Application of Sialic Acid Specific
Proteinsfor Sialic Acid Detection and
Quantification

Thesis
presented for the Degree of
DOCTOR OF PHILOSOPHY
By

Jakub Szczepaniak, B.Sc., M .Sc.

Under the supervision of Dr. Brendan O'Connor and
Dr. Michael O'Connell

School of Biotechnology, Dublin City University,
Dublin 9, Ireland
September 2009



Declaration

I hereby certify that this material, which | nowbsuit for assessment on the programme
of study leading to the award of ............c........ (insert title of degree for which
registered) is entirely my own work, that | haverxsed reasonable care to ensure that
the work is original, and does not to the best gfkmowledge breach any law of
copyright, and has not been taken from the worstloérs save and to the extent that such
work has been cited and acknowledged within thedéry work.

Signed: (Candidate) ID No.: Date:




Acknowledgments

There were many people directly and indirectly suppg this project as well as helping
and advising me in its realisation and | am grdtefuall of them. In particular |1 would
like to thank those who impacted the origin andeli@yment of this thesis mostly.

| express my gratitude to Dr. Michael O'Connell @dBrendan O'Connor for giving me
the opportunity to pursue this PhD study underrtlegithusiastic supervision. Their
suggestions and constructive guidance encouragdtrmeghout the project.

My deepest thanks to Dr. Paul Clarke, who was myivating mentor, for his time and
expertise that he kindly shared. | enjoyed hisregein my research as well as the fruitful
discussions.

| am grateful to my colleagues for the irreplaceaBupportive and friendly atmosphere
in the lab that contributed essentially to the lfimatcome of my studies.

For support and unwavering belief in me, for enslipatience and for encouragement
when it was most needed | am indebted to my fial#gda.



1.1
111
1.1.2
1.1.3
114
1141
1.1.4.2
1.1.4.3
1.1.4.4
1.1.4.5
1.1.4.6
1.1.4.7
1.2
121
1.2.2
1.2.3
1.2.4
1.25
1.2.6
1.2.7
1.2.8
1.28.1
1.2.8.2
1.2.8.3
1.2.8.4

1.2.8.5
1.2.8.6
1.2.8.7

Table of Contents

Introduction

Sialic acid, the unusual sugar

Structure of sialic acid

Natural functions of sialic acid

Sialic acids in human physiology and patgglo
Sialic acid detection and quantification moels
Colorimetric methods for sialic acid quiacdtion
Thiobarbituric acid (TBA assay, Warrerssay)
Resorcinol method of Svennerholm
Enzymatic methods for sialic acid quacsition
Chromatographic methods

Amperometric biosensor based method
Conclusions

Sialic acid binding proteins

Viral sialic acid binding proteins

Bacterial adhesins

Bacterial toxins

Animal endogenous sialic acid specific legti
Fungal lectins

Plant lectins

Current application of sialic acid speciéctins
Sialic acid specific proteins utilized instiproject
Hemagglutinin of Influenza Virus

Structure of hemagglutinin

Priming of hemaggutinin

Hemagglutinin’s receptor-binding site (RB8ucture and

function

Specificity of the Receptor Binding Site

Biological Significance of Receptor-Bingi8pecificity

A Second Ligand Binding Site in HA

10
10
10
11
11
12
13
13
15
15
16
18
19
22
23
25
25
26
27
30

30
32
35
36



1.2.8.8
1.2.8.9
1.2.8.10
1.2.8.11
1.2.8.12
1.2.8.13
1.2.8.14
1.2.8.15
1.3

2.1
2.11
2.1.2
2.1.3
2.2
221
2.2.2
2.2.3
2.2.4
2.25
2.2.6
2.2.7
2.2.8
2.29
2.2.10
2211
2.2.12
2.2.13
2.2.14
2.2.15

Membrane fusion as a second function wfdgglutinin
Hemagaglutinin targeting influenza treattregyproaches
Summary of the hemagglutinin from influenzus
SiaP protein ¢taemophilusinfluenzae

