36hrs post-temperathife-&ix samples total). The six
RAW files from mass spectral analysis were searagainst CHO NCBI and CHO
BB proteomic databases. Only phosphopeptides tlea¢ \d@etected in at least two
independent samples were considered to be idehtifi@ full list of the

phosphopeptides identified are available in AppemiTable 4.2.23 - Table 4.2.25.
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4.2.2.3 Phosphopeptides uniquely identified in temperatureshifted or non-
temperature-shifted cultures

Qualitative lists obtained from the titanium diogidnd iron oxide phosphopeptide
enrichment of CHO SEAP whole cell lysate samplesd agallium oxide
phosphopeptide enrichment of whole cell lysate demppre-enriched for
phosphoproteins were compiled. By comparing theses lit was hoped that
phosphopeptides whose phosphorylation may be urtiguemperature-shifted or
non-temperature-shifted cultures could be idemtifi@hese lists may provide
information on phosphopeptides that are uniquelysphorylated at either culture
temperature. This could indicate that a protein, @sda consequence, a pathway is

turned ‘on’ or ‘off’ at a given temperature.

Lists of identified phosphopeptides were generdigdsearching the RAW files
obtained from the LC/MS analysis of both cultuneperatures and each enrichment
method. In order for a phosphopeptide to be consitlas unique to a given culture
temperature it had to be identified in a minimunthoke out of the four samples for
that temperature for titanium and iron enriched @asiand in a minimum of two out
of the three samples in the case of gallium endclsamples. The lists of
phosphopeptides that met these criteria were tlmnpared to lists of all the
phosphopeptides identified by all three enrichmemtthods at the opposing
temperature. If any phosphopeptide from the ‘paadigtunique’ list was found in
any of the lists from all the phosphopeptides idext using the three enrichment
methods at the opposing temperature it was no forgasidered ‘potentially

unique’ and removed from further analysis.

In addition to this, if a protein of one of the gipbopeptides from the ‘potentially
unique’ list was identified as a protein of onetloé phosphopeptides identified in
the three enrichment methods at the opposing teatyerthen this phosphopeptide
was no longer considered ‘potentially unique’ aechoved from further analysis.
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Based on these criteria, 64 phosphopeptides wemtifikéd as being ‘potentially

unique’ in the 37 C culture with slightly less thaalf that number identified in the

31 C culture (Table 4.2.26). Interestingly, wherblea4.2.27 and Table 4.2.29 are
compared it can be seen that titanium and ironcenrént methods both contained
phosphopeptides from the proteins TBC1 domain famkember 17 and PERQ
amino acid-rich with GYF domain-containing proteinthat are considered to be
unique in the 37 C culture. Similarly, a phosphdpm from the protein 60S

ribosomal protein L12, considered to be unique he 81 C culture, was also

enriched using both titanium and iron enrichmenthods (Table 4.2.28 and Table
4.2.30).

This analysis also identified a number of translainitiation factors as being unique
to different culture temperatures, such as trapgon initiation factor TFIID subunit

6-like and activating transcription factor 7-intetiag protein 1 at 37 C and
transcription factor jun-B-like, transcription factDp-1 isoform 1 and eukaryotic

translation initiation factor 3 subunit A-like at &.

Table 4.2.26This table shows the number of phosphopeptiddsatieaconsidered to
be ‘potentially unique’ to temperature-shifted amah-temperature-shifted cultures
using gallium, titanium and iron enrichment method@kis table also contains the
table number for the list of potentially unique ppbopeptides from each
enrichment method and each culture temperature.

226



Table 4.2.27List of phosphopeptides that were only identifiedCHO SEAP cells at 37 C using titanium dioxideopphopeptide enrichment.
Database denotes which CHO proteomic database hibgppopeptide was identified in (N= CHO NCBI) (BB4G BB). The table also
indicates the number of independent biologicalicapts that the phosphopeptide was identified or. this list each phosphopeptide was

identified in a minimum of three biological replies.

Number of
Database times Peptide Protein Name Gene symbol
identified

N/BB 3/4 GSQPGPAVESQSSPR Band 4.1-like protein 2 EPB41L2
N/BB 4 TISDGTISASK Formin-binding protein 1-like FNBP1L
N/BB 4 SDSLLSFR Cdc42 effector protein 1 CDC42EP1
N/BB 4 IHRASDPGLPAEEPK CAD protein CAD

N 4 EPSSPSPPISPLPLSTR TBC1 domain family member 17 TBC1D17

N 4 SALLAQNGTSSLPR Pleckstrin-likey-like domain family B member 1 PHLDB1

N 4 LKSPPHSPGNLMDN Snurportin-1 SNUPN

BB 4 ESVPDFPLSPPK Stathmin STMN1
N/BB 3 SKDHFGLEGDEESTmLEDSVSPK Talin-1 TLN1
N/BB 3 GDLSDVEEEEEEEMDVDEATGAPK |Paired amphipathic helix protein Sin3a SIN3A
N/BB 3 DTPTSAGPNSFNK PEST proteolytic signal-containing nuclear protein PCNP
N/BB 3 DTSTEALLKSSPEER Transcriptional repressor p66 alpha GATAD2A
N/BB 3 SPGGPGPLTLK Zyxin ZYX
N/BB 3 LSVHDLKPLDSPGR Thyroid receptor-interacting protein 11 TRIP11
N/BB 3 AGSQLGLDHLR Rab3 GTPase-activating protein catalytic subunit RAB3GAP1
N/BB 3 SMEVDLNQAHMEDTPK Maternal embryonic leucine zipper kinase MELK
N/BB 3 VPSVESLFR Golgin subfamily A member 4 GOLGA4
N/BB 3 GPSSVEDIK Nucleophosmin NPM1
N/BB 3 LLHEDLDESDDDVDEK Arf-GAP with SH3 domain, ANK repeat and PH domain-containing protein 2 ASAP2

N 3 VSALESGPHQSPALSK FERM, RhoGEF and pleckstrin domain-containing protein 1-like FARP1

N 3 IASESDEQQWPEEK Sister chromatid cohesion protein PDS5-like B PDS5B

N 3 NPSPNPVTALPK Zinc finger protein 280C ZNF280C

N 3 KHSDPHLLER Serine/threonine-protein kinase Nek10 NEK10

N 3 SPHQLLSPSSFSPSAAPSQK DNA polymerase alpha subunit B-like POLA2

N 3 QDGEKEESLSGV high mobility group nucleosome-binding domain-containing protein 5-like HMGNS5

N 3 ASISPMDEPVPDSESPIEK Microtubule-associated protein 1B MAP1B

N 3 SAQASSGSPALPR Tyrosine-protein kinase ABL2 ABL2

N 3 SIEEGDGAFGR PERQ amino acid-rich with GYF domain-containing protein 1 GIGYF1
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Table 4.2.28List of phosphopeptides that were only identifieddHO SEAP cells at 31 C using titanium dioxide gblaopeptide enrichment.
Database denotes which CHO proteomic database hibgppopeptide was identified in (N= CHO NCBI) (BB4G BB). The table also
indicates the number of independent biologicalicapts that the phosphopeptide was identified or. this list each phosphopeptide was

identified in a minimum of three biological replies.

Number of
times
Database identified  Peptide rotein Name Gene symbol

N/BB 4 SVSVATGLNmmK Brain-specific angiogenesis inhibitor 1-associated protein 2-like protein 1 |BAIAP2L1

N 4 MQFSFEGPEK IQ motif and SEC7 domain-containing protein 1 IQSEC1
N/BB 4 ASDPGLPAEEPK CAD protein CAD
N/BB 4 GNKSPSPPPDGSPAATPEIR [Myc box-dependent-interacting protein 1 BIN1
N/BB 3 VKSLEDEEAPR tRNA pseudouridine synthase A, mitochondrial PUS1

N 3 SYSLSELSVLQAK SH3 domain-binding protein 4-like SH3BP4

N 3 VEKPATIAGENGSPVLR Inner centromere protein INCENP

BB 3 TASGSSVTSLEGPR Protein NDRG1 NDRG1
N/BB 3 GHLSEGLVTK Mitogen-activated protein kinase 6 MAPK®6
N/BB 3 SFSPKSPLELGEK NGFI-A-binding protein 2 NAB2
N/BB 3 SQVINVIGSER Dedicator of cytokinesis protein 1 DOCK1
N/BB 3 IGPLGLSPK 60S ribosomal protein L12 - RPL12
N/BB 3 ITSPLMEPSSIEK Proteasome subunit alpha type-5 PSMA5
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Table 4.2.29List of phosphopeptides that were only identifiedGHO SEAP cells at 37 C using iron oxide phosplipbide enrichment.
Database denotes which CHO proteomic database hibgppopeptide was identified in (N= CHO NCBI) (BB4G BB). The table also
indicates the number of independent biologicalicapts that the phosphopeptide was identified or. this list each phosphopeptide was
identified in a minimum of three biological replies.

Number of
times
Database identified Peptide Protein Name Gene symbol

N/BB 4 RGSISQEITK Biorientation of chromosomes in cell division protein 1-like BOD1L1
N/BB 4 SPLGGGGGSGASSQAAcCLK [Male-specific lethal 1-like MSL1
N/BB 4 VIAISGDAESPAK Retinoblastoma-like protein 1 RBL1

N 4 EPSSPSPPISPLPLSTR TBC1 domain family member 17 TBC1D17

N 4 AVSTVVVTTAPSPK Nuclear factor related to kappa-B-binding protein NFRKB
N/BB 3 ARSPVQOQDVLK TRAF-interacting protein TRAIP
N/BB 3 ASDLEDEENATR zinc finger CCCH domain-containing protein 18 isoform 2 ZC3H18
N/BB 3 HSPIKEEPcGSLSETVcK Male-specific lethal 1-like MSL1
N/BB 3 QEAGDSPPPAPGtPK transcription initiation factor TFIID subunit 6-like TAF6
N/BB 3 QDSSASLASPVEIAGK NK-tumor recognition protein NKTR
N/BB 3 DLGSELVR Hepatocyte growth factor receptor MET
N/BB 3 VDPSLMEDSDDGPSLPTK protein RER1-like RER1

N 3 IcSDEEEDEEKGGR ubinuclein-1 UBN1

N 3 SESMPVQLNK TBC1 domain family member 5 TBC1D5

N 3 KAASLTEDR Eukaryotic translation initiation factor 4 gamma 1 EIF4G1

N 3 IQISTDSAVASPOQR nuclear receptor subfamily 2 group C member 2 Nr2c2

N 3 TAVSVAQGGHSR Pre-B-cell leukemia transcription factor 2 PBX2

N 3 IVSPSGAAVScK Filamin-A FLNA

N 3 SIEEGDGAFGR PERQ amino acid-rich with GYF domain-containing protein 1 |GIGYF1

N 3 REDSPGPEVQPMDK tripartite motif-containing protein 3 TRIM3

N 3 SLDRDSPGVENK B-cell CLL/lymphoma 9 protein BCL9

BB 3 AQEPSPVPSK Replication factor C subunit 2 RFC2
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Table 4.2.30List of phosphopeptides that were only identifiedGHO SEAP cells at 31 C using iron oxide phosplipbide enrichment.
Database denotes which CHO proteomic database hibgppopeptide was identified in (N= CHO NCBI) (BB4G BB). The table also
indicates the number of independent biologicalicapts that the phosphopeptide was identified or. this list each phosphopeptide was
identified in a minimum of three biological replies.

Number of
times
Database | identified Peptide Rrotein Name Gene symbol

N/BB 4 LESLNIQR eukaryotic translation initiation factor 3 subunit A-like EIF3A

N 4 DATPPVSPINMEDQER transcription factor jun-B-like JUNB
N/BB 3 DLDPDMVTEDEDDPGSQR bromodomain adjacent to zinc finger domain protein 1A |BAZ1A
N/BB 3 INSDDKNLYLTASK ras-related protein Rab-34-like isoform 1 RAB34
N/BB 3 LVDSPVSADALR Protein Spindly SPDL1
N/BB 3 VFIDQNLSPGK transcription factor Dp-1 isoform 1 TFDP1
N/BB 3 LGMLSPEGTcK fatty acid synthase FASN
N/BB 3 IGPLGLSPK 60S ribosomal protein L12 RPL12
N/BB 3 GLSEDTTEETLK nucleolin NCL

N 3 GGGNSEGELETTVDQGGGENQAR |Ras and Rab interactor 1 RIN1

N 3 APLTLAGSPTPK Protein Wiz Wiz

N 3 DNNTSLTALEK hypothetical protein 179_019528 N/A
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Table 4.2.31List of phosphopeptides that were only identifiedCHO SEAP cells at 37 C using gallium oxide phogpeptide enrichment of

phosphoprotein-enriched CHO SEAP whole cell lysateples subject to temperature-shift. Databasetelendiich CHO proteomic database
the phosphopeptide was identified in (N= CHO NC@B=CHO BB). The table also indicates the numbeindependent biological replicates
that the phosphopeptide was identified in. For listseach phosphopeptide was identified in a murmof three biological replicates.

Number of
times
Database | identified Peptide Protein Name Gene symbol
N 3 TLSNAEDYIDEEDSD osteoclast-stimulating factor 1-like OSTF1
N 3 GGNVFEALIQDESEEEEEEEEEK ATP-binding cassette sub-family F member 1-like ABCF1
N 3 VDGSDVALKDPDQVAQSDGEESPAAEEQLLGER Protein transport protein Sec31A SEC31A
N 3 GDSLILEHQWELEK Kinesin-like protein KIF1B KIF1B
N 2 EAFLVLSDEEDIScGK Activating transcription factor 7-interacting protein 1 ATF7IP
N 2 SLMSSPEDLTK Microtubule-associated protein 1B MAP1B
BB 2 SLDDLEIGLGHLSSSSFNSEK LIM domain and actin-binding protein 1 LIMAL
BB 2 NASTSFQELEDK DnaJ homolog subfamily C member 2 DNAJC2
BB 2 LDGPVENVSEDEAQSSSQR La-related protein 1B LARP1B
BB 2 VQGEAVSNIQENTQTPTVQEESEEEEVDETGVEVK Nascent polypeptide-associated complex subunit alpha NACA
BB 2 SASPAPADVAPAQEDLR Ras GTPase-activating protein-binding protein 1 G3BP1
BB 2 GAEDDEGSDEEVVHNEDIHFEPIVSLPEVEVK E3 SUMO-protein ligase RanBP2 RANBP2
BB 2 TETVEEPLEEDEAAKEEKEESDDEAAVEEEEEEK Endoplasmin HSP90B1
BB 2 EVTENEQNQLSEPEEGK Band 4.1-like protein 2 EPB41L2
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Table 4.2.32List of phosphopeptides that were only identifiedCHO SEAP cells at 31 C using gallium oxide phogpeptide enrichment of

phosphoprotein-enriched CHO SEAP whole cell lysateples subject to temperature-shift. Databasetelendiich CHO proteomic database
the phosphopeptide was identified in (N= CHO NC@B=CHO BB). The table also indicates the numbeindependent biological replicates
that the phosphopeptide was identified in. For listseach phosphopeptide was identified in a murmof three biological replicates.

Number
of times
Database |identified Peptide Rrotein Name Gene symbol
N 3 FAALDSEEEDDEETTEEK ATP-binding cassette sub-family F member 1 ABCF1
N 3 SLDSDESEDEDDDYQQK 28 kDa heat- and acid-stable phosphoprotein PDAP1
N 3 YNLDASEEEDSNK Zinc finger Ran-binding domain-containing protein 2 ZRANB2
N 2 NDSWGSFDLR Nuclear fragile X mental retardation-interacting protein 2 NUFIP2
N 2 RASVCAEAYNPDEEEDDAESR  |cAMP-dependent protein kinase type ll-beta regulatory subunit PRKAR2B
N 2 EVEDKESEGEDEDEDEDLSK Zinc finger Ran-binding domain-containing protein 2 ZRANB2
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4.2.2.4 Summary

Following the use of three different phosphopeptdechment strategies to profile
the phosphoproteome of CHO cells, the qualitatia¢adobtained from LC/MS
analysis was collated and 1,307 phosphopeptides 1a480 phosphosites were
identified. Titanium dioxide and iron oxide enrichesignificantly more
phosphopeptides that gallium; however this is likel be due to a difference in the
starting material used prior to phosphopeptide chnment i.e. phosphoprotein-
enriched sample compared to a whole cell lysatanitim dioxide and iron oxide,
both used to enrich CHO whole cell lysate, were garable in terms of the numbers
of singly and multiply phosphorylated species tiagntified. The recent availability
of two CHO databases has facilitated the use ohaddpectrometry based approach
to analyse the phosphoproteome of CHO cells. Tedian has shown that both
databases increase proteome coverage and the auwdid with which

phosphopeptides were identified.
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4.2.3 Quantitative Phosphoproteomic label-free LC/MS anafsis of CHO
SEAP cells subject to temperature-shift

Following the successful phosphopeptide enrichm@&@niCHO SEAP cells, the
LC/MS data gathered was analysed for changes in ahendance of the
phosphopeptides identified as changes in the almeedaf enriched phosphopeptides
are potentially indicative of changes in the abumgaof phosphorylation on that
peptide. Quantitative information on changes in fesphorylation status of
proteins provides significant insights into theiaetcellular response to reduced
culture temperature conditions. This section dbssrthe use of a quantitative label-
free LC/MS proteomic profiling approach to quarttitely compare CHO SEAP
cells collected from 37C and 31C cultures 36hrestgemperature-shift.

Quantitative label-free LC/MS analysis was perfadnom the following cell lysate

preparations:
. Whole cell lysate
. Phosphoprotein enrichment of whole cell lysate
. Gallium phosphopeptide enrichment of phosphopraanchment
. Titanium dioxide phosphopeptide enrichment of wraak lysate
. Iron oxide phosphopeptide enrichment of whole lyskte

4.2.4 Quantitative label-free LC/MS analysis of CHO SEAPwhole cell lysate
Quantitative label-free LC/MS analysis was conddate CHO SEAP whole cell

lysates for two main reasons:

LC/MS analysis of the ‘starting material’ providadgood indication of how

successful subsequent phosphoprotein / phosphdpegtrichments were.

To date, quantitative label-free LC/MS analysisaisechnique that has not
previously been applied to an investigation of ®EHO proteome under

reduced culture temperature conditions.

As such, eight CHO SEAP whole cell lysate sampfesy from each culture
condition (37 C and 31 C) were prepared for LC/M&akysis. Due to the complex
nature of the whole cell lysate samples, 5hr rev@isase gradients were used to
ensure sufficient peptide separation during masstspmetry analysis.
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After LC/MS analysis of all the samples was conmleinclusion lists were
generated and analysis on some of the samples epesited. This was done to
obtain information on additional peptides to furte&engthen protein identifications
and identify low abundant proteins that were na&vmusly identified in the initial

analysis.

Progenesis label-free software was used to analysedata acquired following
LC/MS analysis. Reference run selection was peréaron two separate occasions.
Initially the software chose what it deemed to liie most suitable reference run and
the analysis was performed to completion. A priatippmponent analysis (PCA)
plot generated by Progenesis during data analygsiag how the samples from
37 C and 31 C cultures cluster is displayed in Fgg4.2.10. For the second the
reference run was carried out manually and theyaisawas then carried out to
completion as detailed in section 2.5.8.

Figure 4.2.10PCA plot for CHO SEAP whole cell lysate sampleugp® 37 C (pink)
and 31 C (blue) generated during label-free LC/M#Badanalysis using Progenesis
software.

The list of differentially-expressed proteins gexted from the automatic reference
run selection and the list of differentially-expsed proteins generated from the
manual reference run selection were then overlagpedany proteins common to
both lists were accepted as being differentiallpressed as described in section
2.5.8. In all instances proteins common to bothslislso shared common
approximate fold-change and fold-change directido.proteins had to be excluded

on the basis of differing direction of fold-change.
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A protein was considered to be differentially-regatl if its change in relative
abundance was >1.5-fold. Lists of differentiallguéated proteins were generated
based on peptides deemed to have a staticallyfisemi fold-change (ANOVA
<0.05) and an ion score >40 when searched agaiH& QCBI and CHO BB
proteomic databases.

Using this format for the identification of differgally-expressed proteins, 114 were
deemed to have a statistically significant fold+uipa in relative abundance >1.5
fold. Of these, 42 were down-regulated (Table3BR.while 72 were up-regulated
at 31 C (Table 4.2.34).
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Table 4.2.33List of differentially-expressed proteins, down-uéged at 31 C compared to 37 C, identified in ditative label-free LC/MS
analysis of CHO SEAP whole cell lysates from cedimpled at 36hrs post-temperature-shift.

Gene Symbol Pescription Total Peptides Ruantitative Peptides S¢ore Aova (p) Fo| Id
HSPG2 basement membrane-specific heparan sulfate proteoglycan core protein 5 5 267 0.0002 | 2.7
SELENBP1 |selenium-binding protein 1 4 4 224 0.0001 | 1.9
FLOT1 flotillin-1 3 3 234 | 0.0047 | 1.7
PLIN4 perilipin-4 3 3 213 | 0.0017 | 2.4
HYOU1 Hypoxia up-regulated protein 1 3 3 158 0.0001 | 1.5
AARS Alanyl-tRNA synthetase, cytoplasmic 2 2 121 0.0011 | 1.6
CAMK2D Calcium/calmodulin-dependent protein kinase type Il subunit delta 2 2 116 0.0049 | 2.0
MET Hepatocyte growth factor receptor 2 2 109 0.0040 | 2.3
SERPINH1 Serpin H1 2 2 106 | 0.0006 | 2.5
RRM1 Ribonucleoside-diphosphate reductase large subunit 2 2 99 0.0002 | 2.3
CPNE1 Copine-1 2 2 98 0.0139 | 1.7
ANXAG Annexin A6 2 2 95 0.0020 | 1.8
Caldl Non-muscle caldesmon 2 1 119 0.0039 | 1.6
IGBP1 Immunoglobulin-binding protein 1 1 1 90 0.0088 | 1.8
PALLD palladin 1 1 78 0.0003 | 2.1
DDX17 DEAD (Asp-Glu-Ala-Asp) box polypeptide 17, isoform CRA a 1 1 72 0.0050 | 1.6
DNMT1 DNA (cytosine-5)-methyltransferase 1 1 1 70 0.0082 | 1.6
HTRAL Serine protease HTRAL 1 1 63 0.0025 | 2.7
PXDN peroxidasin homolog 1 1 61 0.0001 | 2.1
PSAT1 Phosphoserine aminotransferase 1 1 61 0.0053 | 1.6
TPM4 Tropomyosin alpha-4 chain 1 1 60 0.0286 | 1.6
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PFKL 6-phosphofructokinase, liver type 1 1 60 0.0226 | 1.6
PTGFRN Prostaglandin F2 receptor negative regulator 1 1 60 0.0086 | 1.7
TSC22D1 TSC22 domain family protein 1 1 1 58 0.0009 | 3.1
PCNP PEST proteolytic signal-containing nuclear protein 1 1 57 0.0065 | 1.6
AP2A2 AP-2 complex subunit alpha-2 1 1 53 0.0019 | 1.6
STAT5B signal transducer and activator of transcription 5B 1 1 53 0.0010 | 1.9
HDGFRP2 Hepatoma-derived growth factor-related protein 2 1 1 53 0.0162 | 1.6
SPC25 Kinetochore protein Spc25 1 1 52 0.0064 | 2.4
MESDC2 LDLR chaperone MESD 1 1 51 0.0006 | 1.6
SNAP29 Synaptosomal-associated protein 29 1 1 49 0.0001 | 2.0
NDUFAF7 Protein midA homolog, mitochondrial 1 1 48 0.0195 | 1.7
CATSPER2 |Cation channel sperm-associated protein 2 1 1 46 0.0249 | 1.8
PPID Peptidyl-prolyl cis-trans isomerase D 1 1 45 0.0022 | 1.8
PPP1R2 Protein phosphatase inhibitor 2 1 1 45 0.0006 | 1.9
MAP1B Microtubule-associated protein 1B 1 1 44 0.0040 | 2.0
NCAPD2 Condensin complex subunit 1 1 1 44 0.0040 | 1.6
MYH9 Myosin-9 1 1 43 0.0027 | 1.6
PAPSS1 Bifunctional 3'-phosphoadenosine 5'-phosphosulfate synthase 1 1 1 43 0.0019 | 1.7
GPC1 Glypican-1 1 1 41 0.0023 | 1.6
NID1 Nidogen-1 1 1 40 0.0253 | 1.7
FABP4 Fatty acid-binding protein, adipocyte 1 1 40 0.0005 | 1.5
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Table 4.2.34List of differentially-expressed proteins, up-regfed at 31 C compared to 37 C, identified in quatitre label-free LC/MS
analysis of CHO SEAP whole cell lysates from cedimpled at 36hrs post-temperature-shift.

Gene Symbol Pescription Total Peptides Quantitative Peptides Sg¢ore Arova (p) Fo| Id
PLEC Plectin 13 13 801 0.0001 | 1.5
DHX9 ATP-dependent RNA helicase A 10 10 555 0.0000 | 2.4
MYBBP1A Myb-binding protein 1A 9 9 556 0.0007 | 1.6
LMNA Lamin-A/C 7 7 434 | 0.0002 | 1.6
MSN Moesin 7 5 398 0.0000 | 1.5
EZR Ezrin 5 3 252 0.0001 | 2.4
CAST calpastatin 4 4 247 0.0000 | 1.7
RPL4 60S ribosomal protein L4 4 4 209 0.0002 | 2.1
DDX21 Nucleolar RNA helicase 2 4 4 202 0.0026 | 1.5
NOP56 Nucleolar protein 56 4 4 198 0.0016 | 1.5
UBAP2L Ubiquitin-associated protein 2 3 3 212 0.0058 | 1.6
EIF3I Eukaryotic translation initiation factor 3 subunit | 3 3 178 0.0028 | 1.6
RPL26 60S ribosomal protein L26 3 3 173 0.0002 | 1.5
GLUD1 Glutamate dehydrogenase 1, mitochondrial 3 3 153 0.0047 | 1.7
LRRC59 leucine-rich repeat-containing protein 59 3 3 138 0.0072 | 1.6
AKR1A1 Alcohol dehydrogenase (NADP+) 3 3 137 0.0009 | 1.5
BZW1 basic leucine zipper and W2 domain-containing protein 1 3 3 135 0.0049 | 1.6
PSMB8 Proteasome subunit beta type-8 2 2 145 0.0001 | 1.7
RRP12 RRP12 protein 2 2 139 0.0035 | 1.6
RPS25 40S ribosomal protein S25 2 2 133 0.0303 | 1.6
Rpl6 60S ribosomal protein L6 2 2 132 0.0029 | 3.1
CYP51A1 Lanosterol 14-alpha demethylase 2 2 129 0.0003 | 1.9
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RUVBL2 RuvB 2 2 2 120 | 0.0032 | 1.5
VIM Vimentin 2 2 116 0.0001 | 1.8
RPS9 40S ribosomal protein S9 2 2 111 0.0004 | 1.8
GTPBP4 Nucleolar GTP-binding protein 1 2 2 110 0.0004 | 1.8
HEATR1 HEAT repeat-containing protein 1 2 2 107 0.0254 | 1.6
DDX18 ATP-dependent RNA helicase DDX18 2 2 104 | 0.0164 | 1.5
ANXA1 Annexin Al 2 2 99 0.0149 | 1.8
PDCD11 protein RRP5 homolog 2 2 84 0.0008 | 1.6
HUWE1 E3 ubiquitin-protein ligase HUWE1 1 1 85 0.0060 | 1.5
RPL13A 60S ribosomal protein L13a 1 1 79 0.0003 | 1.7
TSTA3 GDP-L-fucose synthase 1 1 77 0.0000 | 2.2
EHD4 EH domain-containing protein 4 1 1 75 0.0458 | 1.7
ATXN10 Ataxin-10 1 1 74 0.0239 | 1.7
HMOX1 Heme oxygenase 1 1 1 70 0.0026 | 4.2
RPL28 60S ribosomal protein L28 1 1 68 0.0005 | 2.1
TFRC Transferrin receptor protein 1 1 1 67 0.0393 | 1.6
PUS1 tRNA pseudouridine synthase A, mitochondrial isoform 1 1 1 67 0.0240 | 1.8
RRM2 Ribonucleoside-diphosphate reductase subunit M2 1 1 65 0.0001 | 2.0
BAIAP2 Brain-specific angiogenesis inhibitor 1-associated protein 2 1 1 63 0.0053 | 24
SRSF5 Serine/arginine-rich splicing factor 5 1 1 63 0.0166 | 1.8
HIST1H2AG |Histone H2A type 1 1 1 63 0.0001 | 2.2
TCEAL Transcription elongation factor A protein 1 1 1 62 0.0104 | 1.7
XPO5 Exportin-5 1 1 61 0.0123 | 1.7
IMPDH1 Inosine-5'-monophosphate dehydrogenase 1 1 1 61 0.0173 | 2.1
GPRC5H5A Retinoic acid-induced protein 3 1 1 60 0.0088 | 2.1
RPS8 40S ribosomal protein S8 1 1 58 0.0000 | 1.8
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RPS6 40S ribosomal protein S6 1 1 58 0.0259 | 2.8
SRXN1 Sulfiredoxin-1 1 1 57 0.0006 | 2.3
CDK®6 Cyclin-dependent kinase 6 1 1 55 0.0023 | 1.7
XRN2 5'-3' exoribonuclease 2 1 1 55 0.0079 | 2.0
FAT1 Protocadherin Fat 1 1 1 54 0.0006 | 6.4
RPL14 60S ribosomal protein L14 1 1 53 0.0000 | 2.5
N/A uncharacterized protein C70rf50 homolog 1 1 53 0.0000 | 2.8
APRT Adenine phosphoribosyltransferase 1 1 51 0.0375 | 1.6
RPL34 60S ribosomal protein L34 1 1 51 0.0080 | 2.6
NFKB2 Nuclear factor NF-kappa-B p100 subunit 1 1 50 0.0285 | 1.9
BCL10 B-cell lymphoma/leukemia 10 1 1 49 0.0019 | 2.3
HACL1 2-hydroxyacyl-CoA lyase 1 1 1 49 0.0010 | 2.0
EPSS8 Epidermal growth factor receptor kinase substrate 8 1 1 49 0.0037 | 2.3
LRRCA47 Leucine-rich repeat-containing protein 47 1 1 47 0.0303 | 1.6
PRMT5 Protein arginine N-methyltransferase 5 1 1 46 0.0066 | 1.6
LXN Latexin 1 1 46 0.0007 | 3.3
PCNA Proliferating cell nuclear antigen 1 1 46 0.0221 | 1.7
TAP2 Antigen peptide transporter 2 1 1 45 0.0322 | 1.7
CD44 CD44 antigen 1 1 42 0.0006 | 1.7
RPL13 60S ribosomal protein L13 1 1 42 0.0001 | 2.7
PABPCA4 Polyadenylate-binding protein 4 1 1 41 0.0432 | 1.5
IMP4 U3 small nucleolar ribonucleoprotein protein IMP4 1 1 41 0.0380 | 1.6
EIF3B Eukaryotic translation initiation factor 3 subunit B 1 1 41 0.0299 | 1.6
RSL1D1 ribosomal L1 domain-containing protein 1 1 1 41 0.0072 | 2.1
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4.2.4.1 Bioinformatic analysis of differentially-regulated proteins identified in
the whole cell lysate of CHO SEAP cells subject temperature-shift

While both CHO databases are hugely beneficial ptis¢eins in the databases lack

continuity in the way they are presented - they'dprovide a consistent identifier

e.g. gi number, gene symbol, UniProt accession earate. This is not just between

databases, but within each database itself. F& mbason, each differentially-

expressed protein identified was searched manualainst UniProtKB

(http://www.uniprot.orgf and the equivalent gene symbol for the humanimersf

that protein retrieved.

The list of gene symbols were then searched usiAyID functional annotation

tool (publically available softwarehttp://david.abcc.ncifcrf.goy/ Gene ontology

was then used to classify the differentially-re¢ediproteins (both up and down at
31 C) and identify enrichment of pathways that niay involved in the cellular

response to temperature-shift. Using a p-valueGo®5, 25 pathways were found to
be enriched (Table 4.2.35). This list contains demange of cellular processes;
however, in order to refine the number of pathwagstified, a more conservative
approach was adapted and an adjusted p-value (Bemjaf 0.05 was used (Table
4.2.36). Using an adjusted p-value, 9 pathwaystefrést were identified. As can be
seen in Figure 4.2.11, DAVID analysis has identifeeclear enrichment of a number
of pathways including translation and RNA procegset the reduced culture

temperature.

The list of gene symbols were also searched usidyID’s functional annotation
chart function. Of the 114 gene symbols inputtesrr@gsponding to the
differentially-expressed proteins identified), 84 these were identified as
phosphoproteingy(= 7.7E-1§. Interestingly, based on the number of gene sysnbo
this was the most highly enriched entity despitedhalysis being based on a whole

cell lysate that has not undergone any form ofolannient prior to LC/MS.
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Table 4.2.35GO biological process (BP) enrichment for differalty-expressed
proteins identified in quantitative label-free LCB8Vanalysis of whole cell lysate
from CHO SEAP cells sampled at 36hrs post-tempegaghift. Enrichment was
considered significant upon observation of a p-#ald.05. Gene Count corresponds
to the number of gene symbols from the list ofet#htially-regulated proteins that
are implicated in a particular GO category.

Category Term Count P-Value

GOTERM BP_FAT |translation 18 | 2.40E-10
GOTERM BP_FAT [translational elongation 12 | 1.70E-10
GOTERM BP_FAT |[rRNA metabolic process 7 0.000072
GOTERM BP_FAT |rRNA processing 7 0.000057
GOTERM BP_FAT |[ncRNA processing 9 0.000067
GOTERM BP_FAT |ribosome biogenesis 8 0.000031
GOTERM BP_FAT [ribonucleoprotein complex biogenesis 9 0.000051
GOTERM BP_FAT |RNA processing 15 | 0.000042
GOTERM BP FAT |[ncRNA metabolic process 9 0.00028
GOTERM BP FAT |syncytium formation by plasma membrane fusion 3 0.0033
GOTERM BP_FAT [syncytium formation 3 0.0046
GOTERM BP_FAT |regulation of immune effector process 5 0.0064
GOTERM BP_FAT |response to organic substance 13 0.0063
GOTERM BP_FAT [leukocyte adhesion 3 0.018
GOTERM BP_ FAT |[response to hypoxia 5 0.017
GOTERM BP_FAT |response to oxygen levels 5 0.020
GOTERM BP_FAT |nitrogen compound biosynthetic process 7 0.032
GOTERM BP FAT |regulation of mast cell cytokine production 2 0.029
GOTERM BP_FAT |extracellular structure organization 5 0.032
GOTERM BP_FAT |positive regulation of immune effector process 3 0.041
GOTERM BP_FAT |response to vitamin A 3 0.038
GOTERM BP_ FAT |[membrane to membrane docking 2 0.036
GOTERM BP_ FAT [healing during inflammatory response 2 0.036
GOTERM BP_FAT |oxidation reduction 10 0.044
GOTERM BP_FAT |extracellular matrix organization 4 0.041
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Table 4.2.36 GO biological process (BP) enrichment for differaly-expressed

proteins identified in quantitative label-free LCB8Vanalysis of whole cell lysate
from CHO SEAP cells sampled at 36hrs post-tempegaghift. Enrichment was
considered significant upon observation of an ddpip-value 0.05 (Benjamini).

Gene Count corresponds to the number of gene sgmbom the list of

differentially-regulated proteins that are impleditn a particular GO category.

Category Term Count B-Value Henjamini
GOTERM BP_FAT |[translation 18 | 2.40E-10] 1.40E-07
GOTERM BP_FAT |translational elongation 12 | 1.70E-10] 2.00E-07

GOTERM BP FAT |[rRNA metabolic process 7 0.000072 0.011
GOTERM BP FAT [rRNA processing 7 0.000057 0.011
GOTERM BP FAT [ncRNA processing 9 0.000067 0.012
8
9

GOTERM BP_FAT [ribosome biogenesis 0.000031 0.012
GOTERM BP FAT |ribonucleoprotein complex biogenesis 0.000051 0.012
GOTERM BP_FAT [RNA processing 15 | 0.000042 0.013
GOTERM BP_FAT [ncRNA metabolic process 9 0.00028 0.037

Figure 4.2.11GO biological process enrichment for differentiadtypressed proteins
identified in quantitative label-free LC/MS analyf whole cell lysate from CHO
SEAP cells sampled at 36hrs post-temperature-daiftichment was considered
significant upon observation of an adjusted p-valQ®5 (Benjamini). Gene Count
corresponds to the number of gene symbols fronlishef differentially-regulated
proteins that are implicated in a particular GOegaty. This graph shows the
breakdown of the gene counts in those enrichedyzath
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4.2.4.2 Summary

Quantitative label-free LC/MS analysis of CHO whalell lysate identified the

differential expression of 114 proteins, 72 of whigere up-regulated at 31 C (>1.5
fold-change, ANOVA <0.05). GO analysis of the diffetially-expressed proteins
identified clearly showed enrichment of pathwaysoiwed in translation, RNA

processing and ribosomal biogenesis. While a nundbephosphoproteins were
identified by LC/MS analysis of the whole cell Iysasamples, the use of
phosphoprotein enrichment methodologies could en#i@ identification of other

phosphoproteins not identified in this section,stludfering further insights into the

effects of temperature-shift on the phosphoproteoht@HO cells.
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4.2.5 Quantitative label-free LC/MS analysis of phosphopotein-enriched
CHO SEAP lysate

While it is estimated that nearly a third of albf#ins are phosphorylated, many of
these proteins are often low in abundance and meanrichment in order to be
analysed (Delom and Chevet 2006; Goshe 2006). A¢th@a significant proportion
of the differentially-expressed proteins identifiadhe CHO SEAP whole cell lysate
sample were phosphoproteins, the use of a phospieapenrichment strategy could
potentially further enhance these results throughidentification of an additional
cohort of phosphoproteins not previously identifiedsection 4.2.4. As such, a
phosphoprotein enrichment kit from Pierce® was useehrich for phosphoproteins
from the temperature-shift CHO SEAP whole cell tgsgdamples collected as

described in section 4.2.1.

Although eight CHO SEAP whole cell lysate sampleseravailable (four from each
culture condition, 37 C and 31 C), six samples werepared using a Pierce®
phosphoprotein enrichment kit as detailed in makeri2.4.1. The resulting
comparison was based on three samples from eathrecudondition. Following
phosphoprotein enrichment, all samples were thepgved for label-free LC/MS as
detailed materials 2.3.5. After LC/MS analysis dif the samples was complete,
inclusion lists were generated and analysis on sointee samples was repeated as

described in section 4.2.4.

Progenesis label-free software was used to analysedata acquired following
LC/MS analysis. Reference run selection was perorion two separate occasions.
A principal component analysis (PCA) plot generabgdProgenesis during data
analysis showing how the phosphoprotein-enrichedpsss from 37 C and 31 C
cultures cluster is displayed in Figure 4.2.12. g3 section 4.2.4, the lists of
differentially-expressed proteins were then ovey&pand any proteins common to
both lists were accepted as being differentiallpressed. Similarly, all proteins
common to both lists also shared common approxificddechange and fold-change
direction. No proteins had to be excluded on tr@saf differing direction of fold-

change.
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Figure 4.2.12PCA plot for CHO SEAP phosphoprotein-enriched whisé lysate
sample groups 37 C (pink) and 31 C (blue) generataing quantitative label-free
LC/MS data analysis using Progenesis software

Proteins were considered to be differentially-raged if its change in relative
abundance was >1.5 fold. Lists of differentiallguéated proteins were generated
based on peptides deemed to have a staticallyfisami fold-change (ANOVA
<0.05) and ion scores >40 when searched against GBI and CHO BB
proteomic databases.

Using the DAVID gene ID tool as described in satt®0.1.1, functional annotation
was used to identify all the phosphoproteins in libke obtained from Progenesis
LC/MS analysis. From an initial list of 79 differtgadly-expressed proteins, DAVID
classified 53 of these as being phosphoprotgn§.6E-9.

Because the remaining 26 proteins were not idendtifas phosphoproteins their
presence was deemed to be as a result of nonspduifiding during the
phosphoprotein enrichment step. Of the 53 diffeaigtexpressed phosphoproteins
identified, 32 were down-regulated (Table 4.2.8@) 21 were up-regulated at 31 C
(Table 4.2.38)

When the list of differentially-expressed proteirfisom the phosphoprotein

enrichment and the whole cell lysate analysis voemrapared it was found that 10
proteins were common to both lists. All 10 protewere expressed in the same
direction in both lists, with 7 down-regulated a @ compared to 37 C (Table

4.2.39) and 3 up-regulated at 31 C compared to JTdble 4.2.40).
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This possibly indicates that the change in expoessibserved in the 10 proteins
listed is as a result of change in total abundaretber than a change in
phosphorylation. It is also possible that a chandesoth phosphorylation and overall
abundance occurred. Further work would be requivedetermine whether it was a
change in abundance, phosphorylation or both ttairoed in this instance. In either
case, label-free analysis of phosphoprotein-endddElO SEAP samples indicates

that there are changes in the phosphoproteomeessiid of temperature-shift.
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Table 4.2.37List of phosphoproteins (classified using DAVIDdetailed 0), the expression of which decreased & 8ompared to 37 C,
obtained from quantitative label-free LC/MS anadysi CHO SEAP cells sampled at 36hrs post-tempex-atift. Phosphoproteins were
enriched from CHO SEAP whole cell lysates usingesd® phosphoprotein enrichment kit.

Gene Symbol Pescription Total Peptides Quantitative Peptides Sg¢ore Arova (p) Fo] |Id
MAP1B Microtubule-associated protein 1B 4 4 270 | 0.01028 | 5.7
TLN2 Talin-2 4 4 243 | 0.01471 | 2.4
GTF2I General transcription factor II-| 3 3 206 | 0.00154 | 3.5
ANXAG Annexin A6 3 3 194 | 0.00758 | 4.8
CKAP5 cytoskeleton-associated protein 5-like 2 2 129 | 0.00059 | 1.7
TRIP10 Cdc42-interacting protein 4 2 2 121 | 0.02647 | 2.4
FLNB filamin-B isoform 1 2 2 119 | 0.01570 | 1.7
GAPDH Glyceraldehyde-3-phosphate dehydrogenase 2 2 118 | 0.00916 | 4.2
SPTBN1 Spectrin beta chain, brain 1 2 2 114 | 0.01251 | 1.8
ACTN1 Alpha-actinin-1 1 1 114 | 0.00610 | 26.8
WDR5 WD repeat-containing protein 5 1 1 71 0.03418 | 2.4
GAPDH Glyceraldehyde-3-phosphate dehydrogenase 1 1 68 0.00073 | 31.4
CPNE1 Copine-1 1 1 59 0.04534 | 1.8
NAA25 N-alpha-acetyltransferase 25, NatB auxiliary subunit 1 1 56 0.01961 | 2.2
ST13 Hsc70-interacting protein 1 1 55 0.04640 | 19.5
MSH2 DNA mismatch repair protein Msh2 1 1 54 0.04275 | 2.7
HSPO0B1 endoplasmin 1 1 52 0.03358 | 1.6
SMARCC?2 SWI/SNF complex subunit SMARCC?2 1 1 52 0.01240 | 7.3
ARRB1 Beta-arrestin-1 1 1 52 0.01873 | 1.6
TSC22D1 TSC22 domain family protein 1 1 1 50 0.02784 | 1.9
SF3A3 splicing factor 3A subunit 3 1 1 49 0.03411 | 1.6
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PALLD Palladin 1 1 49 | 0.02294 | 1.6
UGGT1 UDP-glucose:glycoprotein glucosyltransferase 1 1 1 49 0.02278 | 4.4
ATP6V1B2 V-type proton ATPase subunit B, brain isoform 1 1 48 0.02725 | 1.9
CBX5 chromobox protein homolog 5 1 1 48 0.00106 | 2.0
PFKL 6-phosphofructokinase, liver type 1 1 46 0.04257 | 2.8
HSPAS 78 kDa glucose-regulated protein 1 1 46 0.00485 | 1.7
FANCI Fanconi anemia group | protein-like 1 1 45 0.03841 | 2.8
MVP Major vault protein 1 1 45 0.00498 | 2.2
TGM2 protein-glutamine gamma-glutamyltransferase 2 1 1 44 0.04733 | 1.6
RRBP1 Ribosome-binding protein 1 1 1 43 0.04434 | 4.3
Sept6 Septin-6 1 1 41 | 0.01275 ] 2.3
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Table 4.2.38List of phosphoproteins (classified using DAVIDdetailed 0), the expression of which increasedlaf 8ompared to 37 C,
obtained from quantitative label-free LC/MS anadysi CHO SEAP cells sampled at 36hrs post-tempex-atift. Phosphoproteins were
enriched from CHO SEAP whole cell lysates usingesd® phosphoprotein enrichment kit.

Gene Symbol Pescription Total Peptides Quantitative Peptides S¢ore Aova (p) Fo Id
LMNA Lamin-A/C 3 3 192 0.0005 | 3.7
IQGAP1 Ras GTPase-activating-like protein IQGAP1 3 3 139 0.0054 | 2.1
TPR Nucleoprotein TPR 2 2 131 0.0300 | 1.8
MCM6 DNA replication licensing factor MCM6 2 2 97 0.0103 | 24
EZR Ezrin 2 2 96 0.0068 | 2.1
EMCS8 Neighbor of COX4 1 1 68 0.0170 | 2.1
FASN fatty acid synthase 1 1 68 0.0416 | 5.7
EIFAG1 Eukaryotic translation initiation factor 4 gamma 1 1 1 59 0.0351 | 2.0
EIF3B eukaryotic translation initiation factor 3 subunit B 1 1 58 0.0253 | 2.7
CCT8 T-complex protein 1 subunit theta 1 1 58 0.0433 | 1.7
BZW?2 Basic leucine zipper and W2 domain-containing protein 2 1 1 57 0.0312 | 15
PTGESS3 Prostaglandin E synthase 3 1 1 56 0.0487 | 3.2
EEF1A1 elongation factor 1-alpha 1 1 1 53 0.0284 | 1.6
KHSRP Far upstream element-binding protein 2 1 1 52 0.0265 | 17.8
MYH9 Myosin-9 1 1 52 0.0395 | 2.5
RPLPO 60S acidic ribosomal protein PO 1 1 48 0.0415 | 1.9
TPM3 Tropomyosin alpha-3 chain 1 1 47 0.0112 | 2.7
TK1 thymidine kinase, cytosolic 1 1 45 0.0379 | 7.5
PABPC1 Polyadenylate-binding protein 1 1 1 45 0.0303 | 3.9
EIF4A3 Eukaryotic initiation factor 4A-lll 1 1 44 0.0034 | 1.8
AHNAK Neuroblast differentiation-associated protein AHNAK 1 1 44 0.0448 | 1.5
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Table 4.2.39List of proteins common to two lists of differerlyaexpressed proteins, down-regulated at 31 C carag to 37 C, identified in
guantitative label-free LC/MS analysis of CHO SE&Role cell lysate and phosphoprotein-enriched CHEARS whole cell lysate.

Description $ample Total Peptides Quantitative Peptide s|Score |Anova (p) fold
Microtubule-associated protein 1B Whple Cell Lysate 2 2 100 | 00017 121
Enrichment 4 4 273 0.0047 | 5.6
Annexin A Whple Cell Lysate 2 2 96 0.0055 | 1.7
Enrichment 3 3 178 0.0018 | 3.8
. Whole Cell Lysate 2 2 98 0.0139 | 1.7
Copine-1 -
Enrichment 1 1 59 0.0453 | 1.8
. . Whole Cell Lysat 1 1 60 0.0226 | 1.6
6-phosphofructokinase, liver type _Oe S Kl
Enrichment 1 1 46 0.0426 | 2.8
. Whole Cell Lysate 1 1 43 0.0027 | 1.6
Myosin-9 ,
Enrichment 1 1 52 0.0395 | 2.5
. Whole Cell Lysate 1 1 78 0.0003 | 2.1
Palladin .
Enrichment 1 1 49 0.0229 | 1.6
. . . Whole Cell Lysat 1 1 5 0.0009 | 3.1
TSC22 domain family protein 1 _Oe i Kl 8
Enrichment 1 1 50 0.0278 | 1.9
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Table 4.2.40List of proteins common to two lists of differerlyaexpressed proteins, up-regulated at 31 C, idiedtin quantitative label-free
LC/MS analysis of CHO SEAP whole cell lysate andgghoprotein-enriched CHO SEAP whole cell lysate.

Description Sample Total Peptides Quantitative Peptides Sdore Anpva (p)|Fold
Lamin-A/C Whgle Cell Lysate 6 6 385 0.0002 | 1.7
Enrichment 2 2 141 0.0061 | 4.2
Ezrin Whole Cell Lysate 5 3 252 0.0001 | 2.4
Enrichment 2 2 96 0.0068 | 2.1
Eukaryotic translation initiation factor 3 subunit B Whgle Cell Lysate L L 1 0.0299 116
Enrichment 1 1 58 0.0253 | 2.7
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4.2.5.1 Bioinformatic analysis of differentially-regulated phosphoproteins

As per section 3.0.1.1, DAVID functional annotatitmol was used to analyse the
label-free data in order to identify enrichmentdifferent processes that may be
involved in the response to reduced culture tentperaUsing a 0.05 p-value cut-
off 9 pathways were found to be enriched upon teatpee-shift (Table 4.2.41).
When the number of differentially-expressed prateiasociated with each process is
graphed (Figure 4.2.13) it is evident that the watys identified are not as well
defined as the results obtained for those fromathaysis of the whole cell lysate
(section 4.2.4.1). Although it is normally the cabat all differentially-expressed
genes/proteins would be analysed together (to atdou the fact that up or down-
regulation may have an inhibitory or stimulatindeef on the pathway i.e. down-
regulation of a protein may not necessarily coteelgith inhibition of a process), it
must be remembered that DAVID is a piece of sofeathat merely acts as a guide
and that any results obtained must be interpretdeslieh. As a result, in an effort to
identify more a definitive list of pathways, it wakecided that the up-regulated
proteins from each condition would be searched AVID independently of each
other. This approach provided a somewhat cleasgghi as to the processes the 53
differentially-expressed phosphoproteins might beoived in (Table 4.2.42 and
Table 4.2.43). Analysis of the proteins up-regulatd 31 C compared to 37 C
indicate that pathways involved in translation &MA processing may be affected
by temperature-shift while processes including sk#beton organization and the
generation of precursor metabolites and energyaaneng those predominantly
down-regulated at 31 C compared to 37 C (Table422nd Table 4.2.43).
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Table 4.2.41 GO biological process enrichment for differentiadypressed

phosphoproteins identified in quantitative labeer LC/MS analysis of
phosphoprotein-enriched samples from CHO SEAP cdlwmpled at 36hrs post-
temperature-shift. Enrichment was considered diamt upon observation of a p-
value 0.05. Gene Count corresponds to the number of ggméols from the list of

differentially-regulated proteins that are impleditn a particular GO category.

Term Count |P-Value
cytoskeleton organization 9 0.0001
cytoskeletal anchoring at plasma membrane 3 0.0003
establishment of RNA localization 5 0.0003
nucleic acid transport 5 0.0003
RNA transport 5 0.0003
RNA localization 5 0.0004
nucleobase, nucleoside, nucleotide and nucleic acid transport 5 0.0006
maintenance of location 4 0.0013
MRNA transport 4 0.0032

Figure 4.2.13 GO biological process enrichment for differentiadypressed
phosphoproteins identified in quantitative labeefr LC/MS analysis of
phosphoprotein-enriched samples from CHO SEAP c&isipled at 36hrs post
temperature-shift. Enrichment was considered siamt upon observation of an
adjusted p-value0.05 (Benjamini). Gene Count corresponds to thebmrmf gene
symbols from the list of differentially-regulatedopeins that are implicated in a
particular GO category. This graph shows the breakdof the gene counts in those
enriched pathways.
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Table 4.2.42GO biological process enrichment for phosphoprstedentified as
up-regulated at 31 C compared to 37 C in quantieatabel-free LC/MS analysis of
phosphoprotein-enriched samples from CHO SEAP calspled at 36hrs post-
temperature-shift. Enrichment was considered diamt upon observation of a p-
value 0.05. Gene Count corresponds to the number of ggméols from the list of
differentially-regulated proteins that are impleditn a particular GO category.

Term Count |P-Value

translation 5 0.00065
posttranscriptional regulation of gene expression 4 0.0022
MRNA transport 3 0.0052
nucleic acid transport 3 0.0065
RNA transport 3 0.0065
establishment of RNA localization 3 0.0065
RNA localization 3 0.0068
nucleobase, nucleoside, nucleotide and nucleic acid transport 3 0.0087
regulation of translation 3 0.013
RNA splicing 3 0.049

Table 4.2.43GO biological process enrichment for phosphoprstedentified as
down-regulated at 31 C compared to 37 C in quatinigalabel-free LC/MS analysis
of phosphoprotein-enriched samples from CHO SEAR sampled at 36hrs post-
temperature-shift. Enrichment was considered diamt upon observation of a p-
value 0.05. Gene Count corresponds to the number of ggméols from the list of
differentially-regulated proteins that are impleditn a particular GO category.

Term Count |P-Value

cytoskeleton organization 7 0.00022
maintenance of location 3 0.0077
cytoskeletal anchoring at plasma membrane 2 0.016
generation of precursor metabolites and energy 4 0.026
protein localization 6 0.033
negative regulation of apoptosis 4 0.036
negative regulation of programmed cell death 4 0.037
negative regulation of cell death 4 0.037
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4.2.5.2 Summary

Although a large number of the differentially-exgged proteins identified in the
label-free analysis of the whole cell lysate wehmgphoproteins, phosphoprotein
enrichment of these samples helped to further @s&reproteome coverage,
identifying 36 differentially-expressed phosphopios which were not seen in the
whole cell lysate study (53 differentially-expredgghosphoproteins were identified
in total, >1.5 fold-change, ANOVA <0.05). The iddication of these additional

proteins revealed enrichment of cytoskeleton ogtion pathways by GO analysis.
To enable identification of site-specific phospHatiypn however, further enrichment

would be required.
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4.2.6 Quantitative label-free LC/MS analysis of a Gallium oxide
phosphopeptide enrichment of a phosphoprotein-enrltted CHO SEAP
lysate

Upon completion of phosphoprotein-enrichment of ighcell lysate CHO SEAP

samples, 1080y of each sample underwent a phosphopeptide eneichmsing

Gallium Oxide spin columns. It was hoped that byalng this second methodology

with phosphoprotein enrichment it would greatly noywe the number of

phosphopeptides identified during LC/MS analysid alhiow changes in site-specific
phosphorylation to be detected.

Progenesis label-free software was used to analysedata acquired following
LC/MS analysis. A principal component analysis (BCplot generated by
Progenesis during data analysis showing how theugabhosphopeptide-enriched
samples from 37 C and 31 C cultures cluster andisplayed in Figure 4.2.14. A
phosphopeptide was considered to be differentratytlated if its change in relative
abundance was >1.5 fold. Lists of differentiallguéated phosphopeptides were
generated based on peptides deemed to have aalbfasignificant fold-change
(ANOVA <0.05) and peptide ion scores >40 when dszaicagainst CHO NCBI and
CHO BB proteomic databases.