Structure of the SiaP

SiaP ligand bindig site

SiaP homologs

Summary of the SiaP protein

Aims

Materials and Methods

Materials

Bacterial Strains, Primer Sequences andririas
DNA molecular marker and protein moleculaight markers
Media, Solutions and Buffers

Methods

Polymerase chain reaction (PCR)

Plasmid Preparation by the 1,2,3 Method

Agarose Gel Electrophoresis for DNA Chandza¢ion
Ethidium Bromide Stain

Isolation of DNA from Agarose Gels

DNA Restriction

Ligation

TA Cloning of PCR Products

Preparation of Competent Cells by RbCl Tnegit

36
38
39
40
41
42
45
47
47
48
49
49
51
53
58
58
9 5
60
60
61
61
61
61
62

Transformation of Competent Cells PrepaseBRbCl Treatment 63

Determining cell efficiency
Bacterial storage
Antibiotic Preparation
Soluble protein isolation

Inclusion bodies isolation and preparation

63
63
63
64

64



2.2.16 Sodium Dodecyl Sulfate Polyacrylamide GetEophoresis

(SDS-PAGE) 64
2.2.17 Western Blotting 66
2.2.18 Solubilisation of inclusion bodies 66
2.2.19 Protein purification 68
2.2.20 Enzyme Linked Lectin Assay (ELLA) 70
2221 Mass Spectrometry (MS) 70
2.2.22 Surface plasmon resonance using a Biadosersor 71
2.2.23 In silico analysis of DNA and protein sequences 71
3 Results 73
3.1 Overview 74
3.2 Production of haemagglutinin protein (HA) frdnfluenza A

virus 75
3.21 Initial cloning of théal gene 75
3.2.2 Initial expression of the hemagglutinin gli#y subunit 80
3.2.3 Two approaches to produce soluble HA1 pmotei 86
3.23.1 Expression of the soluble HA1 proteikircoli 86
3.2.3.2 Solublisation of the HA1 protein produaethe form of

inclusion bodies 96
3.24 Purification of the HA1 protein under dematg conditions 99
3.3 Production, characterisation and applicatio8iaP protein

for sialic acid detection and quantification 100
3.31 Cloning of thaeiaP gene with a His-tag 100
3.3.2 Cloning of theiaP gene with a Strep2-tag 103
3.3.3 Expression of the His-tagged SiaP protein 107
3.34 Characterization of the SiaP protein exge@asE. coli 131
3.3.5 Production of the sialic acid free form cifS 132
3.3.5.1 Post-induction culturing time extension 132
3.35.2 Sialic acid removal by SiaP protein dersion 134

3.3.6 Utilization of SiaP protein for sialic adétermination 139



3.3.6.1

3.3.6.2

Mass Spectrometry based free sialic acdhtification

using SiaP 139
Surface plasmon resonance based free acdl quantification

using SiaP 141
Discussion 160

References 179



Figure

1.1.
1.2.
1.3.
1.4.
1.5.
1.6.
1.7.

1.8.
1.9

1.10.
1.11.
1.12.

1.13.
1.14.
1.15.

1.16.
1.17.
1.18.

1.19.
1.20.
1.21.
1.22.
1.23.
1.24.

1.25.

1.26

2.1

3.1.

3.2.

3.3.

List of Figures

Description Page
Structure of N-Acetylneuraminic acid (Siadicd). 3
Structures of sialic acids. 6
The masking function of sialic acids. 7
Common reactions in the enzymatic measureofesialic acid. 12
Teschima method of sialic acid detection amahgjfication. 12
Mechanism of Action of Neuraminidase Inhibstor 16
Crystal structure of cholera toxin B-subuhfamer with bound GM1
pentasaccharide shown from the bottom (a) and thenside (b). 18
Structure of L-selectin. 20
Schematic representation of Siglecs in primatel rodents 21
Crystal structure of the leukoagglutinin (MAtom Maackia
amurensis in complex with sialyllactose. 24
A schematic diagram of the structure of ttikienza A virus. 27
X-ray crystallographic models for the 3 pijrat molecular

conformations assumed by the HA protein duringvihes life cycle. 28
The structure of hemaglutinin. 29
Hemagglutinin receptor binding 31
Conformational differences in the receptordbig sites of the H3

avian and H3 human HAs. 32
Lactoseries pentasaccharide ¢ (LSTc). 33
Lactoseries pentasaccharide a (LSTa). 33
Conformations of LSTa (red) and LSTc (gresamd HA monomers