Figure 4.2.14PCA plot for CHO SEAP gallium phosphopeptide emet whole cell
lysate, phosphoprotein pre-enriched, sample gr@p€ (pink) and 31 C (blue)
generated during quantitative label-free LC/MS dataalysis using Progenesis
software. It should be noted that the five spotenfreach condition represent the
enriched samples that were originally analysed t@avw subsequent inclusion list
runs for each condition used to obtain additioregdtjle information.
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Quantitative label-free analysis of a gallium oxipleosphopeptide enrichment of
phosphoprotein-enriched CHO SEAP samples subjaentperature-shift identified
8 phosphopeptides as being differentially-expres€¥dthe 8 phosphopeptides, 1
showed decreased expression at 31 C (Table 4.2/ddg the remaining 7 were up-
regulated at 31 C compared to 37 C (Table 4.2.4%).differentially-expressed

phosphopeptides identified came from unique pretein

Due to the low number of phosphopeptides identifieminformatic analysis was not
carried out as the sample set is too small to plsteaningful statistically significant
information. Instead each protein was manually@eat against UniProtKB and the
biological process as described for the human eersi the protein was used to infer
biological function on the CHO version identifidd. addition to this, each protein

was also searched against the literature to confimbiological function involved.

As a result of this search, the proteins COP9 $igoane complex subunit 1 and
PITSLRE serine/threonine-protein kinase CDC2L 19 &isown as Cyclin-dependent
kinase 11B, were identified as being involved inl ag/cle progression and
translation initiation factor elF-2B subunit epsitbke is known to have roles in

protein synthesis.

In order to determine whether the change in phgspptide expression was as a
result of an increase in phosphorylated form of pleetide or an increase in total
protein abundance, the protein names of the diffeky-expressed
phosphopeptides identified were searched agaiedighof differentially-expressed
proteins from the whole cell lysate and phosphanoenrichment analysis. As a
result of this comparison the only protein ideetifias common to the gallium
enrichment and whole cell lysate / phosphoprotamicement list was DNA
replication licensing factor MCM2 (as denoted with in Table 4.2.45). A
comparison between the differentially-expressedgmonames and qualitative lists
of proteins from whole cell lysate and phosphoprogsmrichment analysis were also
compared. Interestingly, the proteins Nucleolar gpmprotein p130, COP9
signalosome complex subunit 1 and 182 kDa tankytadseding protein were
identified in the qualitative lists. The presenéeh@se proteins in the qualitative list

and not in the quantitative proteins lists indicatieat the total abundance of these
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proteins does not change but the phosphorylated fofr the peptide did alter in

abundance.

Although the remaining phosphopeptides were idieatibs changing in abundance,
without further analysis it is unclear whether tisi@s a result of an increase in total
protein, phosphorylated peptide or both. It shdoédnoted that further proteomic
analysis including further fractionation or enriokmbh would be required to
determine the total abundance of the remaining epret especially if the

endogenous protein was found to be expressed deleis within the cell.
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Table 4.2.44List of differentially-expressed phosphopeptidesyd-regulated at 31 C compared to 37 C, obtainedhfquantitative label-free
LC/MS analysis of CHO SEAP cells sampled at 36lost{pemperature-shift. Phosphopeptides were erdiéteen phosphoprotein-enriched
CHO SEAP whole cell lysate samples using galliundeyhosphopeptide enrichment.

Gene Symbol Bequence [Description Score |Anova Fold Function
CDK11B DLLSDLQDISDSER |PITSLRE serine/threonine-protein kinase CDC2L1 60 |0.0225] 7.4 |Cell cycle

Table 4.2.45List of differentially-expressed phosphopeptides;reigulated at 31 C compared to 37 C, obtained foumantitative label-free
LC/MS analysis of CHO SEAP cells sampled at 36lost{emperature-shift. Phosphopeptides were ertdiétten phosphoprotein-enriched
CHO SEAP whole cell lysate samples using galliurmdexphosphopeptide enrichment. (Note: T indicatesems that don’'t change in total
abundance. * denotes proteins that do changeahabtindance.)

Gene Symbol pFequence [Pescription Score |Anova fold | Function
NOLC1 NETAEEAGTPQAKT Nucleolar phosphoprotein p130 55 |0.0227| 2.2 Mitosis
EIF2B5 AVSPQLDDIK Translation initiation factor elF-2B subunit epsilon-like 49 10.0429]| 1.9 | Translation
GPS1 EGSQGELTPANSQSRT |COP9 signalosome complex subunit 1 47 10.0069| 2.0 | Cellcycle
MCM2 ISDPLTSSPGR" DNA replication licensing factor MCM2 44 10.0188] 2.0 Cell cycle
CHAMP1 KSSPASLDFSESQK Zinc finger protein 828 42 10.0314| 2.0 | Structural
TNKS1BP1 [SAEEGEVTESKYt 182 kDa tankyrase-1-binding protein 42 10.0426| 2.6 |Miscellaneous
SAFB2 APTASLSPEPQDSK Scaffold attachment factor B2 41 10.0083| 2.5 | Transcription
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Figure 4.2.15 shows an example of MS/MS fragmemasipectrum output from a
MASCOT search resulting in the identification of ethphosphopeptide
“DLLSDLQDI SDSER” belonging to the protein PITSLRE serine/timiee-protein
kinase CDC2L1. The file searched on MASCOT conthiaely those MS features
deemed by Progenesis label-free LC/MS softwareagsp a statistically significant
differential expression (ANOVA value <0.05). Figu4e2.16 is an example of the
same phosphopeptide, “DLLSDLQESDSER”, identified following a qualitative
search of all LC/MS raw files from mass spectrablgsis of gallium oxide
Phosphopeptide-enriched CHO SEAP lysate samplesg-empiched for
phosphoproteins, using SEQUEST search algorithitai(dd section 2.4.6). The use
of phosphorylation site localisation algorithm PhlosRS during qualitative analysis
of the mass spectral data also identified phospéoy of the serine, tenth amino
acid residue, as being phosphorylated with a >98%l| of confidence. When
enriched samples from 37 C and 31 C cultures waralyged using Progenesis
software, the phosphopeptide “DLLSDLQERDSER” was identified as being
differentially-expressed. The large error bars athb37 C and 31 C sample clusters
are as a result of an outlier in each sample grbDegpite this, Progenesis identified
“‘DLLSDLQDISDSER” as being 7.4-fold up-regulated at 37 C (ANO\0X0225)
(Figure 4.2.17).

The overall number of differentially-expressed gitaspeptides identified was lower
than expected. A qualitative review of the LC/MS tadarevealed 105
phosphopeptides were identified using Gallium oxu@sphopeptide enrichment.
The number of phosphopeptides identified could micaly be due to the reduced
protein population present in the sample as a tresybhosphoprotein enrichment.
This cohort was further reduced when the criteda differential expression was

introduced.
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Figure 4.2.15(A) MS/MS fragmentation spectrum output from a MA&ST search

of MS features deemed by Progenesis label-free [SCéftware have a statistically
significant differential expression (ANOVA value 0.05) resulting in the

identification of the phosphopeptide “DLLSDLQEDSER” belonging to the

protein PITSLRE serine/threonine-protein kinase @DC (B) The b-and y-ion

series used for phosphopeptide identification viRSTOT are indicated.
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Figure 4.2.16(A) MS/MS fragmentation spectrum output from a SEE3T search
of raw files from the LC/MS analysis of gallium o phosphopeptide enriched
CHO SEAP whole cell lysate subject to temperatiniéi;s pre-enriched for
phosphoproteins, resulting in the identification dahe phosphopeptide
“DLLSDLQDI SDSER” belonging to the protein PITSLRE serine/timiee-protein
kinase CDC2L1. (B) The b-and y-ion series usedptuwsphopeptide identification
via SEQUEST are indicated.
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37C 31C

Figure 4.2.17Progenesis label-free LC/MS output showing norsealiabundance
of the phosphopeptide “DLLSDLQBDSER” indicating its 7.39-fold down-
regulation at 31 C compared to 37 C (ANOVA 0.0225).
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4.2.6.1 Summary

While Gallium phosphopeptide enrichment of phospbtgin-enriched whole cell

lysate samples facilitated differential expressand site-specific phosphorylation
information to be gathered, the total number wagelathan expected. However, this
is clearly as a result of the number of phosphaimst identified in the

phosphoprotein enrichment sample. Nonetheless, itlilgmation was useful in

forming an overall picture of changes taking placethe phosphoproteome of
temperature-shifted CHO cells. Phosphopeptide lem@nt of a whole cell lysate
could yield greater numbers of phosphopeptidesngikiat the number of proteins in

the sample prior to phosphopeptide enrichment wbaldignificantly higher.
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4.2.7 Quantitative label-free LC/MS analysis of titanium dioxide
phosphopeptide enriched CHO SEAP whole cell lysate

Due to the low number of differentially-expressdwgphopeptides identified using
phosphopeptide enrichment of a sample pre-enriébleghosphopeptides (section
4.2.6), it was decided that a phosphopeptide emgctt of a whole cell lysate may
yield better results. As such, 5@ aliquots of the eight CHO SEAP whole cell
lysate samples collected from shake flask cultusasnpled at 36hrs post-
temperature-shift were enzymatically digested ahdsphopeptide enriched using
titanium dioxide spin columns as detailed in maieri2.4.4. Phosphopeptide
enriched samples were then prepared for labelHi@@MS as detailed in section
2.4.6. After mass spectral analysis of all the damwas complete, inclusion lists
were generated and analysis on some of the samplegepeated as described in

section 4.2.4.

Progenesis label-free software was used to analysedata acquired following
LC/MS analysis. Reference run selection was perormn two separate occasions
and phosphopeptides common between the two ligtergted were accepted as
being differentially-regulated as outlined in m&tkr and methods 2.5.8. A principal
component analysis (PCA) plot generated by Progendsring data analysis
showing how the titanium phosphopeptide enrichedpdas from 37 C and 31 C
cultures cluster and is displayed in Figure 4.2.18.

Figure 4.2.18PCA plot for CHO SEAP titanium dioxide Phosphopeptenriched
whole cell lysate sample groups 37 C (pink) andC3Xblue) generated during
guantitative label-free LC/MS data analysis usinggenesis software.
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The list of differentially-expressed phosphopemideas then compared to the lists
of differentially-expressed proteins from the tweparate CHO SEAP whole cell

lysate and phosphoprotein-enriched analyses (seceti@d.4 and 4.2.5) and any
phosphopeptides identified as belonging to a pmotieat changed in expression in
the whole cell lysate or the phosphoprotein enriehimanalysis were noted

(indicated by ~ in the tables). Although the phagmptides identified changed in
relative abundance, changes in the abundance dbthleprotein may also produce
the same effect. While it is possible that an iaseein the level of the total protein
and the phosphorylated form of the protein may h@@urred, these peptides were
highlighted to indicate that further work may beyuged to identify the precise

cause of the change in abundance.

Conversely, proteins identified in qualitative sistrom whole cell lysate and
phosphoprotein enrichment are indicated by denote that while the expression of
the phosphopeptide does alter, the total protewsdwmt change in abundance as

outlined in section 4.2.6.

Phosphopeptides were considered to be differeytiafjulated if their change in
relative abundance was >1.5 fold. Lists of difféiaty-regulated proteins were
generated based on peptides deemed to have aalbfasignificant fold-change
(ANOVA <0.05) and peptide ion scores >40 when desdcagainst CHO NCBI and
CHO BB proteomic databases. Based on the phosptidpggound to be common
from the two independent analyses on Progenesisl-fede software, this list
identified 33 unique phosphopeptides as being riffeally-expressed, 18 down-
regulated (Table 4.2.46) and 15 up-regulated a€ §Table 4.2.47).
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Table 4.2.46List of differentially-expressed phosphopeptidesyd-regulated at 31 C compared to 37 C, obtainedhfquantitative label-free
LC/MS analysis of CHO SEAP cells sampled at 36hostfemperature-shift. Phosphopeptides were ertiéfen CHO SEAP whole cell
lysates using titanium dioxide phosphopeptide @mnient. (Note: * denotes phosphopeptides with®iormation. T indicates proteins that

don’t change in total abundance. . ” indicatesgingtthat do change in total abundance.)

Gene Symbol pequence Pescription Score |Anova Fold Function

OSBPL11 SFSLASSGNSPISQR* Oxysterol-binding protein-related protein 11 73 10.0041| 2.0 |Lipid transport

N/A SSSLDALGPSR* Uncharacterized protein C1orf198 homolog 70 ]0.0000| 6.2 |Unknown

ANAPC1 SPSISNMAALSR* Anaphase-promoting complex subunit 1 69 |0.0258| 1.5 |Cell division
ARHGEF5 LDSLAEAPGLSSPR Rho guanine nucleotide exchange factor 5 67 |0.0016] 2.2 Eﬁzlgw%;:gglztclzat?/f
GAPVD1 SSDIVSSVR* GTPase-activating protein and VPS9 domain-containing protein 1 65 |0.0255] 1.8 Z?I'IS;;\S/Z raegtlij\lﬂi;lon of
TLE3 ESSANNSVSPSESLR* |Transducin-like enhancer protein 3-like isoform 1 61 |0.0398| 1.5 |Transcription
RAPH1 TASAGTVSDAEVR* Ras-associated and pleckstrin homology domains-containing protein 1 59 ]0.0052| 1.6 zzggllﬁ:;s membrane
LSM12 TETPPPLASLNVSKT Protein LSM12 homolog 55 ] 0.0005] 2.9 |Unknown

SRRM2 SPGMLEPLGSAR* Serine/arginine repetitive matrix protein 2 54 10.0027| 2.4 |mRNA processing
ELMOD3 SSELTEAVETK ELMO domain-containing protein 3 53 ]0.0003| 2.5 |Miscellaneous

FRS2 LTSTSTSDTQNINNSAQR |Fibroblast growth factor receptor substrate 2 53 |]0.0019| 8.0 |Multiple

DENND4C VPSGLFDTNNR* DENN domain-containing protein 4C 51 |]0.0026| 3.4 |Protein transport
SH3PXD2A NESLTATDSLR* SH3 and PX domain-containing protein 2A 50 |0.0169] 2.0 |Miscellaneous
EIF4G3 SPVAATVVQR* Eukaryotic translation initiation factor 4 gamma 3 47 ]0.0060| 3.7 |Translation

ZYX SPGGPGPLTLK*f Zyxin 42 10.0077| 1.5 |Cell Adhesion
MPDZz GSLPQVSSPR multiple PDZ domain protein-like isoform 1 42 10.0167] 2.0 |Miscellaneous
KIF14 ESSLLGSELGDTTTK Kinesin-like protein KIF14 42 10.0190] 2.5 |Cytokinesis

NUP88 EDAEVAESPLR Nuclear pore complex protein Nup88 40 ]0.0070] 2.0 |mRNA transport

269




Table 4.2.47List of differentially-expressed phosphopeptidgsregulated at 31 C compared to 37 C, obtained flalbel-free LC/MS analysis
of CHO SEAP cells sampled at 36hrs post-temperatife Phosphopeptides were enriched from CHO SiRBle cell lysates using titanium
dioxide phosphopeptide enrichmefitiote: * denotes phosphopeptides with MBformation. 1 indicates proteins that don't charig total
abundance. .  indicates proteins that do changgahabundance.)

Gene Symbol Bequence Pescription Score | Anova fold Function

NDRG1 TASGSSVTSLEGPR* Protein NDRG1 88 |4.40E-07] 16.5|Miscellaneous

RIN2 QASFLEAEGSAK* Ras and Rab interactor 2 79 | 0.0006 | 2.4 z;?\':t'f regulation of GTPase
EIF5B VEIFSGSEDDDDSNK* Eukaryotic translation initiation factor 5B-like 71 | 0.0333 | 2.4 |Translation

TRIM28 SGEGEVSGLMR* Transcription intermediary factor 1-beta 69 0.0447 | 1.6 |Transcription

AGPAT9 NSASVGIIQR* Glycerol-3-phosphate acyltransferase 3 61 0.0105 | 1.7 |Lipid metabolism

VAPB SLTSSLDDAEVKK* Vesicle-associated membrane protein-associated protein B| 56 0.0048 | 3.0 |Unfolded protein response
Tmpo QDFESLSPPR? Lamina-associated polypeptide 2, isoforms alpha/zeta 55 0.0013 | 2.0 |Transcription

TSC22D1 VDVESGSSAAGTPPLSR |TSC22 domain family protein 4 54 0.0074 | 1.5 |Transcription

MYBBP1A SPSLLQSVVK* Myb-binding protein 1A 52 0.0005 | 2.3 |Transcription

NDRG1 SRTASGSSVTSLEGPR* |Protein NDRG1 49 0.0001 | 39.7|Miscellaneous

BAIAP2L1 SISTVDLTEK lEiier|rr1J-;EJeei<;|fllc angiogenesis inhibitor 1-associated protein 2- 46 00024 | 2.0 ?;%l;ls;ll(;rtlo(;f ?ec(::ganization
SMARCA4 EVDYSDSLTEK Transcription activator BRG1 44 0.0001 | 2.8 |Transcription

CDC42EP1 LNFDSSPTSSTDGR Cdc42 effector protein 1 44 0.002 | 1.7 |Multiple

PDCD4 SGVPVPTSPK Programmed cell death protein 4 42 0.0004 | 2.1 |Apoptosis

HUWE1 HADHSSLTLGSGSSTTR” |E3 ubiquitin-protein ligase HUWE1 41 0.0042 | 2.7 |DNA repair
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An example of an MS/MS fragmentation spectrum oufpam a MASCOT search
that resulted in the identification of the phospoide “TASGSSVTSLEGPR”
from Protein NDRGL1 is shown in (Figure 4.2.19). Tte used in this MASCOT
search contained only MS/MS information from thésatures deemed as having a
statistically significant differential expressioANOVA value 0.05) by Progenesis
label-free LC/MS software. Following a qualitatigearch of all LC/MS raw files
from mass spectral analysis of titanium dioxide ggtwmpeptide enriched CHO
SEAP lysates using the SEQUEST search algorithrtai{dd section 2.4.6), the
same phosphopeptide, “B&SSVTSLEGPR”, was also identified as evidenced by
the MS/MS output in (Figure 4.2.20 A). Phosphoiglatof the third amino acid
residue, serine, was identified as being phospatagl with a >99% level of
confidence by the phosphorylation site localisatiagorithm PhosphoRS.
MS/MS/MS information was also obtained on this pptduring mass spectral
analysis as can be seen in (Figure 4.2.20 B) piyyidurther proof of the
phosphorylation of this phosphopeptide. Figure.2L2shows an output from
Progenesis label-free analysis identifying ‘FBSSVTSLEGPR” as being 16.5-fold
up-regulated at 31 C (ANOVA 4.40E-07).
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Figure 4.2.19(A) MS/MS fragmentation spectrum output from a MA&ST search
of MS features deemed by Progenesis label-free [SCéftware have a statistically
significant differential expression (ANOVA value 0.05) resulting in the
identification of the phosphopeptide “E&SSVTSLEGPR” belonging to Protein
NDRG1. (B) The b-and y-ion series used for phospptide identification via
MASCOT are indicated.
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(A)
(B)

(© (D)

Figure 4.2.20(A) MS/MS fragmentation spectrum output from a SEE3T search of raw files from the LC/MS analysidi@nium dioxide phosphopeptide enriched CHO
SEAP whole cell lysate subject to temperature-shgtiting in the identification of the phosphopept TASGSSVTSLEGPR” belonging to Protein NDRGL1. (B) Thartd
y-ion series used for phosphopeptide identificatibthe MS/MS are indicated. (C) MS/MS/MS fragmeiota spectrum of the peptide “T@6SSVTSLEGPR” following the
loss of phosphate (D) The b-and y-ion series usddréher evidence of phosphopeptide identificatiom indicated.
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37C 31C

Figure 4.2.21Progenesis label-free LC/MS output showing norsealiabundance
of the phosphopeptide “TEGSSVTSLEGPR” from the Protein NDRGL1 indicating
its 16.5-fold up-regulation at 31 C compared toGTANOVA 4.4E-07).
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4.2.7.1 Bioinformatic analysis of differentially-expressed phosphopeptides
enriched using titanium dioxide

Differentially-expressed phosphopeptides identiftacbugh the label-free LC/MS
analysis of titanium dioxide phosphopeptide enriehimof CHO SEAP whole cell
lysates subject to temperature-shift were analysedg DAVID. This was carried
out in order to determine what pathways were pahtytinvolved in the cellular
response to temperature-shift. Unfortunately howethes analysis did not provide
any further insight into processes that may be lvea (data not shown). This could
possibly be due to the relatively small number roftg@ins being analysed, as DAVID
was designed for the analysis of larger data setslving extensive lists of
genes/proteins. In addition to this, pathway atitbravia phosphorylation events can
be complex and may not be possible to fully interprsing functional annotation
analysis such as DAVID.

Through manual searching of protein function thioagcombination of literature
mining and using protein databases such as UniRrotumber of potentially

interesting proteins were identified. Transcriptacetivator BRG1 and Programmed
cell death protein 4, both of which have been lthke negative regulation of cell
cycle progression, were up-regulated at 31 C coegpdap 37 C (Table 4.2.47).

Protein NDRG1, also up-regulated at 31 C, is kndwrbe involved in cell stress
response and growth arrest (Ellen et al. 2008; ¥ékia et al. 2003). Conversely,
growth promoting Eukaryotic translation initiatidactor 4 gamma 3 was down-
regulated at 31 C compared to 37 C (Table 4.2.46).
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4.2.7.2 Summary

Phosphopeptide enrichment of CHO SEAP whole cshitly using titanium dioxide
significantly improved the number of phosphopemiddentified compared to
phosphopeptide enrichment of a phosphoproteindeediavhole cell lysate sample.
Using quantitative label-free LC/MS 33 differentyaéxpressed phosphopeptides
were identified, of which 15 were up-regulated AiC3 Despite the larger number of
phosphopeptides with site-specific information oled, GO analysis did not reveal
any enrichment of process pathways. A number ofeprs involved in translation
were identified through literature mining howevédie utilization of a second
phosphopeptide enrichment methodology to complentgabium oxide could
increase coverage of the phosphoproteome of CHGQs, cploviding further
information on the effects of temperature-shift.
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4.2.8 Quantitative label-free LC/MS analysis of an Iron &ide phosphopeptide
enriched CHO SEAP whole cell lysate
In order to further profile the phosphoproteome ©HO cells a second
phosphopeptide enrichment was employed. It wasdtys the use of an Iron oxide
based phosphopeptide enrichment would complemest titanium dioxide
enrichment carried out in section 4.2.7 and provgteater coverage of the
phosphoproteome. Similar to titanium dioxide enmeimt described previously,
500ng of all eight CHO SEAP whole cell lysate samplesrf temperature-shifted
and non-temperature-shifted samples were phosplidpegnriched using Iron oxide
spin columns as detailed in materials 2.4.5. Phosgptide enriched samples were
then prepared for quantitative label-free LC/MSJatailed in section 2.4.6.

As detailed in section 4.2.7, to determine whetherdifferential expression of the
phosphopeptide could be the result of a changéenabundance of the protein as
opposed to a change in the level of phosphorylatibe lists of differentially-
expressed phosphopeptides was compared to theofistifferentially-expressed
proteins from the CHO SEAP whole cell lysate andgphoprotein-enriched
analyses (sections 4.2.4 and 4.2.5). Any protaestified as being differentially-
expressed in both the iron-enriched and wholelgsgdite / phosphoprotein-enriched
analysis were then indicated by ” in the iron Iss. described in section 4.2.6, the
protein names of the phosphopeptides were alsaclssragainst qualitative lists
from the analysis of whole cell lysate and phospbtgin enrichment. Proteins
identified as being common to the differentiallypexssed phosphopeptide lists and
qualitative lists are denoted by arThis is indicative of a change in the abundance

of the phosphopeptide as opposed to a change abtimedance of the total protein.

Progenesis label-free software was used to anéhgseC/MS data in duplicate and
the same criteria applied to define differentiakpressed phosphopeptides was
applied as detailed in section 2.5.8. A principamponent analysis (PCA) plot
generated by Progenesis during data analysis shgdwaw the Iron phosphopeptide
enriched samples from 37 C and 31 C cultures cluatel is displayed in Figure
4.2.22.
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Figure 4.2.22PCA plot for CHO SEAP Iron phosphopeptide enricimdtble cell
lysate sample groups 37 C (pink) and 31 C (bluehagated during quantitative
label-free LC/MS data analysis using Progenesisveoé. It should be noted that the
five spots from each condition represent the fooricked samples that were
originally analysed and an additional run based aon inclusion list for each
condition that was used to obtain additional pepitrdormation

As a result of this analysis 60 unique phosphopepti were identified as
differentially-expressed when lists from two indegent analyses of LC/MS label-
free data were compared. Of these, 38 were downategl at 31 C (Table 4.2.48),
while the remaining 22 were up-regulated 31 C coragdo 37 C (Table 4.2.48).
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Table 4.2.48List of differentially-expressed phosphopeptidésyn-regulated at 31 C compared to 37 C, obtaimethfquantitative label-free
LC/MS analysis of CHO SEAP cells sampled at 36hostfemperature-shift. Phosphopeptides were ertiéfen CHO SEAP whole cell
lysates using iron oxide phosphopeptide enrichm@tte: * denotes phosphopeptides with M&formation. 1 indicates proteins that don't
change in total abundance. .  indicates protéiasdo change in total abundance.)

Gene Symbol Bequence Pescription Score |Anova Fold Function
Nr2c2 IQISTDSAVASPQR Nuclear receptor subfamily 2 group C member 2 84 ]10.0011| 2.6 |Transcription
SAPCD2 SPSADASAAVCK* Protein C90rf140 homolog 79 0.0041] 1.8 |Unknown
SPAST APSCSGLSMVSGGR* Spastin 78 10.0469| 1.8 |Cell Division
GIGYF1 SIEEGDGAFGR* PERQ amino acid-rich with GYF domain-containing protein 1 68 |0.0348| 15.|M0Ived in tyrosine kinase
= receptor signalling
ANAPC1 SPSISNMAALSR Anaphase-promoting complex subunit 1 65 |]0.0250| 1.9 |cell division
TBC1D5 VEQALSEVASSLQSSAPK |Tetratricopeptide repeat protein 7B 62 |0.0122| 4.7 |Unknown
EIF4G3 TSSPTTLAPLAR Eukaryotic translation initiation factor 4 gamma 3 60 ]0.0182| 3.6 |Translation
CCDCB88A SSSQENLLDEVMK t Girdin 60 |0.0276| 5.1 |Cell proliferation
ARID5B AVSPLDPAK AT-rich interactive domain-containing protein 5B 60 |0.0461| 2.0 |Transcription
PHF12 TTSPSSDTDLLDR PHD finger protein 12 59 ]0.0360| 2.0 |Transcription
MAP1B SDISPLTPRA Microtubule-associated protein 1B 57 10.0003| 7.6 |Structural
ELMOD3 SSELTEAVETK* ELMO domain-containing protein 3 57 ]10.0024| 2.7 |Miscellaneous
NEK1 SESMPVQLNK TBC1 domain family member 5 56 |0.0125| 2.7 JUnknown
GOLGA4 SEASPPQSGDTQTFAQK |Golgin subfamily A member 4 55 ]0.0384] 1.9 |Unknown
URI1 SLSCEEASEGR* Unconventional prefoldin RPB5 interactor 55 ]0.0001| 3.3 |Transcription
KMT2D ASQVEPQSPGLGLR Histone-lysine N-methyltransferase MLL2 54 10.0352| 3.2 |Transcription
EIF4G3 SPVAATVVQR* Eukaryotic translation initiation factor 4 gamma 3 54 10.0001] 3.6 |Translation
ARHGAP17  |SSGTNFQGLPSK Rho GTPase-activating protein 17 54 |0.0130| 2.1 Zﬁg\s’z rzftli‘\;ison of
DTD1 SASSGAEGDVSSEREP D-tyrosyl-tRNA(Tyr) deacylase 1 53 ]0.0012| 2.1 |DNA replication
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ZNF687 AVVLPGGNVTSPK Zinc finger protein 687 53 ]0.0471] 2.1 |Transcription

MYO9A AASTDLGAGEAVWWGK  |Myosin-iXa 51 |o.0288| 2.7 Z(;Sp'g\s’z r;(?tli’ﬁon of
UBN1 ICSDEEEDEEKGGR Ubinuclein-1 51 |0.0214| 2.8 |Miscellaneous

CDCAS8 LTAEAIQTPLK Borealin 50 |0.0421| 3.1 |Cell cycle

ACAP? SSPSTGSLDSGNESK ,srr;-t(zﬁPzwith coiled-coil, ANK repeat and PH domain-containing 29 lo.0202| 2.9 Z;)_spig\s/z r;gtlij\lﬂi;ion of
ATF2 NDSVIVADQTPTPTR* Cyclic AMP-dependent transcription factor ATF-2 49 ]0.0000] 7.4 |Transcription

PUM1 RDSLTGSSDLYK* Pumilio homolog 1 46 ]0.0184| 2.1 |Translation

SPAGY NVSTDSVENEEK C-Jun-amino-terminal kinase-interacting protein 4 45 |0.0471] 2.0 aA;ti'\f;'on of JUN kinase
TLN2 LDEGTPPEPK Talin-2 45 10.0398| 1.7 |Structural

MAST2 KLSNPDLFSSTGK* Microtubule-associated serine/threonine-protein kinase 2 45 ]0.0062| 3.0 |Miscellaneous
FNBP1L TISDGTISASK* Formin-binding protein 1-like 44 10.0112| 2.7 |Autophagy

NFIB DQDMSSPTTMK Nuclear factor 1 B-type 44 10.0010] 3.1 |Transcription

AMOTL2 TASLDSVATTR Angiomotin-like protein 2 44 ]0.0020] 4.6 |Wnt signalling pathway
HEG1 EAIEMHENGSTK* Protein HEG-like 1 43 ]0.0436] 2.4 |Cell membrane
ZKSCANS3 MEDVAPGLSPR Zinc finger protein with KRAB and SCAN domains 3 42 10.0032] 7.1 |Transcription

OSBPL3 ALVHQLSNESR* Oxysterol-binding protein-related protein 3 41 ]0.0000] 5.3 |Lipid transport
BOD1L1 RGSISQEITK* Biorientation of chromosomes in cell division protein 1-like 41 ]0.0492] 1.9 |DNA Binding

EMSY LTSPVTSISPIQASEK Protein EMSY 41 ]0.0156| 2.6 |Transcription

NEK1 TCSLPDLSK Serine/threonine-protein kinase Nek1 40 ]0.0076] 2.3 |Cell division
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Table 4.2.49List of differentially-expressed phosphopeptideg;regulated at 31 C, obtained from quantitativieelefree LC/MS analysis of
CHO SEAP cells sampled at 36hrs post-temperatufe-Bhosphopeptides were enriched from CHO SEABI&kell lysates using iron oxide
phosphopeptide enrichment. (Note: * denotes phqsgttides with M$information. 1 indicates proteins that don’t cheauirgy total abundance. .

N indicates proteins that do change in total abonoea

Gene Symbol pBequence Pescription Score | Anova [Fold Kunction

DTL AGLVMVASSQTTPAK Denticleless protein homolog 69 | 0.0221 | 1.8 ]Celldivision

CDC42EP1 LNFDSSPTSSTDGR Cdc42 effector protein 1 63 | 0.0028 | 1.8 JMultiple

KTN1 EIQNGAIHESDSENVLR* 4 Kinectin 61 0.0059 | 3.3 |Microtubule-based movement
KTN1 KNQNGAIHESDSENVLR4 |Kinectin 61 | 0.0059 | 3.3 |Microtubule-based movement
FAT1 DMPAAGSLGSSSR? Protocadherin Fat 1 59 ] 0.0268 | 2.2 |Cell adhesion.

DDX21 KSPSEDDMEPPK*" Nucleolar RNA helicase 2 57 ] 0.0119| 1.7 |RNA processing

NA VLQPSPVSPSDTDTR Component of gems 4-like 55 | 0.0014 | 3.7 |mRNA processing
FAM53B SSSFSLPAR Protein FAM53B-like 53 ] 0.0223 | 1.8 |mRNA processing

NDRG1 SRTASGSSVTSLEGPR | Protein NDRG1 52 0.0020 | 230.5|Miscellaneous

PSMAS5 GVNTFSPEGR® Proteasome subunit alpha type-5 51 | 0.0004 | 3.0 |Cellcycle

TRIP12 DDSLDLSPQGR* Probable E3 ubiquitin-protein ligase TRIP12 51 | 0.0167 | 2.0 |Protein degradation

NCL GLSEDTTEETLK** Nucleolin 50 | 0.0036 | 5.1 |Miscellaneous

EFS LPSTESLSR Embryonal Fyn-associated substrate 49 | 0.0364 | 2.0 |Cell adhesion.

ATF7 TDSVIADQTPTPTR Cyclic AMP-dependent transcription factor ATF-7 46 | 0.0098 | 9.8 [Transcription

PSAT1 ASLYNAVTTEDV EK** Phosphoserine aminotransferase 46 | 0.0059 | 5.0 |Miscellaneous

TOP2B KASGSENEGDYNPGR4 | DNA topoisomerase 2-beta 45 | 0.0272 | 4.4 |Miscellaneous

VIM TYSLGSALRPSTSR? Vimentin 44 | 0.0009 | 13.2 |Miscellaneous

PTPN21 TMSASAADVAPR Tyrosine-protein phosphatase non-receptor type 21 44 | 0.0397 | 1.6 [Transcription

VAPB SLTSSLDDAEVK4 Vesicle-associated membrane protein-associated protein B 42 ]| 0.0002 | 5.8 JUnfolded protein response
TTC7B EVDY SDSLTEK Transcription activator BRG1-like 41 | 0.0004 | 3.0 |Transcription

ERCC6 LPGSVNTSFNSR DNA excision repair protein ERCC-6 41 | 0.0056 | 2.0 [Transcription

SMARCA4 KIPDPDSDDV SEVDAR Transcription activator BRG1-like 41 | 0.0144 | 2.6 [|Transcription
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The phosphopeptideSPVAATVVQR” from the protein Eukaryotic translation
initiation factor 4 gamma 3 was identified followia search of MS/MS information,
through MASCOT (Figure 4.2.23), of those featudantified by Progenesis label-
free LC/MS software as having a statistically digant differential expression
(ANOVA value 0.05). ‘SPVAATVVQR” was also identified following a

qualitative search of all LC/MS raw files from magsectral analysis of iron oxide
phosphopeptide enriched CHO SEAP lysates usinGBE@UEST search algorithm
(detailed section 2.4.6). An example of the MS/MSpat from this identification in

SEQUEST is given in (Figure 4.2.24 A). PhosphoR&hiidied the first amino acid

residue, serine, as being phosphorylated with a%>9@vel of confidence.

MS/MS/MS information on this peptide was also om¢al during mass spectral
analysis as can be seen in (Figure 4.2.24 B) tmasigpng further evidence of
phosphorylation of this phosphopeptide. Figure 262shows an output from
Progenesis label-free analysis identifyifgPYAATVVQR” as being 3.6-fold up-

regulated at 37 C (ANOVA 0.0001).
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Figure 4.2.23(A) MS/MS fragmentation spectrum output from a MA&ST search
of MS features deemed by Progenesis label-free [SCéftware have a statistically
significant differential expression (ANOVA value 0.05) resulting in the
identification of the phosphopeptidPVAATVVQR” from the protein Eukaryotic
translation initiation factor 4 gamma 3. (B) Theatd y-ion series used for
phosphopeptide identification via MASCOT are intiech
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(A) (B)

©)
(D)

Figure 4.2.24(A) MS/MS fragmentation spectrum output from a SEEJT search of raw files from the LC/MS analysidit#nium dioxide
phosphopeptide enriched CHO SEAP whole cell lysatiject to temperature-shift resulting in the idemtion of the phosphopeptide
“SPVAATVVQR” belonging to Eukaryotic translation imtion factor 4 gamma 3. (B) The b-and y-ion senmsgd for phosphopeptide
identification of the MS/MS are indicated. (C) MSBEMMS fragmentation spectrum of the pepti&@VAATVVQR” following the loss of
phosphate (D) The b-and y-ion series used as fuettidence of phosphopeptide identification arecatbd.
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37C 31C

Figure 4.2.25Progenesis label-free LC/MS output showing norsealiabundance
of the phosphopeptideSPVAATVVQR” indicating its 3.6-fold down-regulatioat
31 C compared to 37 C (ANOVA 0.0001).
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4.2.8.1 Bioinformatic analysis of differentially-expressed phosphopeptides
enriched using iron oxide
Identification of differentially-expressed phospleppides through quantitative label-
free LC/MS analysis of iron oxide phosphopeptideatred CHO SEAP whole cell
lysates subject to temperature-shift were analysaéaly DAVID. Similar to DAVID
analysis of titanium dioxide enriched phosphopeggtidsection 4.2.7), analysis of
iron oxide phosphopeptide enriched samples did identify any pathways of
interest that may be involved in the cellular resgmto temperature-shift (data not
shown). Despite the list of differentially-reguldtphosphopeptides identified using
iron oxide being longer than that obtained usirignium dioxide, the failure to
identify any obvious processes involved in the oese to temperature-shift through
DAVID is most likely for the same reasons as thdseussed previously (Section
4.2.7).

Identification of proteins of interest was once iagearried out through manual
searching of protein function using a combinatidriterature mining and protein
databases such as UniProt. Interestingly, as wddleing identified through titanium
dioxide enrichment, Transcription activator BRG1gtein NDRG1 and Eukaryotic
translation initiation factor 4 gamma 3 were alstentified as differentially-

expressed using the iron oxide phosphopeptide lengat strategy (Table 4.2.50
and Table 4.2.51). In addition to this, phosphojdest from the proteins Borealin
and Serine/threonine-protein kinase Nekl, both loickv are known to be involved

in cell growth and division, were found to be ugukated at 37 C.

It is also interesting to note that when the ligik differentially-expressed
phosphopeptides from titanium dioxide and iron exienrichment methods are
compared, it can be seen that a number of phosptidps are common to both lists.
Closer examination of these phosphopeptides showet they also share
commonality in the condition under which they ar@-ragulated and the
approximate fold-change. Proteins containing thesemmonly identified

phosphopeptides include ELMO domain-containinggiroB, Eukaryotic translation
initiation factor 4 gamma 3 (eif4g3), Protein NDRG&hd Vesicle-associated
membrane protein-associated protein B (Table 4.@m0Table 4.2.51).

286



Table 4.2.50List of proteins and associated differentially-eeqsed phosphopeptides common to quantitative fedeeltC/MS analysis of
titanium dioxide phosphopeptide enriched (Fi@nd iron oxide phosphopeptide enriched’YFéHO SEAP whole cell lysates subject to
temperature-shift. This table shows the phosphagepthat were down-regulated at 31 C.
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Table 4.2.51List of proteins and associated differentially-eegsed phosphopeptides common to quantitative-fedeeILC/MS analysis of
titanium dioxide phosphopeptide enriched (3i@nd iron oxide phosphopeptide enriched’YFéHO SEAP whole cell lysates subject to
temperature-shift. This table shows the phosphagepthat were up-regulated at 31 C.

2 ' 1 * 5 1 Yo 1 7
* $+8& $$A*S. + )/ , /
(+ 2 (+ =C $48& $$A*S. + |1 , /
& $$A*S . + I - , /
* AES(_*) /- , /
$&+&  *[28 280 + R ARS(_*) / , /
=C )% ((_(AS.A@&+ |/ , /
_*$$ ((&.A)) ' , / -
A& h 84 8 5 92 2 8 5 2 -
- $*$_ ((&.A) - , /
=($$ SBP*(+ / /
(. 58| 8 2 -
= =($$  85*(+ /- , / -

288



4.2.8.2 Bioinformatic analysis of all differentially-expressed phosphopeptides
enriched using gallium oxide, titanium dioxide andron oxide

Due to the low number of pathways/processes idedtifwhen analysing
differentially-expressed phosphopeptides obtair@dguDAVID, it was decided to
perform analysis on all the phosphopeptides podategether. This would help
provide further insight into the biological procesghat the identified differentially-
expressed phosphopeptides are involved in becdtismigh the phosphopeptides
were identified using different enrichment methditis is merely as a result of the
different affinities of each column, the pathwaysttthese phosphopeptides are
involved in are likely to overlap. Table 4.2.52 waisothe list of enriched processes
identified as a result of using this approach. Adkdown of the number of proteins
associated with each process is given in Figure2@.2Although the number of
proteins from each condition are evenly dividedoasrmany of the processes e.g.
regulation of kinase activity and regulation ofniséerase activity, there are also a
number of processes that are obviously enrichecedmh temperature. Membrane
organisation appears increased at 31 C compar&d © while processes involved
in cell division are down-regulated at 31 C compbi@ 37 C.
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Table 4.2.52 GO biological process enrichment for differentisdixpressed
phosphopeptides identified using quantitative |dbeg LC/MS analysis of gallium
oxide, titanium dioxide and iron oxide enriched géas form CHO SEAP cells
sampled at 36hrs post-temperature-shift. Enrichmeas considered significant
upon observation of a p-valu®.05. Gene Count corresponds to the number of gene
symbols from the list of differentially-regulatedopeins that are implicated in a
particular GO category.

Term Count |P-Value

membrane organization 6 0.045
DNA metabolic process 7 0.044
cell cycle 9 0.043
regulation of transferase activity 6 0.041
mitotic cell cycle 6 0.040
regulation of kinase activity 6 0.035
regulation of translation 4 0.033
regulation of protein kinase activity 6 0.031
organelle fission 5 0.029
M phase of mitotic cell cycle 5 0.027
Mitosis 5 0.026
nuclear division 5 0.026
regulation of translational initiation 3 0.018
cell division 6 0.017
DNA replication 5 0.016
regulation of MAP kinase activity 5 0.006
regulation of cellular protein metabolic process 9 0.003
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Figure 4.2.26 GO biological process enrichment for differentiadixpressed
phosphopeptides identified using quantitative |dbeg LC/MS analysis of gallium
oxide, titanium dioxide and iron oxide enriched géem form CHO SEAP cells
sampled at 36hrs post-temperature-shift. Enrichmeas considered significant

upon observation of a p-valu®.05. Gene Count corresponds to the number of gene

symbols from the list of differentially-regulatedopeins that are implicated in a
particular GO category. This graph shows the breakdof the gene counts in those

enriched pathways.
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4.2.9 Western blot validation of differentially-expressed phosphopeptides
identified by quantitative label-free LC/MS analyss of temperature-
shifted CHO SEAP cells

Western blot analysis was used to validate theltseesibtained in 4.2.7 and 4.2.8.

Despite identifying the differential expression &2 phosphopeptides, only

antibodies specific to phosphopeptides from thégme NDRG1 and ATF2 could

be sourced. Antibody selection was based on thktyabo detect peptides with
homologous amino acid sequences to those identifidhuis study in species such as

Human, mouse and rat. The second requirement vaaghté antibody was capable

of detecting the correct site of phosphorylationtio@ peptide of interest. Based on

these stipulations, the only antibodies availasléable for the purpose of validation
were anti-NDRG1 and anti-ATF2. As such, antibodiesised against the

phosphorylated form of the peptide identified ahd total protein were purchased
for the proteins NDRG1 and ATF2.

Following quantitative label-free LC/MS analysis ofitanium dioxide
phosphopeptide enriched temperature-shifted CHO FSkAole cell lysates, the
monophosphorylated phosphopeptide SFSSVTSLEGPR was found to be up-
regulated 16.5-fold at 3C compared to 3T (Table 4.2.47 in section 4.2.7).
Western blot validation of the phosphorylated foofiNDRGL1 clearly shows an
increase in the phosphorylated form of the pro&i81 C compared to 37 C (Figure
4.2.27). Although total NDRG1 was detected in thetml cell line (SKBR3) it was
not detected in the CHO samples (Figure 4.2.28js ®hpossibly as a result of the
antibody for total NDRGL1 not being able to detde CHO form of the protein or
that the levels of NDRG1 are so low in CHO, tha #mtibody was unable to detect
it. It should be noted that a search of the RAWSsfifrom the LC/MS analysis of
CHO whole cell lysate (section 4.2.4) failed tontiy the NDRG1 protein in the
(unenriched) samples, this indicates that NDRGIlikedy to be a low abundance
protein and lends further weight to the possibilitsit it could not be detected by the
antibody due to its low abundant nature.
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Figure 4.2.29 (i) shows a western blot confirmirge tdown-regulation of the

phosphopeptide NDSVIVADDPTPTR from the protein ATF2. This result is in
keeping with the finding that the phosphopeptideSMDVADQTPTPTR was 7.4-

fold down-regulated at 3C compared to 3T as identified by iron oxide

phosphopeptide enriched, temperature-shifted CHBPS&hole cell lysate (shown
in Table 4.2.48 in section 4.2.7). Conversely, Fégd.2.29 (ii) shows that the
expression of total ATF2 is slightly increased esnperature-shift.

Biological replicate:
Temperature:

DR T T E————

Figure 4.2.27 (i) Western blot validation of the differential expriess of the
phosphopeptide TBGSSVTSLEGPR from the protein NDRGL1 identified asmbe
up-regulated at 3C compared to 3T in both titanium dioxide enriched and iron
oxide enriched phosphopeptide samples followindyarsaby quantitative label-free
LC/MS. (ii) shows western blot of alpha tubulinabading control. A breast cancer
cell line, SKBR3, acts as a positive control (C1).
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Figure 4.2.28(i) Western blot showing that no bands for thaltprotein NDRG1
were detected in CHO despite NDRG1 being deteatethé positive control, a
breast cancer cell line, SKBR3. (ii) shows westblot of GAPDH as a loading
control and SKBR3 acting as a positive control (C1)

Biological replicate:
Temperature:

(i)

(ii)

Figure 4.2.29 (i) Western blot validation of the differential gession of the
phosphopeptide NDSVIVADDPTPTR from the protein ATF2 identified as being
down-regulated at 31 C compared to 37 C in irondexenriched phosphopeptide
samples following analysis by quantitative labelefrLC/MS. (ii) shows the up-
regulation of total ATF2 at 31 C compared to 37 C.
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4.2.9.1 Summary

Quantitative label-free LC/MS analysis of Iron oxighosphopeptide enriched CHO
SEAP whole cell lysates resulted in the identifmatof the differential expression of
60 phosphopeptides, 22 of which were up-regulate@1aC. Based on the GO
analysis of the differentially-expressed phosphtigep enriched by Iron oxide, no
process pathways were found to be enriched. A aimdsult was obtained for GO
analysis of differentially-expressed phosphopegtidariched by titanium dioxide.
When the lists of proteins identified by iron oxided titanium dioxide enrichment
strategies are combined however, GO analysis redgealterations in pathways

involved in cell division and membrane organisation

4.2.10 Overall summary of quantitative label-free LC/MS amalysis of CHO
SEAP cells subjected to temperature-shift.

GO analysis of the 114 differentially-expressedtgres identified by quantitative

label-free LC/MS analysis of CHO SEAP whole celsdie samples showed

enrichment of pathways involved in translation, Rfocessing and ribosomal

biogenesis while cytoskeleton organisation pathwagse found to be enriched

following similar analysis of phosphoprotein-enechCHO samples.

While gallium oxide phosphopeptide enrichment obgthoprotein-enriched whole
cell lysates provided site-specific phosphorylatiofiormation on a number of

phosphopeptides, by far the greatest contributemec from titanium dioxide and

iron oxide phosphopeptide enrichment of whole dgHates. Together, these
strategies identified 95 differentially-expressedogphopeptides (41 up-regulated
and 54 down-regulated at 31 C compared to 37 C). &@falysis of the proteins

identified revealed down-regulation of cell cycledacell division pathways and up-
regulation of pathways involved in membrane orgatiog.

Further protein fractionation or validation by west blot would be required to
definitively determine whether the changes obsemexas a result of changes in
phosphorylation. However, to the best of my knowkedthis is the first time a
guantitative label-free LC/MS / phosphopeptide @mment strategy has been
applied to the profiling of temperature-shifted Cld€lls.
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4.3 Overall summary of results from phosphoproteomic ad host
cell protein analysis of temperature shifted CHO célines

Qualitative label-free LC/MS analysis of temperatsghifted and non-temperature-
shifted conditioned media samples from an IgG-peoty and non-producing cell
line found that the cell line and culture condisomsed both impacted on the HCP
profile generated. Qualitative analysis of this adatientified changes in the
abundance of proteins, over time in culture undah bemperature-shifted and non-
temperature-shifted conditions, that could negétiwiapact product quality such as
proteases (Cathepsin B, Cathepsin D, MMP9) andoglgases (beta-galactosidase
and -N-acetylgalactosaminidase). In addition, protethat could enhance cell
growth such as vascular endothelial growth factofarms A and C and Hepatoma-

derived growth factor were also identified.

In order to decipher some of the cell-signallingerg involved in the response of
CHO cells to temperature shift, analysis of the guimproteome of a SEAP
secreting CHO cell line was conducted using a dizdive label-free LC/MS based
approach. The use of Gallium, Iron and Titanium ggiwpeptide enrichment
strategies facilitated the identification of 1,3Qnique phosphopeptides (1,480
phosphosites). Enrichment of pathways involvedrimtgin synthesis and cell cycle
progression were identified following Gene Ontolognalysis of the 92
phosphopeptides determined as being significaniferdntially-expressed 36hrs
post temperature-shift. Among the proteins idesdifimany are potentially involved
in controlling growth and recombinant protein protion in CHO cells including
translation initiation factors EIF5B, EIF4AG3, Traription activator BRG1 and the
tumour suppressor protein, Protein NDRG1.
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Discussion
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5.0 Host Cell Protein (HCP) Analysis Overview

The following section discusses the quantitativeeldree LC/MS analysis of host
cell proteins in the conditioned media of biopraceslevant mammalian cell lines.
Initially this work focused on the analysis of celllture supernatant taken at
different time points from a non-producing Hybridantell line grown under
temperature-shifted and non-temperature-shifteduilconditions. Based on the
finding that the HCP content changed in abundarvee tme and under different
culture temperatures it was decided that this weduld be extended to include
analysis of what could perhaps be described as wuwekhorse of the
Biopharmaceutical industry: the CHO cell. Quaniti&atiabel-free LC/MS analysis
of a non-producing and an IgG secreting CHO ce# lalso found that the time in
culture and culture temperature impacted on the H@Hle of both cell lines. This
analysis revealed the differential expression aitgases such as Cathepsin B and
MMP-9, and glycosidases including Lysosomalglucosidase and -N-
acetylgalactosaminidase, both of which have theni@l to negatively impact on
product quality. In addition to this, the expressiof proteins that could affect
culture growth and viability such as Clusterin dhepatoma-derived growth factor
were also found to alter over time under tempeeasihifted and non-temperature-
shifted conditions. Finally, this section looks tae recent release of two CHO
specific proteomic databases and the benefits atedavith the availability of these
resources to this study.
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5.1 Characterisation of HCP profiles from a non-producing

hybridoma cell line using Mass Spectrometry

5.1.1 Quantitative comparison of HCPs identified betweerearly (24hrs) and
late (96hrs) in temperature-shifted and non-temperture-shifted cultures
In a comparison between early and late stage euttonditioned media taken from a
non-producing hybridoma cell line, 79 HCPs at@{25 up-regulated, 54 down-
regulated at 96hrs) and 65 HCPs atG3131 up-regulated, 34 down-regulated at
96hrs) were identified as differentially-expresdetlowing quantitative label-free
LC/MS analysis (Section 3.1.3.1 and 3.1.3.2). Effowere made to categorise
differentially-expressed proteins by biological ¢tion e.g. protease, glycosidase,
growth factor, apoptotic factor etc., and discussds in the up-regulation or down-
regulation of these proteins as a group. Where uah drends were observed,
individual proteins were selected for discussiosdoaon their potential to impact

culture growth or product quality.

Among those identified was the secreted proteinacdfmedin-like protein 3
(OLFML3) which was found to be 2.4-fold up-regulhtat 96hrs compared to 24hrs
at 31C and down-regulated at 96hrs under normal temperatonditions (37TC).
(Interestingly this protein was also identifiedesng up-regulated 4.1-fold at 120hrs
under temperature-shift and 4.3-fold at 120hrs wnden-temperature-shifted
conditions in the CHO DP12 cell line). OLFML3 haseln shown to inhibit tumour
growth by impairing angiogeneisis. It does thistgding the growth factor bone
morphogenetic protein-4 (BMP4), in turn affectinget SMAD1/5/8 signalling
pathway (Miljkovic-Licina et al. 2012). On the othkband the overexpression of
OLFML3 in PC12 rat pheochromocytoma cells increabedgrowth rate of the cells
(Lee and Tomarev 2007). Given role OLFML3 playsragulating growth, it is
possible that the secretion of this protein mayaotn cell growth and / or viability
recombinant protein producing cell lines. Althouidjiere is little known about the
precise mechanisms by which this particular protkinctions, its differential
expression in both hybridoma and a CHO cell linelamtemperature-shifted and
non-temperature-shift conditions possibly make drtiwy of further follow up in

order to define its precise role in recombinantgroproducing cell lines.
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In addition to OLFML3, a number of proteases welso adentified as being

differentially-expressed over time in culture. Tkerine peptidase Tripeptidyl-
peptidase 2, known to cleave tripeptides from théemhinus of oligopeptides

(Usukura et al. 2013), was found to be 3.4-foldregulated at 96hrs compared to
24hrs in the 3XC culture.

The zinc metallopeptidase Thimet oligopeptidase WasH-fold up-regulated at
96hrs post temperature-shift compared to 24hrs7a€.3Thimet oligopeptidase is
ubiquitously expressed and, depending on the gek,thas been located both
intracellularly (in the cytoplasm, nucleus, and rbeame) and extracellularly (Ray et
al. 2004). The primary function of Thimet oligopeelsise is the degradation of
peptides releases from proteasomes, specificadlyndtabolism of oligopeptides due
to its ability to only cleave short peptides (Russal. 2012). It is therefore a protein
of interest due to its proteolytic ability and thetential for it to contribute towards

the degradation of recombinant therapeutic products

In the non-temperature-shifted culture Cathepsiwd3 found to be 732.7-fold up-
regulated in the late culture phase (96hrs) congp#methe early phase (24hrs).
Cathepsin D was a protease also identified in thésis as being differentially-
expressed in the cell culture supernatant of CHI3 emd is discussed in greater
detail in section 5.2.1.3. Another protease alsentified as being differentially-
expressed in the conditioned media of both hybriel@and CHO cell lines in this
work was Proteasome subunit beta type-8. In theithgima cell line, Proteasome
subunit beta type-8 increased in expression 3@-&l96hrs compared to 24hrs at
37 C and was 2.9-fold down-regulated in the GQlculture compared to the &
96hrs post-temperature-shift. Similar to Cathefirthis protease is also discussed
in further detail in section 5.1.1.3. Taken togeththe up-regulation of these
proteases at the later time point would indicatd tecombinant products would be
more susceptible to proteolytic activity.
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5.1.2 Quantitative comparison of HCPs identified betweenTemperature-
shifted and non-temperature-shifted culture at 24hs and 96hrs post-
temperature shift

Following the quantitative label-free LC/MS analysif conditioned media samples

collected from a non-producing Hybridoma cell ligeown under temperature-

shifted and non-temperature-shifted conditions,oengarison between 3@ and

37 C cultures at 24hrs and 96hrs (post-temperatufg-sbivealed the differential

expression of 27 HCPs at 24hrs (23 down-regulated)-regulated at 3C) and 44

HCPs at 96hrs (31 down-regulated, 13 up-regulate8il&) (Section 3.1.3.3 and

3.3.1.4).