(white and gold). 34
Hypothetical mechanism for membrane fusionihys glycoproteins 37
Overview of the sialic acid utilization in émophilus influenzae 39
Overall structure of the SiaP 42
Schematic diagram of the topology of SiaP. 42
Structure of SiaP and the binding site. 43
SiaP protein in an "open" (A) form before Baa accommodation

and a "closed" (B) conformation after NeuSAc accardation. 44
Surface representation of the NeuS5Ac2en édhasnolog of Neu5Ac)
structure viewed looking down into the binding tlef 45
Multiple sequence alignment of amino acid seges of H. influenzae

SiaP and 6 related TRAP ESR proteins that areyliteeform

components of a sialic acid transporter. 46
Principle of TA Cloning. 60
A sequence of th& gene. The globular domain is underlined and

primers forhal amplification marked in red. 75
An EcoRl restriction analysis of the pPCRHA4smid after an

agarose gel electrophoresis. 76

Sequence alignmentludl gene (PubMed accession number
D21173 = “expected”) and th&l gene in pPCRHAL
plasmid = “sequenced”. 77



Figure
3.4.

3.5.
3.6.
3.7.

3.8.

3.9.

3.10.
3.11.
3.12.
3.13.
3.14.
3.15.
3.16.
3.17.
3.18.
3.19.
3.20.
3.21.
3.22.

3.23.

3.24.

3.25.

3.26.

3.27.

Description
Amino acid sequence alignment of HA1 prot&lal{Med accession
number D21173 = “expected”) and HAL protein encoded
pPCRHAL plasmid = “sequenced”.
A map of the pLecB3 plasmid.
A map of the pJS102 plasmid.
Bioinformatic analysis of rare codon distribatin hal gene by
RareCodon Calculator — RaCC.
SDS-PAGE analysis and the corresponding Weslet analysis
of the protein isolates from BL 21 and Rossettaissr ofE. coli
used to overexpress the His-tagged HA1 protein.
SDS-PAGE analysis and the corresponding Weslet analysis of
the protein isolates from XL 10 Gold strain of Blizised to
overexpress the His-tagged HAlprotein.
Expression of soluble HA1 protein using vasiconcentrations
of IPTG.
Expression of insoluble HA1 protein usingi@as concentrations
of IPTG.
SDS-PAGE analysis and the corresponding \Webtet analysis
of the soluble (A) and insoluble (B) protein iselatfrom cultures
grown at 30°C.
Ligation ofhal gene with the pQE-60-PelB plasmid.
A map of the pQE60-PelB plasmid
A map of the pJS103 plasmid.
Soluble PelB-HA1 expression.
Insoluble PelB-HA1 expression.
A map of the pMALp2E.
PCR primers for the amplificationlwd1 gene with Kpnl and
BamHI restriction sites.
A fragment of pMALp2E (NEB) sequence contagnihe polylinker.
A map of the pJS104 plasmid.
SDS PAGE analysis of the soluble (A) andluige (B) fractions
of protein isolates frork. coli XL10-Gold pJS104 cultures.
SDS-PAGE and corresponding Western blot aisabf the HAL
protein samples subjected to solubilisation wittl 8rea at
different temperatures.
SDS-PAGE and corresponding Western blot aisabf the HAL
samples subjected to solubilisation with 6 M GnldCtlifferent
temperatures.
SDS-PAGE and Westen-blot analysis of the lgAdtein samples
subjected to solubilisation with 8 M GnHCI at ditat
temperatures.
SDS-PAGE and corresponding Western blottiredysis of the
HA1 sample subjected to purification under denawdonditions
(8 M GnHCI) at room temperature.
A map of the pGTY3 plasmid.

Page

78
79
79

80

81

82
83
84
85
88
89
89
91
91
92
93
93
94

95

97

98

98

99
100



Figure
2.28.