One example of a protein that was found to be wdiffeally-expressed was
Calreticulin, which was down-regulated 2.4-fold 3t C 24hrs post-temperature-
shift. Calreticulin is perhaps best known for itderin the ER where it acts as a
molecular chaperone for the proper folding of glyateins (Molinari et al. 2004).
However, it has also been shown that Calreticudim loe expressed on the surface of
apoptotic and pre-apoptotic cells as well as canelds (Chao et al. 2010). This is
thought to promote the phagocytic uptake of sudls @@ the body (Raghavan et al.
2013). It is possible that the presence of Calnéticon the cell surface may also be
used for other signalling events, but the lack tlhasmembrane domain means that
the precise mechanism for signalling remains umcléaold et al. 2010).
Interestingly, the presence of Calreticulin in #dracellular matrix has also been
shown to influence the activity of MMP2 and MMP9 (Wt al. 2007). More
specifically, in Calreticulin-knockout Mouse embnyo fibroblast cells the activity
of MMP9 significantly decreased while the activayy MMP2 increased. This was
thought to be as a result of activation of the Ki8&ase/AKT dependent pathways
and subsequent alteration of Ras/Raf/MEK activifi#si et al. 2007).

Also of note was the differential expression oftpios that have the potential to
impact on product quality, such as proteases. Qb protease is Endoplasmic
reticulum aminopeptidase 1 (ERAP1). Down-regulaaé®B1C compared to 3T
both at 24hrs (4.4-fold) and 96hrs (2.1-fold) pstperature-shift, ERAP1 is
known to be localised to the ER, cytoplasm andsgflace (Cui et al. 2002; Saric et
al. 2002). ERAP1 is known to alter the adaptive ummn response to both host and
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pathogen derived antigens by trimming peptide psss in the ER to create or
destroy antigenic epitopes (Aldhamen et al. 2013).

Another such protease identified was Cathepsin IBxofigh not identified as being
differentially-expressed at 24hrs when temperashiéed and non-temperature-
shifted cultures are compared, it is however 2dl8-8own-regulated at 3C when
the two culture temperatures are compared 96hrst@operature-shift (Cathepsin
B is discussed in further detail in section 5.1).1The down-regulation of these
proteases at 3C would suggest that recombinant therapeutics ess likely to
experience proteolytic activity in a temperaturdtet culture compared to a non-
temperature-shifted culture. Reduced protease ityctie therefore likely to
contribute toward the increase in overall produetdyoften seen following the use

of the temperature-shift strategy.

5.1.3 Qualitative assessment of the HCP profile of a noproducing
hybridoma cell line.
Overall the number of proteins identified in thdl callture supernatant of the 4/2D
cells is in keeping with the numbers one would d¢gfly expect to see when
profiling the secretome of a eukaryotic cell linkigrsma et al. 2010). When a
gualitative comparison was made between the pwidentified under temperature-
shift and non-temperature-shifted conditions itldatlearly be seen that there were
proteins specific to the two culture conditions.should be pointed out that the
viability of the 37C culture was significantly lower than that of tB&C and that
some of the proteins identified as unique toG3vay be present as a result of cell

lysis.

However this makes the proteins identified as uaitu31C even more interesting,
because one would expect that the list of proteiestified in the low viability 37C
culture would also include all of those releasemirfrthe more highly viable cells
maintained at 3T and so the only unique proteins found would behm 37C

culture.
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However despite the release of a whole myriad thaellular proteins from the
dead cells, there is still a significant numberyomentified in the 31C culture.
Although the use of monolayer flasks for the growthhybridoma cells is not
representative of what would be used in industrgn@et al. 2006), the absence of
any shear forces (further discussed in sectiom2p.&ids in the identification of
changes in the HCP profile as a result of the ahggical effect of the reduction of

culture temperature on the cell itself.

5.2 Characterisation of HCP profiles from CHO-K1 and DP12 cell

lines using Mass Spectrometry

Proteomic profiling of CHO cells has been undensmgce the late 90’s in an effort
to identify the cellular components involved in timakeup of industrially desirable
characteristics such as increased productivityeattended viability (Champion et al.
1999; Kaufmann et al. 1999). This is most likelyedo the initial emphasis being
placed on increasing product yield, which has hapgealbeit largely from process
and media optimisation (De Jesus and Wurm 2011kéta®e Jesus, Wurm 2009).
As a result of this increase in product titre, dedpwith increases in cell density, a
bottleneck has been created in downstream progessin purification technologies

struggling to keep pace with larger volumes of picid Thiel 2004; Thdmmes and
Etzel 2007). It has taken some time, however, fog same global profiling

approaches to be applied to the characterisatitnostfcell protein components from
cell culture supernatant (Grzeskowiak et al. 200i8; et al. 2010; Krawitz et al.

2006). This is not to say that the secretome of Giéls was never investigated.
Older studies, however, followed a much more t&adetpproach to identify specific
proteases and glycosidases present in the mediat{EHohmann, Spanos 2003;
Gramer and Goochee 1993).

Global profiling of cell culture supernatant caroyide a wealth of information on
the impact of process changes on the HCP profileedisas identification of specific
HCPs of interest such as proteases and growthréa¢Baycin-Hizal et al. 2012;
Grzeskowiak et al. 2009; Jin et al. 2010; Lim e8l13; Slade et al. 2012).
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The HCP profiling presented in this work used quiative label-free mass
spectrometry to analyse the cell culture superndtam a non-producing CHO-K1
and an IgG producing DP12 cell line, over differphtises of the culture cycle from
both temperature-shifted and non-temperature-shdtdtures. Of the 1,181 host cell
proteins identified in this study, quantitativeanhation was obtained on 790-fold.
The quantitative information obtained was basedhananalysis of both CHO-K1
and DP12 cell lines over time in culture at 37 @ &1 C, and between the two cell
culture conditions in both early and late phaseshef cell growth cycle. Among
those identified were 138 known secreted protélBgjlycosidases, 58 proteases and

16 proteins involved in the regulation of apoptosis

Normalisation by protein concentration is typicallged during quantitative label-
free LC/MS analysis to ensure accurate quantitabdbrdifferentially-expressed
proteins identified. Given that this study is ingating the secretome of CHO cells
another approach would be to normalise by cell rembhis approach takes into
account the significant differences in cell numbetween experimental groups and
the variation in HCP concentration produced by ¢hoslls over the course of the
culture. Applying a correction factor to the data ahot result in a significant
reduction in the number of proteins identified #edentially-expressed in seven of
the eight comparisons (protein lists were reducgdrdughly 5-10%). In one
comparison however (DP12, 37 C vs 31 C at 144his), protein list was reduced
from 222 to 105. This was due to the significantber of proteins with relatively
‘small’ fold-changes (<2.09). While this correctitactor was not applied to the data
generated in this study, this result demonstrategans by which further confidence
could be added to lists of proteins identified igmificantly differentially-expressed

when analysing the secretome.

Qualitative analysis of this data revealed unigoleotts of HCPs were expressed in
both cell lines under temperature-shifted and mwnperature-shifted conditions.
Taken together this provides evidence that the cehaf cell line and culture

conditions used can have an impact on the HCPlprgénerated.
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Many of the profiling studies published to date éawed gel based technology
(Grzeskowiak et al. 2009; Jin et al. 2010; Kravetzal. 2006; Tait et al. 2012). It is
only more recently that mass spectrometry baselnigees have been used to
characterise HCPs produced by CHO cells duringiszifDoneanu et al. 2012; Lim
et al. 2013; Slade et al. 2012). Quantitative Idied LC/MS has a number of
advantages over gel based methods including foilg the analysis of proteins
with a broader range of characteristics, such asemes in pl, size and
hydrophobicity (Tscheliessnig et al. 2013). It &ibved that the benefits inherent to
quantitative label-free LC/MS enabled this studycharacterise a wide spectrum of
HCPs.

It should be noted that samples used for LC/MSyaimin this study were obtained
from shake flask cultures. Although some studiegehalso used this means of
culturing cells, many have utilised stirred tankreactors (Grzeskowiak et al. 2009;
Jin et al. 2010; Lim et al. 2013; Slade et al. 200t et al. 2012).

While a significant proportion of the changes ie tHCP profile has been attributed
to reduction in culture viability, the use of diféat cell culture platforms may also
contribute toward any differences seen given thatrd¥mechanical forces in a
stirred tank bioreactor are approximately 10 tifigher than in a shake flask (Peter,
Suzuki, Bichs 2006; Tait et al. 2012). The usetofesl tank bioreactors would
potentially negate any differences in the HCP jadi cells under temperature-shift
conditions due to cellular lysis through mechaniagltation experienced in the
bioreactor (Tait et al. 2012; Vel&uberbie et al. 2012). The low shear stress nature
of shake flasks allowed this investigation to idgnthanges in the HCP profile of
two CHO cell lines as they grew over time in cudtuinder both temperature-shifted
and non-temperature-shifted conditions, leadinthéoidentification of both secreted

and intracellular proteins in the cell culture sunaant.

In a proof of concept investigation, metabolic libg was used to enable the
enrichment of secreted proteins from two CHO dekd (Slade et al. 2012). While
this application is interesting from the point olew of identifying only those

proteins secreted by CHO cells under different ¢, it does not consider the

release of intracellular proteins into the media.
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Such proteins could have a significant impact oodpct quality given that the
intracellular proteome comprises of a large numidfeproteases and glycosidases
(Gramer and Goochee 1993; Sandberg et al. 2006i)e\Wfiormation on the HCP
profile of CHO cells gathered from shake flask wtds may not be of direct
relevance for stirred tank cultures, it is likety he more directly comparable with
culture conditions seen in disposable culture systeuch as wave bags due to the
lower shear stress environment they provide (Oetidl. 2010). This investigation
has identified differences in the HCP profile obt@®HO cell lines and the impact of
reduced culture temperature conditions on the HgRifation. With the use of wave
bag technologies set to increase, proteomic pngfibf HCPs produced by CHO
cells under different conditions provides valuainiformation that may be used in
the selection of CHO cell lines, culture conditiared when to harvest (Shukla and
Gottschalk 2012; Tait et al. 2012).
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5.2.1 Quantitative Label-free LC/MS analysis of conditiored media from
CHO-K1 and DP12 cell lines

The use of a label-free LC/MS approach enabled tgative information on the

HCPs identified to be obtained. This section disesssome of the proteins identified

using this approach.

5.2.1.1 Growth factors

Although Biopharmaceutical companies have turne@dyaivom the use of fetal
bovine serum (FBS) due to regulatory concerns fdateqgsome time, chemically
defined protein free media has typically relied amino acids, lipids and L-
glutamine as nutritional sources for cell survifigven, Sandusky, Barnard 2006).

While there have been several studies in hybriddd®0) and insect cell lines to
identify autocrine factors that may support growthis has only recently been
successfully conducted in CHO cells (Dutton, Schavimo-Young 1999; Eriksson
et al. 2005; Lim et al. 2013; Spens and Haggstr@®52 Spens and Haggstrém
2009).

Given the complex nature of extracellular signgllithis section looks at growth
factors identified in this study on an individuads. A summary table (Table 5.2.1)
provides an overview of some of the growth factmsntified as differentially-
expressed in the cell culture media of CHO-K1 andlP cell lines. Vascular
endothelial growth factor C (VEFGC), Vascular erndtial growth factor A
(VEFGA) and Hepatoma-derived growth factor (HGDFere identified as
differentially-expressed in the conditioned medfattee IgG producing DP12 cell
line (summary Table 5.2.1). Although not identifietk being differentially-
expressed, qualitative searches of LC/MS data ledehese proteins to be present
in the culture supernatant of the non-producing @&kiCcell line. The incorporation
of growth factors, including VEFGC, into culture die has been shown to increase
cell growth in CHO-K1 cells (Lim et al. 2013).
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It is worth noting that VEGFA and VEGFC become dewgulated aB1 C when
temperature-shift and non-temperature-shift cuitaee compared at 144hrs in the
DP12 cell line. This down-regulation is interestmgigen that cell growth was almost
completely ceased in thgl C culture. The lack of differential information on
VEFGA and VEFGC in the CHO-K1 cell line indicatést these proteins continued
to be secreted by the cells. This could have lethéocontinued growth of these
CHO-K1 cells under temperature-shift conditionsedllat a reduced rate. While it
has been shown that the cell cycle arrest of CHIS aader temperature-shift occurs
via the ATR-p53—p21 pathway (Roobol et al. 201t1gioes raise the question; is the
reduced secretion of extracellular proteins (such \EFGA and VEFGC)
influencing cell growth under temperature-shift diions? Further investigations
would be required to definitively answer this quast future proteomic studies
could focus on such growth factor signalling patpsvas an alternative means of
regulating cell growth in the bioreactor e.g. thgbuhe addition of these proteins to

the media.
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Table 5.2.1Summary table of differentially-expressed growahtbrs identified following quantitative label-fre€/MS analysis of conditioned
media from CHO-K1 and DP12 cells.
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Table 5.2.1 continued.
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5.2.1.2 Apoptosis
A number of proteins involved in the regulationapioptosis were also identified as
differentially regulated in the conditioned medfaGiHO-K1 and DP12 cell lines.

In both cell lines, these proteins were largelyniifeed as being up-regulated at the
later time points compared to the earlier time f®im cultures grown under
temperature-shift and non-temperature-shift coon#i This result is somewhat
unsurprising as culture viability begins to declietethe later time points, whether
through nutrient depravation or a build-up of walsyeproducts in the media, the
expression of many of these proteins become inedettsereby inducing apoptotic
signalling pathways (Wei et al. 2011). Intraceliuia nature, the presence of
apoptotic proteins in the cell culture media is @incertainly as a result of their
release from dead cells. However this many notr@gtaccount for all the proteins
as some are also secreted e.g., Clusterin. Iniaddibiological function of each
protein identified in this study was inferred thgbumanual searches of the Uniprot
protein database. However this database does nesserily provide information on
whether the protein is pro or anti-apoptotic. Tisisinderstandable as many of the
proteins identified are multi-function proteins dmalve been found to play either pro
or anti-apoptotic roles depending on the means lhiglwapoptosis is induced in the

original study.

For example Guanine nucleotide-binding protein sitbbeta-2-like 1 (GNB2L1),
also commonly referred to in the literature as Reme for activated C kinase
(RACK1), is a scaffold protein that is known toardct with over 100 proteins, as
such it is involved in a diverse range of functianighin the cell such as apoptosis,
translation and cellular organisation (Gandin e2@l 3). In terms of apoptosis, there
are a number of mechanisms by which GNB2L1 has kbewn to operate. There
have been contradicting reports as to whether GNBpkomotes or inhibits
apoptosis through its interaction with Bax, BcliadaBcl-XL. In HeLa and HT-29
cell lines, as well as disassociating the intecacdf Bax with Bcl-XL, GNB2L1
promotes Bax oligomerization with Bcl-XL thus inding apoptosis (Wu et al.
2010a). In human colon cells GNB2L1 inhibits thegmssion of anti-apoptotic Bcl-
2 and Bcl-XL and translocates pro-apoptotic prateiBax and Bim to the
mitochondria (Mamidipudi and Cartwright 2009), thley causing the mitochondrial

membrane to becoming porous allowing the releas€yibchrome c¢, and the
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activation of Caspase 3 and 9 resulting in celtldeBhe overexpression of GNB2L1
in human hepatocellular carcinoma cell lines reslibh the upregulation of Bcl-2, as
well as other growth and survival promoting prosesuch as upregulation of cyclin
D1, MYC and Survivin (Ruan et al. 2012). While ttode of GNB2L1 in apoptosis
appears to be cell line specific, its involvement the regulation of Bcl-2 is
interesting given that the overexpression of Bdi&s been used to generate
‘apoptosis-resistant’ CHO cell lines (Kim et al.12) Reynolds et al. 1996). Another
protein identified in this work that is also knowsmhave both pro and anti-apoptotic
functionality is Clusterin. The function and mecisams of Clusterin are further

discussed in section 5.2.2.2.

At the later time point in CHO-K1 and DP12 cellds) when 37 C and 31 C cultures
were directly compared, the number of up-regulated down-regulated apoptotic
proteins were evenly divided between the two celttwnditions. As such, no firm
conclusion can be drawn as to the impact of thegmee of these proteins in the
culture media. Whether the secretion of anti-apipfroteins helped extend culture
viability at 31 C or the secretion of pro-apoptopooteins lead to the widespread
induction of apoptosis in the 37 C culture is uaclérom this analysis. However a
panel of proteins known to be involved in the ragjoh of apoptosis has been
identified through this work. Future work could &scon these proteins to determine
if their secretion impacts on culture viability amthether these should be considered
for future cell engineering through the knockdown averexpression of such

proteins.

5.2.1.3 Proteases

In addition to the potential for HCPs positively negatively impacting on cell
growth and viability, HCPs have also been repottedffect both product yield and
product quality (EorDuval, Broly, Gleixner 2012). The existence of pases in the
cell culture media of a number of bioprocess ratewll lines has including CHO,
hybridoma and NSO has been known for some tim&{EIHohmann, Spanos 2003;
Gao et al. 2011a; Karl, Donovan, Flickinger 1998n&berg et al. 2006; Spens and
Héaggstrom 2005; Van Erp et al. 1991).
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It is only in more recently published data howetleat the activity of these enzymes
negatively impacting on product quality has beeporeed; this includes the

degradation of an Fc-fusion recombinant protein éyprotease homologous to
Cathepsin D (Robert et al. 2009), N-terminal clifgpof a fusion protein by a serine-
threonine class of protease (Dorai et al. 2011}er@knal lysine variants on a
monoclonal antibody as a result of carboxypeptidasetivity (Luo et al. 2012) and

the degradation of a highly purified monoclonalilaody product due to residual
protease activity caused by an acidic protease @ad. 2011a).This investigation
identified 58 differentially-expressed proteasegha cell culture supernatant of a
CHO-K1 and DP12 cell line as shown in Table 5.2.2.

In both cell lines proteases were typically fouadricrease in abundance at the later
stage in culture relative to the early stage caliarboth temperature-shift and non-
temperature-shift cultures. While this may be pyaditie to the release of intracellular
proteins from dead cells as cell viability redutewards the end of the culture. In
addition, many of the proteases identified are etedr Therefore, such proteases
would not only be released from the intracellulamponents of dead cells, but they
would also accumulate in the media as a resuhaf secretion by viable cells. This
would indicate that recombinant therapeutics wolodd vulnerable to proteolytic
activity during cell culture operations, even wherdture viability remains high.
Among the secreted proteases identified were trdopmeptidases Cathepsin D,
Cathepsin B, MMP9 and MMP19 (summarised in Takike3j.
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Table 5.2.2List of differentially-expressed proteases ideatifiin the cell culture
supernatant of a CHO-K1 and DP12 cell line. (Protkinction was obtained
following a search of the protein names againstihiprot protein database.)
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Table 5.2.3Summary table of differentially-expressed proteasesitified following quantitative label-free LC/M8&nalysis of conditioned
media from CHO-K1 and DP12 cells.
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Table 5.2.3 continued.
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Cell engineering strategies could provide a meahsalteviating proteolytic
degradation of the drug substance. The presenckIMP9 in the cell culture
supernatant of a CHO-K1 cell line has been preWousported and it has been
noted that its presence can significantly reduce akerall product yield of a

recombinant therapeutic susceptible to its actigihott, Hohmann, Spanos 2003).

Interestingly, an inhibitor of MMP9, Extracellularatrix protein 1 (ECM1) was also
identified in the media of CHO-K1 and DP12 celiin my study.. The proteolytic
activity of MMP9 is at least partially inhibited rttugh the interaction of the
metalloproteinase with the C-terminal second tandepeat of ECM1. Complete
inhibition may be achieved through the expressidgnP@Ms on the peptide
fragments of ECM1 (Fujimoto et al. 2006). Nonetbs|ethe presence of this
endogenously expressed MMP inhibitor could be ihgated further to ascertain
whether it has the same protease inhibiting praggemh CHO and, if so, could it be
used to alleviate product degradation caused by BIMRy. possibly though
overexpression of the ECM1 or its C-terminal sectamtlem repeat domain coupled
with the 19 amino acid signal peptide to facilitaits secretion by the
endoplasmic/Golgi-dependent pathway (Merregaeat. 2010). However care must
be taken when selecting a strategy to protect theeip product from degradation.
Although engineering of the protein product to makesistant to cleavage may be
an attractive alternative (Kinder et al. 2013)stimay not always be feasible as
altering the protein structure may impair its aggiyStrome, Sausville, Mann 2007).

Given that many proteases also operate intracdiju{8Viera et al. 2012), simply
knocking out the protein may have a negative impactcell function. In some
circumstances however, future strategies couldidengngineering of the protease
itself to alter its activity. For example, the zidependant metalloproteinase, Bone-
morphogenetic-protein 1 (BMP-1) (summary Table H.2has CUB and EGF-like
domains that regulates the specificity with whitkleéaves proteins and/or cleavage
sites (Hintzeb and Aufenvennec 2007). For exantpke,absence of these domains
resulted in complete degradation of a truncatechfof procollagen VII by the BMP-

1 catalytic domain whereas the full length enzymedpced only two fragments of
the substrate.
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It has also been reported that if the CUB domadkdawo of its N-linked glycans
(Asn®®? and Asi® but not Asi®®) BMP-1 appears to exhibit a slower rate of
cleavage (Garrigue-Antar, Hartigan, Kadler 2002hilevthe removal of all three
glycans results in the translocation of BMP-1 te finoteasome for degradation.

While the inhibition of proteases in the culturedi@emay appear to be an obvious
alternative, it should be borne in mind that manywgh factors require some form
of cleavage in order for them to function corredi$hatib and Geraldine 2006).
Therefore the effect of protease inhibition on getiwth and viability may also need
to be assessed prior to its implementation as ansned preventing product
degradation. In addition, the use of protease itdrbwould be costly for large scale

operations and their removal from the final drugstance must also be considered.

When temperature-shift and non-temperature-shitiu@s were compared in late
stage culture of the CHO-K1 cell line it was obsehthat the majority of proteases
were down-regulated at 31 C. However, when the seomeparison is made in the
DP12 cell line 4 proteases were up-regulated ameei® down-regulated at 31 C.
Interestingly, despite the majority of proteasesd¢pelown-regulated, Cathepsin D
(known to negatively impact product quality as dssed previously) was up-
regulated at 31 C when 37 C and 31 C cultures wemepared at 120hrs in CHO-
K1 cells but was not found to be differentially-eepsed under the same conditions
in the DP12 cell line. This shows that the effeticolture conditions on protease
expression can be cell line dependent and thattifgiery a cell line and culture
conditions suitable for the production of a prodsensitive to protease activity

would need to be made on a case-by-case basis.

5.2.1.4 Reductases

Disulfide bonds are critical for imparting stabjiliand structure to a recombinant
protein molecule (Liu and May 2012). Reduction lnégte bonds as a result of the
introduction of intracellular components to the veted cell culture liquid from
cells lysed during the harvest step has recentiy lbeported (TrexleBchmidt et al.
2010).
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Investigations to identify the component resporsitor the reduction of antibody
disulfide bonds in CHO cell culture revealed TXNA ke the terminal enzyme
involved (Koterba, Borgschulte, Laird 2012). In th@12 cell line, TXN1 was 2.9-
fold up-regulated at 144hrs compared to 24hrs & 3hd 5.6-fold up-regulated at
144hrs compared to 24hrs at 37 C. The greater upaggn of TXN1l 37C
compared to 31 C is likely to be as a result ofriagduction in culture viability in the
non-temperature-shift culture compared to the teatpee-shift culture at 144hrs.
This result indicates that a recombinant therapautiuld be more likely experience
disulfide bond reduction over a prolonged periodthe cell culture supernatant.
Strategies to prevent antibody reduction such asaitidition of CuSQ EDTA,
lowering pH and air sparging of the harvested celkure liquid have all been
proposed (TrexleBchmidt et al. 2010). Although many of these stjiate could not
be employed during cell culture, information on thdferential-regulation of
reductases could help manufacturers make inforreesidons when selecting culture

conditions and harvest times.

5.2.1.5 Glycosidases

The presence of a sugar moiety on a protein, cglgcbsylation, is among one of
the most common PTMs observed in proteomics (SeguMechref 2010). The
glycosylation pattern of a recombinant therapecdic affect the protein molecule in
a variety of ways (summarised Table 5.2.4); formepke, one particularly important
glycan group is situated at arginine 297 in thedggon of a recombinant therapeutic
antibody (Jefferis 2005), the presence of thisadlagcharide is required for Fc-
receptor mediated functions such as antibody-degendellular cytotoxicity
(ADCC) and complement-dependent cytotoxicity (Kitrae 2010). The removal of
carbohydrate side chains may not only impact owlycbfunctionality, but may also
leave regions of the protein molecule exposed tthén proteolytic degradation
(Waszkiewicz et al. 2013). In addition, the engnveg of specific protein glycans
has been shown to enable targeted delivery offi@peutic to the desired tissue in

the body, thus increasing product efficacy (Sold @nebenow 2010).

319



Table 5.2.4Table summarising the potential role and effecthef glycocomponent
of glycoproteins (adapted from (Walsh and Jeff2€i66)).

While the cleavage of recombinant protein as alre$yroteolytic activity has been
widely reported in literature, little has been gre®d in the way of the potential
degradation of important PTMs, such as glycoswatio its associated groups,
during the culture process. The study presentethis thesis has identified the
differential expression of a number of glycosidaseshe cell culture media of a
non-producing CHO-K1 and an IgG producing DP12 lxed. In this section a brief
overview of the mechanisms of action of some of gheosidases is provided. A
table of the 23 differentially-expressed glycosetasdentified in the cell culture
supernatant of a CHO-K1 and DP12 cell line areldisga in Table 5.2.5 and a more
detailed overview of a selection of these is predidn Table 5.2.6. In general,
glycosidases were identified as being up-regulatetie later time points compared
to the earlier time points in cultures grown at@and 31C in both cell lines. Given
that many of the glycosidases are not known toeloeeted, their presence is almost
certainly as a result of their release from deaks.c&herefore, reduced culture
viability and extended periods of time in cultune @awo scenarios most likely to
negatively impact the quality of recombinant thenatics susceptible to glycosidase

activity.
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Table 5.2.5List of 23 differentially-expressed glycosidaseeritified in the cell
culture supernatant of a CHO-K1 and DP12 cell I{Rgotein function was obtained
following a search of the protein names againstihirot protein database.)

Interestingly, when temperature-shift and non-terafpee-shift cultures were
compared at the later time point in the respectel lines, the numbers of up-
regulated and down-regulated glycosidases are ewphit between the two culture
conditions i.e. 3 up-regulated, 4 down-regulated1at in CHO-K1, 5 up-regulated,

4 down-regulated at 3C in DP12. As such, the selection of culture caodg for
the production of a glycosidase sensitive prodhoukl be made on a case-by-case

basis.

While the bioprocessing community has primarilyused on the presence of N-
linked glycan’s, the importance of O-glycosidic Kages on future recombinant
products should not be discounted. Although culyenot readily predicted, the
presence of such O-glycans can modulate importddrapeutic protein
characteristics such as aggregation, protein #tabihd protease resistance (Zhong
and Somers 2012). Given their ability to cleave hsu@-glycosidic linkages,
glycosidases that may negatively impact on theityuaf such future products

include -N-acetylgalactosaminidase, Hex A and Hex B.
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The potential for Hex A and Hex B to enzymaticaliiegrade recombinant
glycoproteins has previously been reported in abrmof insect cell lines, however
our study is the first report of their presencethe culture media of CHO cells
(Licari, Jarvis, Bailey 1993). Cell engineeringastigies have been previously used
to modify glycosidases to improve the recombinantgn characteristics (Sola and
Griebenow 2010). Similar engineering approachesdcoe used to down regulate or

eliminate the expression of glycosidases that dshiproduct quality.

Similar to proteases, the presence of glycosidakesild not only be considered
during cell culture but also elsewhere during paiiun. For example, the lysosomal
-glucosidase (summary Table 5.2.6) is capable pyreatic activity under acidic
conditions. This indicates the potential for thigcgsidase to negatively impact on
product quality during downstream purification bettherapeutic protein where it
may be exposed to buffers of low pH (e.g. Proteieldtion) if it is not removed

prior to such steps.

The information obtained from this study on thecglsidases identified provides
important information for the potential degradatioh the protein product. The
presence of such glycosidases in the cell cultuegliamshould be considered in

future cell engineering and product recovery cagpsi
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Table 5.2.6Summary of differentially-expressed glycosidasesidied following quantitative label-free LC/MS agsis of conditioned media
from CHO-K1 and DP12 cells.
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In summary, through the use of a quantitative Hiteed LC/MS based approach to
analyse the extracellular proteome of CHO cellg ohthe main aims of this thesis
has been achieved; it has provided information fwn differential-expression of
proteins that could impact on cell growth and Vigbsuch as VEGFA and VEGFC
and Hepatoma-derived growth factor, and the apmpimtoteins GNB2L1 (pro-
apoptotic) and Clusterin (anti-apoptotic). In aduoht this analysis has identified an
overall increase in the abundance of a number atepses and glycosidases at late
phase culture compared to early phase culture (utateperature-shift and non-
temperature-shift conditions) and an overall deswea the abundance of proteases
and glycosidases under temperature-shift compadndn-temperature-shift
conditions. The proteases Cathepsin B, MMP19, BV the glycosidases;N-
acetylgalactosaminidase, Hex A and Hex B have lmmmtified in this study, all of

which have the potential to adversely affect produlity.

5.2.2 Qualitative analysis of CHO-K1 and DP12 cell linesinder temperature-
shifted conditions
In addition to quantitative proteomic analysis, wlifative study of mass spectral
data gathered from the profiling of a CHO-K1 and1lRRell line was also carried
out. It was hoped that by comparing the lists ait@ns identified in each cell line,
any similarities and / or differences in the HCBffhe of each cell line would be
revealed. In total, 1,181 proteins (with a minimai1l peptide) were identified
between both cell lines. Of these, 661 had two orenpeptides. In both instances a
significant cohort of proteins were unique to eaefl line. 304 proteins with a
minimum of one peptide, of which, 154 proteins la® or more peptides, were
uniquely identified in the non-producing CHO-K1 Ickhe. In the IgG producing
DP12 cell line, 215 proteins with a minimum of opeptide were uniquely
identified. This includes 145 proteins that had twwanore peptides (Section 3.3.7).
Given the unfractionated methodology used in tmsestigation, this figure
compares favourably with other studies.
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For example, a recent study used 2D LC prior toM&/analysis to fractionate the
proteome and secretome of a CHO-K1 cell line. Asialy 12 conditioned media
fractions taken from a CHO-K1 cell line that haceiheserum starved for 12 hours
after being grown in media supplemented with 1096 R& 80% confluence, 1,977

proteins were identified (Baycin-Hizal et al. 2012)

It should be pointed out however, that of the prstedentified, the precise number
of secreted proteins was never specified. A sinfiiietionation based approach was
used to identify autocrine factors secreted by Cé¢¢lls grown in a 5L bioreactor
(Lim et al., 2013). Two different mass spectromd#ghnologies - LTQ Orbitrap
Velos, a hybrid linear ion trap orbitrap instrumerand a Synapt G2, quadrupole-
time-of-flight (Q-TOF) instrument were also usedatd in the identification of 2,512
proteins of which 290 were identified as secretestgins. It was thought that many
of the remaining proteins were present as a refudell lysis occurring during cell

culture or harvest of the conditioned media (Linale2013).

In this investigation both cell lines were also riduto maintain unique HCP
subpopulations independent of temperature. A redemestigation into the
secretome of DG44 and CHO-S cell lines using a baditalabelling strategy found
that there was ‘significant overlap’ in the proteisecreted by the two cell lines
(Slade et al. 2012). While shake flask culturesewased in the generation of
conditioned media samples analysed in the repaakimg it comparable with the
results discussed in this thesis, it should be tpdimut that the investigation only
compared samples taken from the supernatant daluBes, compared with samples
taken from multiple time points up to day 7 (168I¢$1O-K1, 120hrs post-
temperature-shift) and day 9 (216hrs DP12, l44tost-femperature-shift) as
reported in this investigation. The direct compamni of samples taken from such
early stages in the culture may therefore accoontte similarity of the proteins
secreted by DG44 and CHO-S cell lines.

A 2D PAGE analysis of three DHFR negative CHO te#és (FR4, DP12 and DP7)
found that there was very little difference in theiCP profiles (Krawitz et al. 2006).
Similar findings were also reported in other stsdibat utilized 2D DIGE to
examine the HCP profile of different clones, undiferent culture conditions, with
different levels of viability (Grzeskowiak et al0@9; Jin et al. 2010).
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However all three studies analysed conditioned emedimples taken from stirred
tank bioreactors which are known to cause cell dgmmas a result of the use of
mechanical agitation (Tait et al. 2012; Veluaberbie et al. 2012). This could lead to
a situation where, although cell viability is highe culture media contains a large
population of the CHO proteome as a result oflgsit.

This conclusion appears to be backed up in twdefstudies by their findings on
the impact of cell viability; although they bothufad that cell viability was the main
factor in determining HCP profile, dropping from%2o 10% and from >90% to
40% respectively, this decrease mostly appearaifféot fold-change of the proteins
identified as opposed to the actual HCP contentd&kowiak et al. 2009; Jin et al.
2010). One would have expected that if cells weegntaining membrane integrity
while in a state of high viability that a differeHCP profile would be observed upon
reduction in cell viability and resulting lysing oélls.

Due to the low shear nature of shake flasks, thidysidentified HCPs deposited into
the culture media through secretion or cell leakagy@ result of an accumulation of
dead or damaged cells over the natural progressiotime cell growth cycle as
opposed to the lysis of cells due to shear foréé findings discussed here are
therefore most applicable to other low shear emwitents such as disposable wave
bag bioreactors (Onciil et al. 2010). It should bated out however that this may
not be true for all disposable technologies asadiaple stirred tank bioreactors are
likely to provide an environment similar to thetaisless steel equivalents (Fernald
et al. 2009; Ullah et al. 2008).

It should be pointed out that the reduction in g&lbility is likely to be as a result of
a combination of apoptosis and necrosis, despite tblatively low shear
environment of the shake flask. While the trypamebstaining method employed in
this study is a well-established technique for tleection of non-viable cells, it
would not take into account necrotic cells that endwst all membrane integrity
resulting in the cell becoming fragmented. This rhaye led to an over-estimation
of cell viability and would account for the sigmifint proportion of intracellular

proteins in the culture media.
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Future studies should consider the use of a caltfoses assay to facilitate the
detection of this form of cell death by this meamhis would provide a clearer
understanding of the source of intracellular prodein the culture media i.e. cell
death or secretion by viable cells.

While the differences in the HCP profiles observedjuite striking, it should be
remembered that a Protein A affinity chromatograpblymn was used to reduce the
levels of IgG in the DP12 cell culture supernatarnples prior to analysis while the

CHO-K1 supernatant did not undergo such treatment.

HCPs have been reported to bind to Protein A coturftiogwood et al. 2013),
although such binding has been shown to be lovbimdance and by a small cohort
of proteins (Follman and Fahrner 2004; Shukla amtikey 2008), particularly for
resins with an agarose backbone, such as thatioskthbSelect, as used in this
thesis (Tarrant et al. 2012), especially when caegéo resins whose backbones are
based on alternative materials such as controleé glass (Tarrant et al. 2012).
However, the propensity for HCPs to interact witlels Protein A columns is known
to increase where the overall IgG titre is lowertiihe maximum binding capacity
of the column, as was the case in this instance NiBllen 2014, personal
communication). Therefore, the binding of a cohafrtthe HCPs from the DP12
culture to the Protein A column may account for identification of some proteins
in the CHO-K1 culture that were not identified letDP12 supernatant. However,
since CHO-K1 samples were not processed using t@iRr& column, this does not
account for the HCPs identified as being uniqueh® DP12 culture. This raises
important questions about the suitability of seterta non-producing cell line to
generate antigenic material against which antil®di® raised in host animals for
the production of anti-HCP ELISAs (further discubse section 5.2.2.1).
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5.2.2.1 Effect of temperature-shift on the HCP profile

Although DP12 cells were grown for 48hrs longemtiiae non-producing CHO-K1

cells, both cell lines maintained high cell viatyilover the selected culture period.
This is particularly true for the 31 C culture wheboth cell lines had viabilities

>95%. CHO-K1 and DP12 37 C cultures were also canaiple however, with cell

viabilities of 95% and 85% respectively. This makbe identification of a sub-

population of HCPs unique to both cell lines gaiteinteresting result.

One may have expected that the DP12 cell line, usttonger time in culture and
slightly reduced viability at 37 C compared to thaft the K1 cells, would have
produced a HCP profile more closely overlapping tiidhe non-producing cell line.
Culture temperature-shift also appears to haveffacteon the HCP profile, with
unique HCPs identified in both cell lines. It isdam that temperature-shift can have
cell line specific effects; these results indicttat this also extends to the HCP

profile (Kumar, Gammell, Clynes 2007).

This however does not explain the differences seeahe non-temperature-shifted
culture. While other studies have found temperasii#t does not significantly

impact on the HCP profile, these investigationsenmeatrried out using stirred tank
bioreactors as discussed previously (Jin et al0OR0RAside from extended time in
culture and a slightly reduced viability, anotheason for the distinct DP12 HCP
profile could be due to the secretion of an IgGnfrthe cell. Identification of

intracellular proteins in the culture supernatang® secreting cell line, particularly
those associated with the production of recombir@otein, has been reported
previously (Hogwood et al. 2013).

One reason for the difference in the HCP profilegl@ be due the production of the
IgG molecule by the DP12 cell line. The presenceexpression machinery in
addition to cellular stress and alterations in reliam brought about by burden of
producing the recombinant therapeutic could resulhe expression of proteins not
seen in the CHO-K1 culture (Dinnis et al. 2006;t Eaial. 2012).

Although DP12 cells are derived from the CHO-KXhge, genetic mutations in the
IgG producer may create elements of the proteowteatie distinct from its CHO-K1
ancestor (Xu et al. 2011).
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However since we are using a proteomic databaseedefrom the CHO-K1 cell
line to profile the HCPs from both cell lines, geoalifference between the non-
producing and IgG producing cell line cannot ehfiraccount for the differences
seen. In fact, with further iterations of the CHe&ngme and associated proteomic
database, it may be possible to identify greatstirditions between the HCP profile
of the CHO-K1 and DP12 cell lines.

When the lists of proteins unique to temperatuiiethand non-temperature-shifted
cultures in CHO-K1 and DP12 cell lines are compatethn be seen that the vast
majority of the proteins present are intracellyaoteins. This appears to indicate
that the way in which the cell lines lyse, eitheraaresult of shear forces or loss of
viability, at the respective temperature has treatgst impact on HCP profile rather

than deliberate secretion by the cell at a givemptrature.

5.2.2.2 Qualitative analysis of secreted proteins

The protein Clusterin was found in both non-prodgcand IgG producing cell line
at reduced and non-reduced culture temperaturass mature form, Clusterin is a
secreted glycoprotein of 76-80 kDa that is knowipley an anti-apoptotic role in a

wide variety of cells (Carlage et al. 2012).

Interestingly, a truncated from of the protein bagn implicated in both apoptotic
(nucleus) and anti-apoptotic (cytoplasm) signalliagents depending on their
cellular translocation (Nuutinen et al. 2009). Tédscalisation dependent roles
provide an insight into the complex mechanismsughowhich this protein regulates
cellular function. Although the precise mechanism which secreted clusterin
enhances cell survival is largely unknown it hasrbshown that overexpression of
the stress chaperone prevents TNRediated induction of p21 (Flanagan et al.
2010). This may occur either through clusterin ligdo TNF in the media or as a
result of a truncated form of clusterin being ttanated to inhibit Bax activation in
the mitochondria which in turn prevents the releaseytochrome and subsequent
caspase activation (Zhang et al. 2005). Clusteriuced apoptosis has been reported
to occur through binding of a truncated, non-glytated form of the protein
binding to Ku70/80 in the nucleus inhibiting DNApar (Leskov et al. 2003). From
the data obtained in this study it is not possibldefinitively determine which form
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of Clusterin has been identified, although giveat tihis cell culture supernatant that

is being analysed it is most likely the secreteatgin.

It would be potentially interesting to perform fuet studies to investigate
expression levels of Clusterin in the nucleus amtuce media of the CHO-K1 and
DP12 cell lines under both temperature-shifted ammh-temperature-shifted
conditions over time in culture to identify the eathat Clusterin plays in the cell

culture cycle of CHO cells.

Another interesting finding was the identificatioh CIRBP (Cold-inducible RNA-
binding protein) and RBM3 (Putative RNA-binding fgm 3) in the conditioned
media of both temperature-shifted cell lines. CIR&® RBM3 are both highly
conserved proteins that belong to a glycine richARdhding protein family (Al-
Fageeh and Smales 2013). CIRBP expression may digcad in response to
oxidative stress and mild hypothermia (Kumar et24l08a). Known to stabilize
MRNA by binding to the 3'untranslated region ofcfie transcripts, CIRBP also
facilitates the transport of mMRNAs to the ribosofoe translation (Brochu et al.
2013). It has been hypothesized that CIRBP may alegle in preventing apoptosis
under mildly hypothermic conditions after showirmatt the knockdown of CIRBP
significantly increased apoptosis in temperatuiiéiexhMEBS stem cells (Saito et al.
2010). Interestingly, it has also been postulatédt tCIRBP may have a
neuroprotective effect on brains that have suffesmhemia under hypothermic
conditions (Liu et al. 2010). Further work is remuai however to determine whether
this is as a result of active gene modulation divaton of the extracellular signal
regulated protein kinase pathway. Interestingly,leviCHO cells overexpressing
CIRBP showed increased productivity of INF-gammeither the overexpression
nor the down-regulation of CIRBP has been showeftect growth (Hong et al.
2007; Tan et al. 2008).

Similar to CIRBP, RBM3 stabilises RNA under reducedlture temperature
conditions (Fujita 1999). This facilitates the tskation of specific proteins despite
the overall inhibition of protein synthesis via apeindependent mechanism
(Chappell, Owens, Mauro 2001). Given the dampeaifect of miRNAs on protein
synthesis, it has been suggested that RBM3 mayitnmiRNA activity either
through the blockage of miRNA binding sites on mRi\Anteractions with
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ribonucleoprotein complexes containing microRNAstimough the regulation of

MiRNA synthesis/degradation pathways (Barron e2@l.1; Dresios et al. 2005).

More recently however it has been shown that RB&tBally promotes pre-miRNA
processing by directly binding to these ~70 nt rimiediates and facilitates the
interaction of ribonucleoproteins with the active® protein complex in neuronal
cells under mildly hypothermic conditions (PilotteDupont-Versteegden,
Vanderklish 2011). It is perhaps then interestmgate that the increased expression
of RBM3 as a result of temperature-shift has alsenbshown to play an important
role in the hypothermia-induced neuroprotectionneturonal cells; however the

precise mechanisms by which this occurs remainean¢Chip et al. 2011).

A protease common to both cell lines but uniqu&ldC was also identified; i.e.,
Proteasome subunit beta type-8, also known as Lamleddlar Mass Protein 7
(LMP7). The 20S (or constitutive) proteasome cmst&8 subunits, of which three
are proteolytically active: 1, 2 and 5 (Arima et al. 2011; Muchamuel et al. 2009).
LMP7 ( 5i) replaces the5 subunit upon the expression of the cytokine IFbly
activated T helper 1 lymphocytes, CDBTLs and natural killer (NK) cells (Kloetzel
and Ossendorp 2004).

As such, 5i (along with 1i and 2i which are also induced, replacing thelr and
2 counterparts) are often referred to as ‘immunigasome’ subunits. The
replacement subunits display enhanced cleavingciefity after basic or
hydrophobic residues, however their ability to gkeafter acidic residues appears
somewhat diminished (Rock and Goldberg 1999). Sipally, the 5i is said to
have chymotrypsin-like activities (Borissenko andolc 2007). This affinity for
cleaving basic or hydrophobic residues could sigaiftly impact on the product

yield of recombinant proteins rich in such residues

Engineering the product such that these residuasidwbe replaced by neutral,
hydrophilic ones, would not only make the producrenresistant to cleaving by this
protease, but would also have the added advantageaking the product more

soluble and less susceptible to aggregation (WAl €010b).
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The identification of uniqgue HCP subpopulations l@aportant implications for
generating antigen material for the preparatiorafELISA. Non-producing cell
lines are typically used in the creation of antifM@ntibodies as they do not contain
the product of interest and therefore will not srosact with the drug substance
(Savino et al. 2011a). Any antigenic material gatest must be representative of the
cell line and process that the ELISA will be used(Savino et al. 2011b).

One of the aims at the outset of this thesis wagléntify whether there were
differences between (i) temperature-shifted andtearperature-shifted cultures (ii)
IgG producing and non-producing cell lines.

Qualitative analysis of LC/MS data has revealefed#hces in the HCP profiles of
non-producing CHO-K1 and IgG producing Dpl12 celtsder both temperature-
shifted and non-temperature-shifted conditions.tht@rmore, comparisons of the
HCPs profiles of both cell lines resulted in thentfication of cohorts of proteins

that appeared to be unique to each cell line.

The results discussed show that the choice oflicelland culture temperature can
have an impact on the HCP profile generated. Gilvaha significant proportion of a
HCP profile is made up of intracellular proteinso@iwood et al. 2013; Tait et al.
2012), it makes sense that lysates from non-produbbst cell lines are used as
antigenic material for the immunisation of animadsgenerate anti-HCP antibodies
for use in ELISAs (Krawitz et al. 2006). However lyflsates are obtained from
cultures grown under conditions different to thosehich the ELISA is expected to
perform e.g., temperature-shift, then the ELISA may contain antibodies specific
to proteins that are only expressed under theinectanditions. This also extends to
the use of cell culture supernatant as anti-geraterral for the immunisation of

animals to generate an ELISA.

For example, anti-HCP antibodies generated fromctieculture supernatant from
the CHO-K1 cell line at 37 C had been used in therbchosen as antigenic material
for the immunisation of animals to generate antiFH&htibodies, this would not be
able to detect a large number of HCP contaminanthe DP12 cell line in either
temperature-shifted or non-temperature-shifteducet. It would also be incapable
of detecting certain HCPs found in the CHO-K1 3tulture.
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Failure to detect such HCPs present in the finagdsubstance could potentially
illicit an adverse immune reaction in the patiestaiving the contaminated product
(Savino et al. 2011a).

Placing such a high emphasis on the ELISA for teaiification of HCP impurities
in the final drug product ignores the fact thatraportion of the HCP population
may not result in an immune response from the adnb@iag immunised, as such, no
anti-HCP antibodies will be generated against thasteins (ZhuShimoni et al.
2014). This could result in the presence of a H@Purity that could go undetected
in the final drug product. The application of a sx@pectrometry based approach,
while not as sensitive as an ELISA, provides imgatrinformation on proteins that
may go undetected by immunological methods e.gentification and, in the
presence of a known standard, abundance. Informatich as this advances our
knowledge of the process and changes the focus fnamtoring the presence of
process related contaminants to being able to eledimd control the risk factors

associated with the presence of HCP impurities.

5.2.3 Utilisation of CHO specific proteomic databases inthe analysis of
LC/MS data in a HCP study
The recent release of two CHO specific databassdiled in a significant gap in
suite of tools available to study CHO cells. A rdpby Meleady et al. (2012)
showed that use of the Bielefeld-BOKU-CHO (BB CHfpressed protein database
complemented the use of the CHO NCBI database gwmtkifrom the CHO-K1
genomic data as published by Xu et al. (Meleadylet2012; Xu et al. 2011).
Although the CHO-NCBI database accounted for aelgsgoportion of the HCPs
identified, the BB-CHO database enabled the ideatibn of a number of proteins
not identified by the CHO-NCBI database. The faett tthe BB-CHO database was
curated from the cDNA of a number of different CH@Il lines grown under
different processing conditions made this datalmsécularly well suited for the
proteomic analysis of HCPs generated by two diffe@HO cell lines grown over
time in culture under temperature-shifted and renpgerature-shifted conditions.
The use of both databases has enabled the idatibficof additional proteins that
would not otherwise have been identified by onalase alone.
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The resulting increased proteome coverage hasdedwa wealth of information on
the make-up of the HCP profile under different pssing conditions as well as at
multiple time points over the culture period. Theaitability of the two CHO

databases enabled the identification of a largelbmurof proteins with criteria that

gave a high level of confidence in the identifioati

Previously proteomics studies relied on sequenceolagy between the CHO and
another well annotated species such as human oseriou the identification of a
protein (Baik et al. 2006; Baik et al. 2008; Batkaé 2011; Kantardjieff et al. 2010;
Kumar et al. 2008a). Relying on sequence homolagythe study presented here
would inevitably have led to the loss of a numbkidentifications. This may have
included proteins of interest because of their podé ability to impact on product
quality or culture viability, such as the proted3athepsin D or the growth factor

Hepatoma-derived growth factor.

5.2.4 Overall Summary

The quantitative LC/MS analysis of a non-produc@igO-K1 and an IgG secreting
DP12 cell line identified changes in the relativmiadance of proteins that could
negatively impact on product quality such as Cathe, Thioredoxin 1 and-
galactosidase A through an increase in their abwelat late stage culture under
both temperature-shift and non-temperature-shifiddmns. In addition, proteins
that could affect cell growth (HGDF and VEGFA) batkier time in culture and
under temperature-shifted and non-temperatureeshiftonditions were also
identified. This study also found that culture t@rgiure and cell line selection can
both have an effect on the HCP profile. A changehenHCP profile has important
implications for the ability of an ELISA to detecontaminating HCPs in the final
drug substance. This investigation shows that LC/&n3lysis is a useful tool for
providing information on HCPs produced by thesésddlat affect product integrity

and culture viability.
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6.0 Phosphoproteomic Analysis of CHO Cells Overview

This section discusses the findings of the invesitg into the phosphoproteome of
temperature-shifted CHO cells. This investigatioitially sought to identify changes
in the phosphoproteome by using a MAP kinase atmydetect changes in
phosphorylation of 26 kinases. Changes in the ghmgfation of Erk, AKT and Jnk
are discussed in this section as is the utilitprotein arrays for profiling CHO cells.
The recent availability of two CHO specific proteondatabases made the use of
mass spectrometry a viable option for profiling gtesphoproteome of CHO cells
under reduced culture temperature conditions. Assalt, LC/MS was utilized to
obtain a more global overview of the cell signaliavents occurring 36hrs post
temperature-shift. As such, whole cell lysate, jphogprotein-enriched whole cell
lysate, gallium oxide phosphopeptide enrichmerghaisphoprotein-enriched sample
and titanium and iron oxide phosphopeptide enriaftroéwhole cell lysate samples
were analysed (Figure 6.0.1). The use of differphbsphopeptide enrichment
methods, the identification of signalling eventdeefing translation and cell
structure as well as the contribution made by talability of two CHO specific
proteomic databases are discussed, as well asthalies of each method and the

biological insights gained from their use.
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Figure 6.0.1 Schematic of the different approaches used to ilprothe
phosphoproteome of CHO cells under temperaturé-glahditions using mass
spectrometry. This schematic also includes tabfethe number of differentially-
expressed proteins, phosphoproteins and phosphdgeptdentified following
quantitative label-free LC/MS analysis. The tablsoaincludes the number of
phosphopeptides identified from each phosphopepteichment following
qualitative analysis of the LC/MS data.
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6.1 Phospho-Kinase Array of SEAP cells subject to tempature-
shift

Although a number of proteomic profiling studiesvddeen carried out (Gammell et
al. 2007; Kumar et al. 2008a; Roobol et al. 200adé&rhill et al. 2005; Underhill
and Smales 2007) the mechanisms behind the ceiedaonse to temperature-shift
by mammalian cells are poorly understood (Kumam@ell, Clynes 2007; Sunley
and Butler 2010). Given the dynamic response of Ct¢¢lls to reduced culture
temperature it makes sense that phosphorylatioridrvoave a role to play as has
been detailed in a number of studies (Kaufmannl.e1399; Roobol et al. 2011,
Underhill et al. 2005). Despite this, there stdhrains a gap in our knowledge as to
the precise signalling pathways through which tesponse occurs. Protein Kinase
Arrays are one means of profiling such signallingseades and have been
successfully employed in a variety of studies imray human cell model systems
(Lin et al. 2012). They have however yet to beisgd for the profiling of the CHO
phosphoproteome. In this experiment a kinase amas/used to profile the relative

levels of phosphorylation on 26 kinases in CHOscgllbject to temperature-shift.

MAP Kinase array analysis identified changes inghesphorylation of 12 kinases.
This included P53 and three isoforms of P38. Phaggdition of P53 by P38 whose
activation was initiated by ATR (ataxia telangiesttamutated- and Rad3-related
kinase) had previously been identified as a kepalmg pathway involved in cell
cycle arrest of temperature-shifted cells (Roob@ll€2011). Agreement between the
array and findings by Roobol et. al. provided aiphwalidation of the ability of the
array to successfully detect alterations in thesphorylation of different kinases in
CHO cells. Actual validation was carried out by tees blot investigating not only
the 24hr period post temperature-shift profiledtwy array, but also 48, 72 and 96hrs
after culture temperature reduction. This provided indication of how
phosphorylation of the respective kinase behavdabtt the time point investigated

by the array as well as over time in culture.
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6.1.1 Phospho-ERK1/2 in Temperature-shifted CHO cells

Immunoblotting of ERK1/2 confirmed the increasepimosphorylation of the kinase
in the 31 C culture 24hr post temperature-shifiasd by the array. Furthermore it
provided evidence of a sustained increase in plogfation of ERK1/2 over the

96hr period compared to the 37 C culture. Follow western blot studies using
lysates taken from DP12 cells grown over the saBie Period post temperature-
shift used in the CHO SEAP culture revealed phogpated ERK1/2 to be slightly
reduced at 31 C and for this decrease to become mpnounced over time in
culture. One potential reason for this is that glowof the DP12 cell line is greatly
reduced by culture temperature reduction. This gnomemains stifled with little

increase in cell number over the growth cycle camgao the CHO SEAP cell
which continues to grow albeit at a reduced ratechSa dramatic repression,
possibly caused by a near complete cell cycle atireslving other signalling

pathways, could negatively impact on growth signgllpathways involving ERK

(Mendoza, Er, Blenis 2011). Reduced culture tentpegais also known to affect
cells lines differently (Yee, Gerdtzen, Hu 2009)jsttoo could account for the

different phosphorylation profiles of ERK1/2.

To gain a better understanding of the signallinging place via the ERK1/2
pathway western blots were conducted of its wedvitn upstream regulator;
MEK1/2 (Figure 6.1.1 and Figure 6.1.2) (Lee Jr andCubrey 2002). Although
total ERK abundance remain constant over the cooirgke time points observed,
abundance of total MEK decreased upon temperahifie-sand remained
consistently low throughout the 31 C culture. Undmrately no phosphorylated
MEK could be detected in the CHO samples.
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Figure 6.1.1Images shows simplified schematic of MEK — ERK patiz adapted
from image by (Kim and Bar-Sagi 2004).

Without direct evidence of the phosphorylation issabf MEK no firm conclusion
can be drawn as to whether MEK is directly involviadthe activation of ERK,
although reduction in the overall expression of MiZuld suggest that this is not

the case.

This leads to the possibility that ERK activatias taking place via some MEK
independent mechanism (Jiang et al. 2011). Chaisioggthe role that ERK plays in
temperature-shifted CHO cells would require furthgork to determine the
activating kinase. Further profiling may also becessary in order to identify
subsequent signalling pathways involved given ERK#ity to transduce multiple
signals from various sources to specific cellulasponses (Ebisuya, Kondoh,
Nishida 2005).
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Figure 6.1.2lmage showing the variety of cellular processes$ Er& is involved in controlling and the complexity the related pathways.
Image adapted from abcam (http://www.abcam.comiridinl?pageconfig=resource&rid=15825 02Dec2013)
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6.1.2 Phospho-AKT in Temperature-shifted CHO cells

Kinase array profiling indicated that there was cltange in the expression of
phosphorylated AKT1. Validation by western blot ealed that total AKT1 was in
fact down-regulated in CHO SEAP and the phosphtioylaof AKT1 was down-
regulated in DP12 at 31 C. While this result iscalds with that of the initial
profiling, it is possible that non-specific bindiog the array could account for this
as discussed later in this chapter (Section 6.2I8)has been shown that
overexpression of constitutively active AKT causieday in the onset of apoptosis
and extends culture viability while inhibition ofKA™ activity causes induction of
cell cycle arrest and apoptosis during the eaklypkase in CHO cells (Figure 6.1.3)
(Opstal et al. 2012). CHO cells experiencing cettemperature reduction are also
known to enter cell cycle arrest at the G1 phadee(Cet al. 2004; Moore et al.
1997). This suggests that AKT1 may play some moledusing cell cycle arrest in
temperature-shifted CHO cells. Western blot analysdicated a reduction but not
total inhibition of phosphorylated AKT1. Temperimg signalling via AKT1 may
allow the cells to continue to proliferate, alb&ita reduced rate, but stopping short
of inducing apoptosis. Although the increase inggtmrylation of AKT2 was not
validated, this result could potentially point tedependent signalling mechanisms
between AKT1 and AKT2.