3.29.
3.30.
3.31.
3.32.
3.33.
3.34.
3.35.
3.36.
3.37.
3.38.
3.39.
3.40.
3.41.
3.42.
3.43.
3.44.
3.45.
3.46.
3.47.

3.48.

3.49.
3.50.

3.51.

Description Page
The primers used for PCR amplificatiorsiaP gene with Ndel
and Xhol sites. 101
Nucleotide sequence alignmensiaP gene fromHaemophilus
influenzae and thesiaP gene present in the pJS201 plasmid

sequenced by MWG, 102
A map of the pJS201 plasmid. 103
Sequences of a 6Lys-tag and primers usedrtiluce the tag. 104
Sequences of a Strep2-tag and primers usettaduce the tag. 104
A map of the pJS202 plasmid. 105
A map of the pJS203 plasmid. 105

Nucleotide sequence alignment of the siale fram pJS201 plasmid
and the siaP gene present in the pJS202 plasmigseed by MWG. 106
Nucleotide sequence alignment of the siale fram pJS201 plasmid
and the siaP gene present in the pJS203 plasmigseed by MWG. 106

SDS-PAGE gels showing soluble fractions frartures induced

at OD=0.5 108
SDS-PAGE gels showing soluble fractions frartures induced

at OD=1.0 108
SDS-PAGE gels showing soluble fractions frartures induced

at OD=1.2. 108
SDS-PAGE gels showing insoluble fractionsnfrrultures induced

at OD=0.5 109
SDS-PAGE gels showing insoluble fractionsnfrultures induced

at OD=1.0. 109
SDS-PAGE gels showing insoluble fractionsnfrrultures induced

at OD=1.2 109
SDS-PAGE analysis of soluble protein fractgmiated from samples

taken one hour after induction with different rhmarse concentrations. 111
SDS-PAGE analysis of soluble protein fractgmiated from samples

taken two hours after induction with differenarhnose concentrations. 111
SDS-PAGE analysis of soluble protein fractgmiated from samples

taken three hours after induction with differereminose concentrations. 112
SDS-PAGE analysis of soluble protein fractgmiated from samples

taken four hours after induction with different nm@ose concentrations. 112
SDS-PAGE analysis of soluble protein f@atisolated from samples

taken five hours after induction with different hhiaose concentrations. 113
SDS-PAGE analysis of soluble protein fractgmiated from samples

taken after overnight culturing following inductievith different
concentrations of rhamnose. 113
SDS-PAGE analysis of insoluble protein fractisolated from samples
taken one hour after induction with different rhas@& concentrations. 114
SDS-PAGE analysis of insoluble protein fratisolated from samples
taken two hours after induction with different rh@mee concentrations. 114
SDS-PAGE analysis of insoluble protein frattisolated from samples
taken three hours after induction with differereiminose concentrations. 115



Figure Description Page

3.52. SDS-PAGE analysis of insoluble protein fractisolated from samples
taken four hours after induction with different mmaose concentrations. 115

3.53. SDS-PAGE analysis of insoluble protein fractisolated from samples
taken five hours after induction with different rhiaose concentrations. 116

3.54. SDS-PAGE analysis of insoluble protein fractisolated from samples
taken after overnight culturing following inductievith different

concentrations of rhamnose. 116
3.55. SiaP protein manual IMAC purification, part 1 118
3.56. SiaP protein manual IMAC purification, part 2 118
3.57. SiaP protein manual IMAC purification, part 3 119
3.58. SiaP protein manual IMAC purification, part 4 119
3.59. SiaP protein manual IMAC purification, sumgnar 120
3.60. Primers for linker introduction into the Siaf®tein. 121
3.61. Nucleotide sequence alignmensiaP gene from pJS201 plasmid and

siaP gene present in the pJS2011 plasmid sequéeyddtVG. 122
3.62. A map of the pJS2011 plasmid. 122
3.63. A map of the pJS2021 plasmid. 124
3.64. A map of the pJS2031 plasmid. 124
3.65. SDS-PAGE and corresponding Western blot arsalyith the

samples of SiaP 2011 protein purification stage. 124
3.66. SiaP 201 protein purification by IMAC usinBLEC. 126
3.67. SiaP 2011 protein purification by IMAC usiRPLC. 128
3.68. Purification of the Strep2-tagged SiaP 20@itein over StrepTrap