Both AKT isoforms AKT1 and AKT2 have been implicdtan biologically distinct
functions and are known to operate independentheaxdh other (Manning and
Cantley 2007). Further studies would however belired to confirm such roles in
temperature-shifted CHO cells.
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Figure 6.1.3Schematic of pathways and cellular processes resguley AKT. Image
adapted from horizon discovery (http://www.horiz@madvery.com/images/
pathways/p13k-akt.jpg 03Dec2013)

6.1.3 Phospho-JNK and MEK®6 in Temperature-shifted CHO cels

Lack of antibody specificity proved problematic rawtly for the detection of MEK,
but also for the accurate identification of JNK aktEK6 during western blot
validation. Due to the poor availability of anti-CHantibodies immunoblotting of
CHO samples very often requires the use of antidruor anti-mouse antibodies for
the detection of the protein of interest. Succdsdéiection relies on homology
between specific amino acid sequences in the humnarouse version of the protein
and its CHO counterpart. In the absence of antilredgtivity between species the

target protein may not be detected (Farady et0&l9p

Conversely inter-species cross reactivity can asuolt in the detection of proteins
other than the protein of interest. Non-specifindimg is a problem known to be

associated with protein-protein interaction basechmologies such as arrays and
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other assays (Farajollahi et al. 2012). Resultd siscthose observed in the JNK and
MEK®6 immunoblots raise the possibility that non-@fie binding to the array may
lead to erroneous results. To help increase spigifnany arrays utilise a sandwich
based approach requiring a second labelled detediatibody to bind to a
recognition site on the kinase that does not opendh that of the capture antibody
(Simpson 2007). Therefore, anti-human capture atelction antibodies used in this
array require a homologous binding site on the Cki@ase without which the
likelihood of non-specific binding increases. Awmtillies used for western blot
validation are less likely to suffer from non-sgiecbinding as they only require one
binding site on the target protein since the seapndlinds to the primary antibody
and not the protein of interest. This was potelytiah evidence where
phosphorylation of AKT1 was not deemed to changmificantly in the array
analysis but was found to be down-regulated at 3iy @estern blot.

6.1.4 Summary

While protein array technology has been aroundsfune time (Tse-Wen Chang

1983), to the best of our knowledge, this is thhgt instance of a protein kinase array
being applied to CHO cells. Although mass specttoyn@ay be viewed as a more
comprehensive means of acquiring a global ovenoéthe phosphoproteome of a
cell, protein array based techniques provide a mtameted approach to

investigating specific kinases of interest. Futapplications would benefit from the

use of capture and detection antibodies that aeeifsp to CHO as anti-human

antibodies were found to possibly reduce specgyfidMevertheless, its utilisation

identified ERK, JNK and AKT as being potential tetg of interest in temperature-
shifted CHO cells.
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6.2 Quantitative Phosphoproteomic label-free LC/MS anajsis of
CHO SEAP cells subject to temperature-shift

6.2.1 Quantitative label-free LC/MS analysis of CHO SEAPcells subject to
temperature-shift
A number of proteomic studies have been conducted C#iO cells under
temperature-shifted conditions in an effort to gaisights into changes that take
place in the proteome which may contribute to iasesl productivity, altered growth
rate and extended cell viability (Baik et al. 200&ufmann et al. 1999; Kumar,
Gammell, Clynes 2007). To date however, these Iprgfstudies have utilized gel
based technologies. To the best of my knowledgs,ighthe first such proteomic
investigation to use a quantitative label-free msgectrometry based approach.
Using this technology to analyse the proteome ofperature-shifted CHO SEAP
cells 114 proteins were identified as having5 fold-change (72 up-regulated, 42
down-regulated at 31 C).

6.2.1.1 Differential expression of proteins involved in translation

GO analysis on the differentially regulated prageidentified revealed significant
enrichment of processes relating to translation RN processing at 31 C. This is
partially due to the high number of ribosomal pmdeidentified as up-regulated at
31 C including 60S ribosomal proteins L4, L6, L13,3a, L14, L26, L28, L34 and

40S ribosomal proteins S6, S8, S9 and S25. Altheadhced culture temperature is
known to limit global translation initiation (Roobet al. 2009), it is evident from the
increase in specific productivity of cells expogedsuch conditions that this tightly
controlled process must still allow relatively hilgivels of the product’s gene coding
sequence be translated. It has been reported ligatexistence of ribosomal

subpopulation with specific translation propertieay allow such an event to occur
(Xue and Barna 2012).

In addition to this, cold shock proteins such aREknd Rbm3 may play a role as
RNA chaperones, facilitating transcription and $lation, under low culture
temperature conditions (Ferry, Vanderklish, Dupdatsteegden 2011; Tong et al.
2013).
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While neither of these proteins were identifiedhis study, it has been shown that
Rbm3 associates with a number of 40S and 60S mbalksproteins including 60S

ribosomal protein L4 (Dresios et al. 2005).

Two eukaryotic translation initiation factors, eiléd elF3b, were both found to be
1.6-fold up-regulated upon temperature-shift. & baen reported that elF3i in CHO-
K1 cells is down-regulated following temperaturéftsiand is subsequently up-
regulated upon restoration of normal culture terapge conditions (Roobol et al.
2009). While overexpression of elF3i has been shtwnincrease cell proliferation,
cell size and cell cycle progression its upregatatias also been associated with cell
lines that maintain high levels of specific produity over time in culture
(Ahlemann et al. 2006; Meleady et al. 2011).

Although elF3i is known to be involved in mRNA tsdation and transcription
studies have found gene expression of elF3i sefiity stable to be considered a
house keeping gene in CHO cells (Bahr et al. 20R@hough elF3i evolutionarily
highly conserved between human and yeast, deletmahknockdown studies have
shown it to be dispensable for active elF3 comgtamation (Bahr et al. 2009;
Masutani et al. 2007). This would suggest that etk&@y be involved in translational
control of specific mMRNAs or required under paraicellular conditions (Dong et
al. 2013; Masutani et al. 2007). Like elF3i, elA8kalso part of the elF3 complex,
both of which bind concurrently to the spectrin domof elF3a. Unlike elF3i
however, elF3b, along with elF3a and elF3b, maktheghree subunits essential for
the formation of the active mammalian elF3 complex, which, elF3b is a
scaffolding subunit (Dong et al. 2013; Liang et 2012; Masutani et al. 2007).
Upregulation of elF3b has been associated witheas®d proliferation; conversely
knockdown of elF3b has been shown to inhibit peoéifion and increase apoptosis
(Liang et al. 2012; Wang et al. 2012).

While this is somewhat at odds with the observednplype in this instance, it is
possible that, given the complex crosstalk betwdi#erent cellular pathway and
multiple layers of regulation within the cell, e-3and elF3i are in some way
contributing to the altered cellular state we setemperature-shifted cells (extended
viability/increased productivity), however proligion enhancement is being
blocked downstream of the elF3 complex. Althougarehis not always a direct
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correlation between transcription and protein sgsith (de Nobel et al. 2001; Gygi et
al. 1999), a number of studies investigating th@dcriptome of temperature-shifted
CHO cells have shown changes in the gene expres$ioarious cellular processes
including those related to production of the pmot@roduct (Baik et al. 2006;
Kantardjieff et al. 2010; Yoon, Song, Lee 2003). &Asonsequence, this could give
rise to changes in the abundance of RNA levelsineguupregulation of RNA
processing machinery. Interestingly, the upregoitatf proteins involved in mRNA
translation in high producing cell lines when compg NSO cells with varying

levels of specific productivity has also been poegly shown (Dinnis et al. 2006).

6.2.1.2 Comparison of this quantitative label-free LC/MS aralysis of
temperature-shifted CHO cells with other proteomic profiling of
temperature-shifted CHO cells in the literature
When the list of differentially-expressed proteoistained in this study is compared
to other proteomic studies of temperature-shiftddOCcells (Baik et al. 2006;
Kumar et al. 2008a), it is clear that using a quatne label-free LC/MS
methodology has provided new insights into theat$feof temperature-shift on the
proteome of CHO cells. Although there are some comproteins identified such as
Vimentin and Annexin Al, both of which are up-regjed at 31 C, displaying a
similar trend to previous reports (Baik et al. 20B@Gmar et al. 2008a); many of the
proteins identified are unique to this study. Tisisn contrast to the comparison of
results that Kumar et al. (2008) made with thosBaik et al. (2006) which found a
number of overlapping proteins. It should howeverpointed out that while some
common proteins were identified, only half of théwsel a fold-change in the same
direction. It should also be pointed out that theses also significant difference

between the two lists of proteins obtained.

There are a number of potential reasons why theag be such little overlap
between the proteins identified in this study amoise identified in the two studies

previously mentioned, these are summarised in Tagld.
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Table 6.2.1Summary table comparing quantitative label-freeNlE/analysis of temperature-shifted CHO cells cotelign this thesis with
other proteomic profiling of temperature-shifted Gldells in the literature.
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6.2.2 Label-free LC/MS analysis of phosphoprotein-enrichd lysates from
CHO SEARP cells subject to temperature-shift
Fractionation of the proteome is often requiredobdain further insights into the
mechanisms involved in the cellular response tovangcondition (Lee, Tan, Chung
2010). This becomes particularly important when infyy to study the
phosphoproteome of a cell due to the low abundatira of many phosphoproteins
(Beltran and Cutillas 2012). In order to investeg@ihe phosphoproteome of CHO
cells subject to temperature-shift, a phosphopnotenrichment strategy was
employed to aid in the identification of differeadty-expressed proteins that

otherwise may not be seen due to sample complexity.

Label-free LC/MS analysis of phosphoprotein-enrichg&hole cell lysates from
temperature-shited CHO SEAP cells identified 53ffedéntially-expressed
phosphoproteins, 21 of which were up-regulated upeduction of culture
temperature. It is perhaps interesting to note thatsignificant number of
differentially-expressed proteins identified in then-enriched whole cell lysate
were phosphoproteins (84 out of 114, as classif@dg Gene Ontology). Although
there was some overlap between the lists obtainech fthe two experiments,
phosphoprotein enrichment provided differentiabmfiation on a cohort of proteins

that were not identified in the previous whole ¢gtlate study.

6.2.2.1 Differential expression of phosphoproteins involvedn cell structure

GO analysis, performed using DAVID, on the diffarally-expressed

phosphoproteins identified significant enrichmeittite cytoskeletal organisation
pathway. The effects of low culture temperaturecefi structure have also been
observed in other studies (Baik et al. 2006; Kumtaal. 2008a). Disassembly of
cytoskeletal components are known to occur uporogxg to severely reduced
culture temperatures. While this does not happedemurnconditions of mild

hypothermia, it could partially explain the dowrgudation of structural proteins
upon temperature-shift (Al-Fageeh and Smales 2G0fifta 1999; Roobol et al.

2009).
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Although structural proteins such as Vimentin amthéxin A1 were identified using
whole cell lysate samples, it is clear that withphbsphoprotein enrichment this
cohort of cytoskeletal proteins would not have bemmtified. Knowledge of these
proteins has contributed to the overall picturahaf effect of temperature-shift on
CHO SEAP cells. Other structural phosphoproteiestified in this experiment are
further discussed in sections 6.2.2.1.1 to 6.232.1.

The upregulation of Vimentin and Annexin Al (fromadysis of unenriched whole
cell lysate) is in keeping with transcriptome sasdiwhich identified an overall
upregulation of genes involved in cytoskeletal orgation (Yee, Gerdtzen, Hu
2009). However the phosphoproteins identified irs tthesis are predominantly
down-regulated (2 up-regulated, 7 down-regulatétie observed down-regulation
could be due to a reduction in phosphorylation ggosed to a decrease in overall
protein abundance (as explained section 6.2.2.14%0, changes in the
transcriptome may not necessarily materialise engtoteome due to the non-linear
relationship between the genome and the proteoraecell as a result of events such
as alternative splicing and the presence of nomgodRNAs (e.g. miRNAS)
(Altelaar, Munoz, Heck 2013). Nonetheless, changethe cytoskeleton could be
indicative of remodelling of vesicle trafficking stgms in the cell to facilitate
increased recombinant protein productivity as regabfollowing transcriptome and
proteomic studies of temperature-shift CHO cellaikBet al. 2006; Kantardjieff et
al. 2010). Given the co-localisation of mMRNAs amngtiation factors with the
cytoskeleton (Stapulionis, Kolli, Deutscher 199Ghanges in the cytoskeleton are
also likely to have impacted on other processe$i ag mRNA transport and
translation as evidenced by the enrichment of phosmteins involved in mRNA
transport (from phosphoprotein enrichment analysable 4.3.41) and proteins
involved in translation (from unenriched whole chiéate analysis, table 4.3.35)
through GO analysis. Therefore, this analysis gtesievidence of signalling events
within the cytoskeleton and how this could resnlaiterations protein synthesis as a
result of a reduction in cell culture temperatugections 6.2.2.1.1 to 6.2.2.1.3

discuss some of the specific phosphoproteins ifiedtin further detail.
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6.2.2.1.1 Ezrin

Ezrin was identified as being up-regulated atC3following quantitative label-free
LC/MS analysis of whole cell lysate and phosphagreenriched samples by 2.4
and 2.1-fold respectively, most likely indicatingclhange in the total abundance of
the protein rather than a change in phosphorylatDespite Ezrin being well
documented as a structural protein, the specificha@sms by which it alters
cellular behaviour are largely unknown (Xie et 2009). It has however been
hypothesised that the membrane cytoskeletal lingestein is activated via
phosphorylation of THP’ enabling binding of F-actin and the membrane thus
regulating cell shape and signal transduction (&thai. 2007).

6.2.2.1.2 Annexin A6

The down-regulation of Annexin A6 at &l in whole cell lysate (1.8-fold) and

phosphoprotein-enriched samples (3.4-fold) inde#ibat there could be a reduction
in both the overall abundance and phosphorylatfdghis protein as the fold-changes
appear to be significantly different. Interestingtiie upregulation of Annexin A6

has been linked to increased growth and metastasisiumber of different types of
cancer (Oda et al. 2013). Similar to Ezrin, thecime function of this calcium-

dependent, membrane-binding protein is largely omkn although there is some
evidence to suggest that the down-regulation af pindtein in cancer cell lines leads
to increased proliferation and invasiveness (de &eigal. 2008; Wang et al. 2013).
This appears to occur, in part, via the EGFR/Rgsadiing pathway (de Muga et al.
2008).

It is possible however that Annexin A6 may not hthe same function in CHO cells
given that they do not endogenously express EGHR tha overexpression of
constitutively active Ras in CHO has not been shtwsignificantly impact on cell
growth, viability or productivity despite the uprdgtion of Ras being associated
with many cancer types (Kim et al. 2011).

6.2.2.1.3 GAPDH
It was noticed that the 4.2-fold down-regulationrGAPDH in this study was at odds
with previous findings in the literature that retmar this protein to be up-regulated

upon temperature-shift (Baik et al. 2006; Kumaale2008a).
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Therefore, the list of differentially-expressedfeins observed would be due to
changes in the abundance of the phosphorylatedespether than overall changes
in the expression of the total protein itself. ¢évéls of total GAPDH had been
differentially-expressed then this would most likdhave been detected in the
analysis of the whole cell lysate. Given that thiss not the case, a change in the
abundance of the phosphorylation status of GAPDHast likely to be account for

the result obtained.

Existing as a single copy gene, multiple phosplatigh sites on the enzyme most
likely enable GAPDH to perform such a diverse raofj@unctions DNA repair and
replication, cytoskeletal organisation and apogto&irover 2005; Tisdale and
Artalejo 2007). One such example is the phosphtoylaof GAPDH by PKCJ
resulting in the cytoskeletal remodeling of vesaculubular clusters between the
endoplasmic reticulum and the Golgi complex. Spealify, phospho-GAPDH is
required for microtubule binding to the vesiculabular cluster sub-compartments
that contains Rab2 (Tisdale 2002).

In addition to this, GAPDH also has the abilityaoto-phosphorylate (Yogalingam
et al. 2013). While it has been established thaPBKH will auto-phosphorylate in
the presence of Mg-ATP, the recipient of this pl@ge remains unknown

(Yogalingam et al. 2013).

6.2.2.2 Differential expression of phosphoproteins involvedn translation

Given the number of proteins involved in translatidescribed in the label-free
LC/MS analysis of the whole cell lysate (sectioB.4), it is perhaps interesting to
note that the organisation of the cytoskeleton basn implicated in regulating
transcription (Kim and Coulombe 2010). Phosphagroenrichment also aided in
the identification of several other translationtéas including elF4gl, 2-fold up-

regulated upon temperature-shift.

A subunit of the scaffolding protein elF4g in thi&4f protein complex, elF4gl is
involved in the selective translation of mMRNAs ihxad in mitochondrial function
(Fujioka et al. 2013).
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The translation factor elF4a3, a DEAD-box RNA hadie that forms part of the exon
junction complex, facilitates the stable binding spliced RNA enabling its
modulation, was also identified as being 1.8-fofgragulated at 31 C using this

phosphoprotein enrichment strategy (Budiman €2G09).

6.2.3 Label-free LC/MS analysis of a Gallium oxide phospbpeptide
enrichment of phosphoprotein-enriched CHO SEAP cell subject to
temperature-shift

While phosphoprotein enrichment contributed towdhe identification of a

significant number of phosphoproteins that woultl atberwise have been observed,

in order to obtain site-specific information on tphbosphorylation status of the
proteins identified a second enrichment step wgsired. This second enrichment
was conducted at the peptide level to enrich fassphopeptides using a gallium

oxide column.

Overall the number of differentially-expressed pitaspeptides was lower than
expected. This was almost certainly as a conseguehaising a phosphoprotein
enrichment step prior to phosphopeptide enrichm@&his is evident from the

gualitative analysis showing the significantly redd number of phosphopeptides
obtained from phosphoprotein-enriched samples cosdpao phosphopeptide
enrichment of whole cell lysate samples using titanor iron. In addition, it should

be remembered that 120ug of phosphoprotein-enricketiple was analysed
compared to 500ug of starting material for the ntilen dioxide and iron

phosphopeptide enrichment experiments. It is tleegpossible that the quantity of
starting material may also have impacted on the bmunof phosphopeptides

obtained.

The reduced number of phosphopeptides is unlikelyetas a result of poor affinity
for gallium as it has been shown to compare favayravith titanium, iron,

aluminium and zirconium (Aryal and Ross 2010; Posewnd Tempst 1999).
Nonetheless this second enrichment strategy prdwadielitional information on the
abundance of phosphopeptides that had not beeropséyvidentified from analysis

of the whole cell lysate or phosphoprotein-enricfradtions.
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Gene Ontology (GO) of large profiling datasets ggiublically available software
such as DAVID enables the identification of bioloi processes that have been
enriched within the comparison undertaken (Gunaratral. 2010; Kumar and Mann
2009). However, this provides limited information the specific pathways directly
involved in the alteration of the biological proses observed. Network databases
such as STRING or Ingenuftyathway Analysis can be used to help bridge tais g
by mapping known and predicted protein interactighamar and Mann 2009).
Where smaller datasets are obtained, a ‘proteimtefest’ may only be identified
through searches of the literature. Whether thespihaproteomic dataset is large or
small however, our ability to interpret them ssliffers from the sheer number of

phosphorylation sites do not yet have any ascribedtion (Mayya and Han 2009).

6.2.3.1 PITSLRE serine/threonine protein kinase CDC2L1

A phosphopeptide from PITSLRE serine/threonine @rotkinase CDC2L1
(p58°'"°RH was identified as being 7.4-fold down-regulate@hC. p58" > Fis a
p34related protein kinase that is known to be involiredell cycle progression,

tumorigenesis and pro-apoptotic signalling (Liaket2013).

Although down-regulation of this kinase has beemwshto increase growth rate and
ectopic expression has been linked with prolongaté Itelophase, abnormal
chromosome segregation, and decreased cell groatgs rin CHO cells, this

decreased growth rate was due to apoptosis (Laaki £995; Zhang et al. 2002).

While reduced growth rate is a feature of tempeeashifted culture conditions, it is
also associated with extended culture viability rfiéw, Gammell, Clynes 2007).
Given the tightly controlled nature of cell cycleogression the observed down-
regulation of the phosphorylated peptide of P58~ may not necessarily result in
increased growth under these conditions (Fishat. 012).
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6.2.3.2 Nucleolar phosphoprotein p130

Gallium oxide phosphopeptide enrichment also emblile identification of a

phosphopeptide from the protein Nucleolar phospbiegn p130 (Noppl40) which

was deemed to be 2.2-fold up-regulated at 31 réstingly this protein is one of
the most highly phosphorylated proteins found inmmelian cells. Hyper-

phosphorylated, Nopp140 is 140 kDa while in a catgdy unphosphorylated state
its size is reduced to 95 kDa (Kim et al. 2003).

Initially identified as a shuttle protein betweére thucleolus and cytoplasm involved
in pre-ribosome particle assembly and transpors, mow known that Nopp140 also
participates in rDNA transcription through co-lazation with RNA polymerase | at
the rDNA transcription active foci in the nucleol(Gao et al. 2011b; Kim et al.
2003). This was further confirmed through the krdmkn of Noppl40 which
caused the inhibition of rDNA synthesis (Tsai et28108).

While investigating the role of nuclear proteinsievhoscillate in the cell cycle, it
was reported that endogenous levels of Noppl4Gsigreficantly reduced during
mitosis compared to interphase (Pai et al. 199%teréstingly however,
phosphorylation of Nopp140 actually increases dunmtosis despite a reduction in

overall expression (Pai et al. 1995).

In order to definitively determine the role thatpypd40 plays in temperature-shifted
CHO SEAP cells, further analysis would be requit@&now whether the observed
up-regulation of the Noppl40 phosphopeptide is aesalt of an increase in
phosphorylation or an increase in total proteinnalaunce. It has been reported that

CHO cells enter garrest upon temperature-shift (Moore et al. 1997).

Given the complex mechanism by which Nopp140 opsrat is likely that it could
be involved in the regulation of cell function orultiple levels and further work
would be required to elucidate its precise roleha cellular response to culture

temperature reduction (Gao et al. 2011b).

One of the aims of this thesis was to identify e that occur in the
phosphoproteome of CHO cells subject to temperaghife Although the use of
phosphoprotein enrichment did not initially providey site-specific information, it
nonetheless enabled the identification of proteimd their related processes such as
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translation and cell structure that change in diresponse to culture temperature
reduction. While the number of phosphopeptidestitied by Gallium enrichment
was lower than expected, it did yield some infotiorabn the differential expression
of phosphopeptides with site-specific informationpgroteins involved in translation
and the cell cycle thus providing some knowledgehef signalling events that are

activated in the phosphoproteome of a temperatifeed CHO cell.
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6.2.4 Qualitative assessment of titanium dioxide and iron oxide
phosphopeptide enrichment methods
Given the nature of the results obtained in secdod.3 it was decided that
phosphopeptide enrichment would provide more inedrom on the changes taking
place within the phosphoproteome of temperaturteshiCHO cells. Studies have
shown that the use of different phosphopeptide cement methods, such as
titanium dioxide and iron oxide, has provided imsed coverage of the
phosphoproteome (Bodenmiller et al. 2007; Carrastahl. 2008; Collins, Yu,
Choudhary 2007). Titanium and iron phosphopeptiteckment strategies have also
proven to be suitable for quantitative label-fre€/MS applications (Casado and
Cutillas 2011; Montoya et al. 2011). In this stutl@nium dioxide and iron oxide
enrichment of temperature-shited CHO whole cellsalgs permitted the
identification of 867 and 960 phosphopeptides respely. The use of two
complementary enrichment methods has provided atgreverview of the CHO
phosphoproteome under temperature-shifted conditemabling the cataloguing of
1,271 phosphopeptides and providing informationttun differential expression of
83 phosphopeptides.

Quantitative label-free LC/MS analysis of phosphume enriched whole cell
lysates has been successfully employed to idemifgnges in phosphopeptide
abundance in a number of studies (Casado and &u#i011; Gunaratne et al. 2010;
Manes et al. 2011). A gallium oxide phosphopepgdechment methodology was
used in the identification of hormone dependentnaigng pathways in renal
medullary thick ascending limb (mTAL) cells (Guniae et al. 2010). Using this
approach, 654 phosphopeptides were identified, lichv 76 were differentially
phosphorylated. Label-free analysis of titaniumxdie phosphopeptide enriched
acute myeloid leukaemia cells treated with the wodpervanadate resulted in the
guantification of 937 phosphopeptides from a tobél 1,537 phosphopeptides
identified (Montoya et al. 2011). It should be reniered however that sodium
pervanadate causes irreversible tyrosine phosghathgition within the cell. This
would result in an accumulation of hyper-phosphatied tyrosine residues and is

likely to increase the number of phosphopeptidestified (Boeri Erba et al. 2007).

During the course of this investigation a numbemaiitiple phosphorylated peptide
species were identified. Generally speaking, moonephorylated peptides are more

356



commonly identified using Gallium and Titanium efnent methods while Iron
based enrichment favours multiply-phosphorylateécss (Aryal, Olson, Ross
2008; Zhao et al. 2013). In this study however oohsbias was observed. Both
titanium and iron based columns enriched similambers of singly and multiply
phosphorylated phosphopeptides.

Of the 960 phosphopeptides enriched using ironegxdd1 of these triggered MS3
events while 537 MS3 events were triggered for@68é phosphopeptides enriched
using titanium dioxide. The neutral loss of a pladp group is widely accepted as a
form of ‘validation’ of the phosphorylated state tbe phosphopeptide (as detailed
section 1.5.7) (Yu et al. 2007). Although it wasngwvhat surprising that more MS3
events were not observed, there may be a numberasbns for this including the
combined neutral loss of phosphate and water, andlaminant neutral loss of
phosphate (Sweet et al. 2009). It has been repdh&dwhen using high mass
accuracy instruments, such as the one used instady, that MS3 offers no
additional benefit in increasing the overall numbar confidently identified
phosphopeptides and has only limited value in dateng the site of
phosphorylation localization (Villén, Beausoleilyg 2008). Nonetheless, the use of
MS3 information in this study provides additionahfidence in the identification of
phosphopeptides particularly given the lack of infation available on site-specific
phosphorylation in CHO compared to other speciesh sas Human and Mouse
(Hornbeck et al. 2012).

This section demonstrates that the evaluation pfasocol for the enrichment of
phosphopeptides in CHO cells, as laid out in thasaof this thesis, has been
successfully completed and that the complementseyod titanium dioxide and iron
phosphopeptide enrichment methods achieved the edargnumbers of

phosphopeptides with site-specific information.
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6.2.5 Differentially-expressed phosphopeptides common téitanium dioxide
and iron oxide phosphopeptide enrichment methods

Using the complementary approach detailed in thisdys to obtain relative
guantitative information on changes in the abundapicphosphopeptides offers a
unique insight into the active response to reduodture temperature conditions
compared to other proteomic profiling studies thahply detail changes in the
cellular machinery (Baik et al. 2006; Kaufmann kt1®99; Kumar et al. 2008a,;
Underhill and Smales 2007). Of the 83 differenytakpressed phosphopeptides
identified using both titanium dioxide and iron de&i enrichment, 29 were up-
regulated and 54 down-regulated upon temperatufe-g/hile many differentially-
expressed phosphopeptides were unique to eactherait method, some of those

identified were common to both techniques.

6.2.5.1 elF4g3

One such protein was elF4g3 (also called elF4glL, ot to be confused with
elF4g2), was identified as 3.7-fold down-regulat®d31 C compared to 37 C.
elF4g3, along with elF4gl, form the two functioh@mologs of elF4g, part of the
cap binding protein complex of elF4f (lvanov etz011).

It has been shown that elF4g3 becomes phosphatythieng mitosis inhibiting

cap-dependent translation through a reductiorsimieraction with elF4e (Pyronnet,
Dostie, Sonenberg 2001). In addition to phosphtigia cleavage of elF4g3,
resulting in loss of function, is also known to saunhibition of cap-dependent
translation (Marcet-Palacios et al. 2011). Thegmnts show the pivotal role that

elF4g3 plays in initiation of protein translation.

Transcriptomic analysis of B cell lymphocytes dagphg increased proliferation and
reduced Ig production from transgenic mice exprggsa dominant active
downstream regulatory element antagonist modu(&BEAM) mutation found that
although increased proliferation was associatetl witlecrease in the expression of
the cell cycle regulator KIf9, the reduction in o synthesis was linked to the

down-regulation of the elF4g3 gene (Savignac e2@l0).
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Identified by both titanium dioxide and iron oxiphosphopeptide enrichment this
investigation found phosphorylation of elF4g3 tacmase upon temperature-shift.
This would imply that a reduction in the phosphatign of elF4g3 would facilitate

binding with elF4e, thus enabling cap-dependentstedion. Based on the reports
discussed, this indicates that the reduction inpthesphorylation of elF4g3 under
temperature-shifted conditions may form a criticamponent of the mechanism

involved in the increased productivity of temperatghifted CHO cells.

6.2.5.2 Protein NDRG1

Another protein identified as having increased phosylation at 31C by both
titanium dioxide and iron oxide enrichment methadids was protein NDRG1 (N-
Myc down-regulated gene 1). NDRG1 is highly consdnacross a number of
multicellular organisms, typically expressed inp@sse to cell stress and is known
as a tumour metastasis suppressor in several ehffdypes of cancer including

breast, colon, pancreatic and prostate (Ghalayial. 2013; McCaig et al. 2011).

Increased expression of NDRG1 has been shown wit rescell cycle arrest (Li and
Chen 2011). The phosphorylation of NDRGL1 also apptabe involved in the cell
cycle arrest mechanism (Ghalayini et al. 2013; Mg@aal. 2011). In this study, we
found NDRGL1 to have increased phosphorylation upomperature-shift. Although
cell cycle arrest in temperature-shifted CHO cdilss been attributed to the
activation of the ATR-p53-p21 pathway (Roobol et2fl11), cellular stress has been
shown to result in the expression of NDRG1 in a géBendent manner (Roobol et
al. 2011, Stein et al. 2004). This would suggeat MDRG1 may be involved in the
cell cycle arrest of temperature-shifted CHO cédilswever further work would be

required to determine the precise mechanisms bghthis would occur.
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6.2.5.3 GO analysis of differentially-expressed phosphopejates common to

titanium dioxide and iron oxide phosphopeptide enchment methods
Expanded phosphoproteome coverage through the fuseocenrichment methods
was also of benefit for identifying key cellularopesses and potential pathways that
altered as a result of temperature-shift. For exampAVID analysis of all the
differentially-expressed phosphopeptides (SectioB.84) identified was the
enrichment of the membrane organisation pathway81af compared to 37 C.
Interestingly, changes in the relative abundancenefmbrane proteins have been
observed in another study which profiled the protecof temperature-shift, non-
producing CHO-K1 cells (Kumar et al. 2008a). Altevas in membrane rigidity
have been cited as a means by which cells may tdéteaceduction of cell culture
temperature (Roobol et al. 2011). Such alteratmemur as a result of changes in
membrane lipid composition causing membrane flyitht decrease as temperature
is reduced (Los and Murata 2004).

Changes in the abundance of phosphorylation on mamlorganisation proteins are
an encouraging indicator that active cell signgllevents are taking place. DAVID
analysis also identified the enrichment of proteinsolved in cell division

pathways, all of which were down-regulated at 31T@Qis of course makes sense
given the substantial reduction in cell growth undeduced culture temperature
conditions. Among the proteins identified in thiOGnrichment were Borealin
(discussed in more detail in section 6.3.7.3), Av@ae-promoting complex subunit 1
and Serine/threonine-protein kinase Nekl1, all oficwh showed decreased

phosphorylation at 31 C compared to the 37 C celtur

6.2.5.3.1 Serine/threonine-protein kinase Nek1l

Nekl was identified as being 2.3-fold down-regudate the temperature-shifted
CHO SEAP cells. Although it is known that Nek1nsolved in DNA damage repair
and cell cycle progression (Fry et al. 2012), repof the precise mechanisms by
which Nekl operates and even its exact functionofiien conflicting. While the
silencing of Nekl has been reported to slow dovenrédpair of DNA as a result of
exposure to genotoxic agents and blocks DNA danmadigced cell cycle arrest
(Pelegrini et al. 2010), it has also been showh ttaloss of Nekl caused a severe
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decrease in cell proliferation, most likely dueirioreased time spent in the S-phase
of the cell cycle (Patil et al. 2013). The roleMékl as a regulatory kinase for the
proper activation of ATM/ATR target kinases Chklda@hk2 has been reported
(Chen et al. 2008). It is not clear whether Neldutation of Chkl and Chk2 is as a

result of direct or indirect interaction between kinases.

Given that Nekl can shuttle from the cytoplasm he tucleus (Hilton, White,
Quarmby 2009), it is possible that Nekl also am#he translocation of Chk1/Chk2
to the nuclei where they function (Chen et al. 20@8though both Crk1l and Crk2
are both involved in DNA damage repair, it is Crkiht plays the greater role in
DNA damage repair while Chk2 is essential forNb arrest (Huang et al. 2008).
Despite its involvement in DNA damage repair via (RTR pathway (Chen et al.
2008), it has also been proposed that Nek1 carategecheckpoint control and DNA
damage response in pathways independent of ATRn(€hal. 2011). This serves as
a prime example of the complexity of trying to gd@r signalling pathways within

the cell.

6.2.5.3.2 Anaphase-promoting complex subunit 1

Quantitative label-free LC/MS analysis of titaniugioxide and iron oxide
phosphopeptide enrichments both found ANAPC1 tald&n-regulated at 3C by
1.5 and 1.9-fold respectively. ANAPC1 is the latgagunit of anaphase-promoting
complex/cyclosome (APC/C), a ubiquitin ligase thatgets specific proteins for
proteasomal degradation during mitosis (Acquavivale 2004; Jbérgensen et al.
2001). Two known mitotic cyclins that the APC comwplargets for degradation are
cyclins A and B (Chang, Xu, Luo 2003).

It has been shown that cyclin B degradation is irequfor exit from mitosis

(Skoufias et al. 2007). ANAPC1 acts as a scaffotntgin that binds Cdc23, Apc5,
and Apc4 (Thornton et al. 2006). Once this subisribrmed, it then goes on to bind
Cdcl6, Cdc27and Cdc26. It has been suggested ¢haataon of the complex is

initiated by phosphorylation (Golan, Yudkovsky, Blgko 2002). In the context of
this study the down-regulation of phosphorylated MMC1 would imply loss of

proteasomal function and/or disassembly of the dexap

361



6.2.5.3.3 Differential expression of phosphopeptides in protes involved in
transcription

Protein function analysis of all differentially-engssed phosphopeptides also

identified a significant number of proteins invadv the regulation of transcription.

This observation also makes sense given the chatigdstake place in the

transcriptome of temperature-shifted CHO cells kBatial. 2006; Kantardjieff et al.

2010; Nissom et al. 2006; Yee, Gerdtzen, Hu 2009).

Among the proteins identified as having increasaekls of phosphorylation was
Cyclic AMP-dependent transcription factor ATF-7neifinger protein with KRAB
and SCAN domains 3 and AT-rich interactive domaintaining protein 5B. Cyclic
AMP-dependent transcription factor ATF-2, DNA exars repair protein ERCC-6
and transcription intermediary factor 1-beta digpth decreased levels of
phosphorylation upon temperature-shift (some o$eéhgroteins are discussed further
in section 6.4.6). Due to the limitations of ourremt knowledge of many of these
proteins, whether the changes in phosphorylatidinpesitively or negatively impact

on transcription remains unclear.

The identification of signalling events involved the regulation of transcription
raises some interesting questions regarding thetralorof transcription in

temperature-shifted cells; are such phosphorylagents involved in the increased
transcription of the recombinant molecule, atteimggthe translation of endogenous
cellular proteins or in some way facilitating thrartscription and/or binding of cold
shock proteins to cis elements in the promoteroregyiof target genes leading to
enhanced transcription? Furthering our understgndiof these signalling

mechanisms could provide cell engineering targeswould enable the preferential

translation of specific gene targets.

6.2.5.3.4 TRIM28 and ZKSCAN3

Identified as being 1.6-fold up-regulated at 31€ing titanium dioxide enrichment,
Transcription intermediary factor 1-beta (TRIM28)a transcriptional core-repressor
protein involved in a wide variety of functions &uas cell growth, apoptosis and
DNA repair (lyengar and Farnham 2011). The precisechanisms by which

TRIM28 operates are poorly understood and, givenuiregulation in a variety of
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cancers (such as breast cancer) and its down-teduia other cancer types
(including lung cancer), indicates that the roleplays in influencing cellular
function appears to be cell line specific (Cheale2012a). Despite this, it has been
shown that phosphorylation of TRIM28 on Ser473 $etda reduction in its activity
(King 2013).

The increase in the phosphorylation TRIM28 at 3JpGtentially points to a
reduction in its activity at reduced culture tengiares. One of the means by which
TRIM28 mediates transcriptional control is throughteraction with Krippel
associated box (KRAB) zinc finger proteins (Fitzgdret al. 2013).

Interestingly, Zinc finger protein with KRAB and 8@ domains 3 (ZKSCAN3)
was identified as being 7.1-fold decreased at 3isi@ig iron oxide enrichment. It is
possible that a reduction in the activity of TRIM28uld lead to a decrease in the
activity of ZKSCAN3. This could make sense in thentext of temperature-shift
given that ZKSCAN3 has been reported as havingeasad expression in multiple
myeloma, prostrate and colorectal cancers and lowdad ZKSCAN 3 in two colon
cancer cell lines has been shown to inhibit cedigh (Yang et al. 2010; Zhang et al.
2012), the exact function of ZKSCAN3 in CHO rensaumknown and alterations in

levels of phosphorylation may results in the adtoraof alternative pathways.

It must be remembered that phosphorylation cehalg events are known to be
very complex with many layers of regulation (Nguy&wolch, Kholodenko 2013). It
is quite likely that the changes in phosphorylatooserved could be as a result of
other cell signalling events taking place. Of ceuttsese too may be of interest, but
the fact remains that many of these phosphorylatvents are uncharacterised and
knowledge of their end function poorly understoddyrfes et al. 2013). It is
therefore difficult to provide a definitive blueptiof all phosphorylation signalling
events and their outcomes based on this invesiigatione. Nonetheless proteins
involved in cellular processes including transcapt translation, negative regulation
of cell cycle progression and cytoskeletal orgarsahave been identified through
the use of GO analysis. Further insights could itained through the integration of
this data set with other published profiling stdi® obtain a systems biology

overview of the cellular response to temperatuitt-sh
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Overlapping this data with transcriptomic (Clarkea¢ 2011; Kantardjieff et al.
2010; Yee, Gerdtzen, Hu 2009) and proteomic (Bai.e2006; Kumar et al. 2008a;
Meleady et al. 2011) studies of temperature-shif@dO cultures could reveal
regulatory connections and subnetworks that woudtl lbe apparent from the

analysis of this phosphoproteomic dataset aloneggliand Aebersold 2014).

The data obtained in this study could also be useg the peptide sequences
identified onto positions in the CHO genome thalecéor them, thus validating the
expression of a given gene (Kumar and Mann 2008js & particularly relevant
given the recent release of the CHO genome (XU.&041), where many of the
predicted proteins do not yet have any direct erpartal information associated
with them. The utilisation of the phosphoproteordata in this thesis, along with
data from other profiling proteomic studies (Baytlizal et al. 2012; Lim et al.
2013; Meleady et al. 2011) could ultimately helprre the CHO genome model by
providing evidence of gene expression at the pndesiel.

6.2.6 Differentially-expressed phosphopeptides unique tditanium dioxide
enrichment

While the previous section discussed differentiabpressed phosphopeptides
identified in both titanium dioxide and iron oxiéarichment strategies, this section
will now describe some the of differentially-expmed phosphopeptides that were
only obtained by titanium dioxide enrichment. Dwethe nature of many of the
proteins identified as a result of titanium dioxiderichment, the precise role that
phosphorylation / dephosphorylation of these pratealayed in their function and
the mechanisms which they became phosphorylated wféen poorly understood.
Functional and mechanistic information was howevgathered on two
phosphoproteins uniquely identified by titanium >dde enrichment as having

differentially-expressed phosphorylation.
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6.2.6.1 Programmed cell death 4 (PDCD4)

2.1-fold up-regulated upon temperature-shift, PDCi34 phosphorylated and
regulated by AKT and has been shown to be up-régpilan lung tumours with
slower growth rate while conversely being down-tatgd in an aggressive, fast
growing cancers such as skin cancer (Matsuhashl. €007; Palamarchuk et al.
2005). Although upregulation has also been assmtmith apoptosis, it is possible,
given the complexity of apoptotic signalling patlysathat PDCD4 may in some
way be involved in the reduced growth response etmperature-shift without
impacting on cell viability (Matsuhashi et al. 200Whether it is directly involved
in growth reduction, or its upregulation occursaasonsequence of slowed growth
rate remains unclear. The precise role of phosptey PDCD4 remains largely
undefined, however it is known that following miergstimulation phosphorylation
of PDCD4 by p78°! has been shown to result in its proteasomal detjoad
(Schmid et al. 2011). While degradation of PDCD4uldopotentially lead to an
increase in the growth of CHO cells, this is clgarbt the case in those cells under

reduced temperature conditions.

6.2.6.2 Zyxin

Zyxin, an actin regulatory protein that stabiliz#®s of actin-membrane interaction,
was identified as being 1.5-fold down-regulated3atC (Call et al. 2011). In
addition to being found at focal adhesion siteirzycan also translocate to the
nucleus; in this way zyxin regulates cell-cell aslba, cytoskeleton organisation and
signal transduction (Keicher et al. 2004; Nix aretBerle 1997). Given its role as a
‘mechanotransducer’, zyxin is said to be involvedhe active cellular respond to
environmental conditions (Crone et al. 2011). Motat studies inhibiting
phosphorylation of zyxin by acinus-S resulted ie tbss of its head tail release
mechanism leaving a cell unable to disassociagdf ifeom another cell or other
substrate once bound (Call et al. 2011).Converg&§T-induced phosphorylation
of zyxin enabling binding to acinus-S, thus prevemtcleavage of acinus-S by
caspases, results in inhibition of apoptotic chrimaondensation (Chan et al.
2007). The functional description provided of tpisosphoprotein provides further
evidence of active changes occurring in the cytiestase of temperature-shifted CHO

cells.
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6.2.7 Differentially-expressed phosphopeptides unique to iron oxide
enrichment

Label-free LC/MS analysis of iron oxide phosphoppenriched CHO SEAP cells

enabled the identification of 60 differentially-eepsed phosphopeptides of which

22 were up-regulated at 31 C. The following sectiontlines the role that

phosphorylation plays in the function of some oé thhosphoproteins uniquely

identified by iron oxide enrichment.

6.2.7.1 ATF-2 and ATF-7

ATF-2 was identified as 7.4-fold down-regulated akiti--7 was found to be 9.8-
fold up-regulated at 31 C compared to 37 C. ATFrRRl ATF-7 are highly conserved
members of the AP-1 transcription factor family r{Bg et al. 2011). Cellular stress
is known to induce both ATF-2 and ATF-7 (Bogoyekit@and Kobe 2006;
Walczynski et al. 2013). This occurs via SAPK/IJNKd @38 signalling cascades in
the case of ATF-2 and only by p38, but not JNKthia case of ATF-7 (Bogoyevitch
and Kobe 2006; Walczynski et al. 2013).

While phosphorylation of ATF-2 can result in itgydedation as well as induction of
activity the observed decrease in phosphorylatiofho-69 would appear to suggest
that reduced culture temperature conditions resulesreduction of the active form
of ATF-2 (Fuchs, Tappin, Ronai 2000). The increapbdsphorylation of ATF-7
indicates that this transcription factor is likelg play a different role in the
regulation of transcription to ATF-2. This is higlpossible given the diverse range
of functions that both ATF-2 and ATF-7 are knownb® involved in (Diring et al.
2011).
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6.2.7.2 DNA excision repair protein ERCC-6

Phosphorylation of DNA excision repair protein ER6Qvas decreased 2-fold at
31 C. DNA excision repair protein ERCC-6, a ubigquitegulated nucleotide

excision repair factor, is involved in the repair DNA damaged as a result of
exposure to UV or oxidative stress (Baas et al.0p0Dxidative stress has been
shown to be reduced in cells grown under mildlydtigermic conditions (Slikker et

al. 2001). This reduction in oxidative stress miagréfore cause a down-regulation

of oxidative stress induced DNA repair mechanisms.

6.2.7.3 Differential expression of phosphopeptides in protes involved in cell
division
Girdin, increased 5.1-fold at 31 C, associates watttin and tubulin in the
cytoskeleton to help regulate cell shape (EnomBiog, Takahashi 2006; Liu et al.
2012). Silencing of girdin results in disassemblfy siress filaments which,
interestingly, zyxin also plays a role in the fotimoa of (discussed section 6.3.6.2)
(Kitamura et al. 2006). Phosphorylation of GirdinAKT plays an important role in
cytoskeletal reorganisation by regulating its asgamn with the cell membrane. As
such, girdin plays an essential role in cell dmis(Enomoto et al. 2005; Mao et al.
2012).

Another phosphoprotein known to be involved in ceiVision was Borealin.
Decreased 3.3-fold at 31 C, Borealin is a regulatbrchromosome alignment,
spindle assembly and cytokinesis (Ruchaud, Carntesrashaw 2007). Knockout of
Borealin results in delayed mitotic progressiongomect spindle assembly and
restricts chromosome disassembly in anaphase (Gassat al. 2004). Expression
of Borealin is cell cycle- dependent with levelsakieg during the G2/M phases of
the cell cycle (Date et al. 2012).

Upon exiting the M phase of the cell cycle, Bonedbecomes dephosphorylated,
however the precise phosphatase involved in thresteig as yet unknown (Date et al.
2012; Kumar, Gammell, Clynes 2007) 3.3-fold dowgtdation of Borealin

phosphorylation is an interesting result; it pr@sdurther evidence of alterations in

the cell cycle mechanisms of temperature-shiftecdD@dlls.
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p58°'TSRE and Nek1 were among a number of proteins wittettitially-expressed
phosphopeptides that were identified as being weain the regulation of cell cycle
progression through GO analysis. Transcriptomeyaisabf temperature-shift and
NaBu treated CHO cells has previously shown dovguagion of a number of
genes involved in cell cycle regulation (Kantarfijiet al. 2010). Analysis of the
phosphoproteomic data presented in this thesis shbe proteins involved in the
cell cycle are evenly split between those with @ased phosphorylation and those
with decreased phosphorylation. While this is intcast to the proteins involved in
cell division, all of which displayed reduced phbspylation, the fact that not all cell
cycle related proteins became phosphorylated dnasghorylated is likely to be as a

result of the sheer complexity of cell cycle sidingl events.

One of the main objectives of this thesis was @nidy site-specific changes in the
phosphorylation of phosphoproteins occurring iredirresponse to reduced culture
temperature conditions. The identification of théffedential expression of
phosphopeptides in proteins such as elF4g3, NDRAygtin and AFT-2 using a
combination of titanium dioxide and iron phosphdpg enrichment strategies
shows that this has been achieved, thus providindpdr insights into the cellular

response to reduced culture temperature.

6.2.8 Utilisation of CHO specific proteomic databases inthe analysis of
LC/MS data in a phosphoproteomic study
Until recently proteomic profiling studies of CHCeltlines relied on sequence
homology between CHO and other well annotated spenia protein database such
as human, mouse and rat, when searching raw massapdata (Baik et al. 2006;
Kaufmann et al. 1999; Kumar et al. 2008a). This was to the lack of CHO
genome sequence information available, the absgnehich was noted in a number
of papers at the time (Griffin et al. 2007; Sethaet2007; Wlaschin and Hu 2007).
Reliance on sequence homology means that potenigéresting proteins may go
unidentified thus frustrating efforts to deciphagmalling pathways (Meleady et al.
2012). Amino acid substitutions are common modiims found in proteins when
direct comparisons are made of the same proteineeet different species (Liska
and Shevchenko 2003; Meleady et al. 2012).
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In terms of the detection of post translational fications such as phosphorylation,
correct amino acid sequence information is vitalgeptide (and subsequent protein)
identification. Accurate amino acid identificatibecomes even more critical when
trying to obtain site-specific phosphorylation infation, particularly in instances

where a peptide contains a number of amino acatsntiay be phosphorylated as this
requires the correct assignment of ‘site deternginons’ (Boersema, Mohammed,

Heck 2009). The availability of two complementaryH@ protein databases has

undoubtedly been a significant asset to this ingason.

It has for the first time enabled the identificatiof 1,307 phosphopeptides and 1,480
phosphorylation sites in a CHO cell line. Reliarme sequence homology would

almost certainly have offered reduced coverag@eiphosphoproteome and limited

the information obtained on the differential redda of phosphorylation in

temperature-shifted CHO cells.

6.2.9 Summary

GO analysis of the 114 differentially-expressedtgres identified by quantitative
label-free LC/MS analysis of CHO SEAP whole celkdte samples showed
enrichment of pathways involved in translation, Rfocessing and ribosomal
biogenesis while cytoskeleton organisation pathwagse found to be enriched

following similar analysis of phosphoprotein-enechCHO samples.

Although gallium oxide phosphopeptide enrichment pbfosphoprotein-enriched
whole cell lysates provided site-specific phospladrgn information on a number of
phosphopeptides, by far the greatest contributemec from titanium dioxide and
iron oxide phosphopeptide enrichment of whole lyalates. This strategy identified
82 differentially-expressed phosphopeptides (29agpHated and 53 down-regulated
at 31 C compared to 37 C). GO analysis of the pnstedentified revealed down-
regulation of cell cycle and cell division pathwagsd upregulation of pathways

involved in membrane organisation.

Further protein fractionation or validation by west blot would be required to
definitively determine whether the changes obsemexas a result of changes in

phosphorylation.

369



Conclusions and Future Plans
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Conclusions
Chapter 1: Host Cell Protein

This work shows that culture temperature and timeuiture can result in the
increased expression of enzymes with the potetdialegatively impact on
product quality. This included the identificatiorf ®roteases such as
MMP19, MMP9 and Cathepsin D and the glycosidasgsh#&lglucosidase
and -N-acetyl-galactosaminidase in both cultures. Inegal, proteases were
found to be up-regulated at the late phase in @ltampared to early culture
in both the 1gG producing and non-producing CHOI deles. The
accumulation of proteases at this time point cooddjatively impact on
product quality. Furthermore, proteases were ifledtias being down-
regulated in the temperature shifted culture coexbéo the non-temperature-
shifted culture indicating that the use of tempaetshift could help reduce
product loss in instances where products were ptibte to proteolytic

activity.

One important finding from this work was that siggant differences in the
HCP profile of a non-producing CHO-K1 cell line aath 1gG secreting
DP12 cell line. In addition, the reduction of cuéuemperature, was found to
result in changes in the HCP profile of both Ig@rséing and non-secreting
CHO cell lines and a non-secreting hybridoma cielé.| This result has
implications for the ability of HCP ELISA assays detect contaminating
HCPs in the final drug substance across diverse Céldines and different

culture conditions.

The utilization of two CHO specific databases irs timvestigation enabled
the identification of 1,136 HCPs produced by two@Ekll lines. The use of
the BOKU- Bielefeld CHO specific proteomic databaseaddition to the
NCBI CHO database in this profiling study enabled a&dditional 171
proteins to be identified in the secretome of tHeO=K1 cell line and an
additional 162 were identified in the DP12 celklin
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Therefore, this study supports the use of bothbdetes in the analysis of
conditioned media samples from CHO cells as it éases proteome
coverage and the level of confidence in the pretaentified. Ultimately, a

merged database would be of value.

Chapter 2: Phosphoproteomic analysis of CHO cellsubject to temperature
shift

Phosphoproteomic profiling of CHO cells subjecteémperature shift using
antibody array based technology initially providsoime interesting leads,
possibly implicating the phosphorylation of ErkkJand AKT in response to
temperature shift. Subsequent follow up studieswsstern blot proved
problematic due to non-specific binding and, in soimstances, failure to
identify the correct protein of interest. Therebgnwnstrating the lack of
hamster specific antibodies available to validdtes tvork. Some targets,
such as Erk, warrant further investigation basetherresults obtained in this
study, but it may be interesting to generate hansgtecific antibodies as the
anti-human antibodies available often gave poarlteen CHO.

GO analysis of differentially regulated phosphoenas identified through
quantitative label-free LC/MS analysis of phospludgin-enriched CHO
SEAP samples indicated enrichment of pathways wualin cell cycle

progression, protein biosynthesis and protein parts In addition, GO

analysis of differentially-expressed phosphopepgtiddentified following

LC/MS analysis of titanium dioxide and iron oxidegsphopeptide enriched
samples from temperature-shifted CHO whole celatgssamples showed
enrichment of pathways involved in transcriptiomanslation, negative
regulation of cell cycle progression and cytoskaleirganisation. Taken
together, these results show some of the biologprakcesses that are

involved in the cellular response to temperaturt.sh
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Until the recent advent of CHO specific proteomiatathases, reliable
identification of site-specific phosphorylation walficult. Identification

was reliant on homology between the location opec#ic phosphosite and
the surrounding amino acid sequence in a CHO prated its location in the
same protein from another well annotated speciége dse of two CHO
specific data bases in this thesis has enabledegreaverage of the CHO
phosphoproteome leading to the accurate ideniificabf site-specific

phosphorylation on 1,307 phosphopeptides (1,48@pdtusites in total).
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Future work

Proteomic profiling of Host Cell Proteins (HCPs) fom CHO cells

An important finding of this work was the differédtexpression of proteases
and glycosidases over time in culture and betweempérature-shifted and
non-temperature-shifted conditions. A follow upestigation to examine the
impact that these enzymes have on product qualtyldvbe beneficial
Initially, zymography and glycosidase activity assavould be used to
identify proteases and glycosidases that are fomaliy active in the
conditioned media of CHO cells. A panel of well cwerised recombinant
therapeutics could be individually exposed to theyenatic activity of each
protease/glycosidase found to be active in the anetlthe CHO cell. Each
‘model’ product could then be analysed by LC/MSjiltary electrophoresis
and SDS PAGE to assess the effect of the exposwurgespective

proteases/glycosidases on product integrity.

Phosphoproteomic characterisation of CHO cells sulect to temperature shift

The phosphoproteomic profiling of CHO cells ideletif a number of

phosphoproteins potentially involved in the resgoms temperature shift.

Further insights into the cellular response to terapre shift could be

obtained through the amalgamation of this datawnstt published datasets
from other profiling studies. Overlapping the phlogproteomic data in this
thesis with datasets from transcriptomic (Clarkelet2011; Kantardjieff et

al. 2010; Yee, Gerdtzen, Hu 2009) and proteomidck(Baal. 2006; Kumar et

al. 2008a; Meleady et al. 2011) analysis of tentpeeashifted CHO cells

could help identify cell signalling mechanisms iiwed in the reduced

growth rate and/or increased specific productigggn in many temperature
shifted CHO cell cultures.
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