HP column. 129

3.69. SDS-PAGE analysis and corresponding Wesletrabalysis of the
purification of the Strep2-tagged SiaP 2031 protsier StrepTrap

HP column. 130
3.70. The EI-MS analysis of the His-tagged SiaP@@iein expressed

in E. coli. 131
3.71. MS analysis of the SiaP protein isolated fEarooli KRX 4 hours

following induction. 133
3.72. MS analysis of the SiaP protein isolated fEorooli KRX 24 hours

following induction. 133
3.73. MS analysis of sialic acid elution from Siggthg GnHCI and urea. 135
3.74. MS analysis of the SiaP activity after 8 Mebltreatment. 135
3.75. ELLA analysis of the SiaP specificity forlglated glycoproteins. 136
3.76. ELLA analysis of the SiaP specificity foalgiated conjugates. 138
3.77. MS analysis of SiaP samples perincubated difttrent levels

of Neu5Ac. 139
3.78. Immobilisation of biotinylated sialic acid €M5 chip via

Neutravidin and subsequent treatment with SiaP. 141
3.79. BIACORE 3000 sensogram representing the posgaration of

neutravidin protein [50 pg/ml] on the biacore CMbc 142

3.80. BIACORE 3000 sensogram representing neufraintmobilisation
on the CM5 chip. 142



Figure Description Page

3.81.

3.82.

3.83.

3.84.

3.85.

3.86.

3.87.

3.88.
3.89.
3.90.
3.91.
3.92.
3.93.
3.94.
3.95.
3.96.
3.97.

3.98.
3.99.

BIACORE 3000 sensorgram demonstrating bindirtgotinylated

sialic acid to a neutravidin coated CM5 chip. 314
BIACORE 3000 sensorgram demonstrating irgectif the SiaP

protein on a neutravidin/biot-Neu5Ac-coated CM#pc 144
Immobilisation of Strep2-tagged SiaP via Keitlin and subsequent
treatment with free sialic acid. 144
BIACORE 3000 sensogram representing neutraiuntmobilisation

on the CM5 chip. 145
BIACORE 3000 sensorgram demonstrating bindirtge SiaP protein

to a neutravidin-coated CM5 chip. 146
BIACORE 3000 sensorgram demonstrating iiges of sialic acid at

various concentrations on the SiaP coated surface. 147
Immobilization of Strep2 tagged SiaP via aGmti-mouse IgG and

a StrepMAB-Immo antibody, and subsequent treatwéhtfree

sialic acid. 147
BIACORE 3000 sensogram representing the posgaration of

neutravidin protein [50 pg/ml] on the biacore CMbc 148
BIACORE 3000 sensogram representing gdathasuse antibodies
immobilisation on the CM5 chip. 148
BIACORE 3000 sensogram representing mouse&saep?2 antibodies
immobilisation on the goat anti-mouse antibodiested CM5 chip 149
BIACORE 3000 sensogram representing SiaP iniisation on the
antibodies coated CM5 chip. 150
BIACORE 3000 sensorgram demonstrating irgestiof sialic acid

at various concentrations on the SiaP coated surfac 151
BIACORE 3000 sensogram representing the posedration

of SiaP 2021 protein [100 pg/ml] on the biacore CiWip. 152
BIACORE 3000 sensogram representing the neadfreconcentration

of the SiaP 2021 protein [100 pg/ml] on the biadcok5 chip. 153
BIACORE 3000 sensogram representing SiaR @hobilisation

on the CMS5 chip. 153
Activity test of SiaP directly immobilised tiee CM5 chip with Sia 154
Immoblilisation of the SiaP protein on tha&ire CM5 chip. 155

Activity test of SiaP directly immobilised tiee CM5 chip with Sia 155
Sensorgam representing the injection ofI5ff f mM Sia onto

the reference surface during the activity teshuhobilised

SiaP protein. 156

3.100. Blocking of the dextran surface by EDC/NH8vation and

ethanolamine capping followed by NaOH removal cSpetifically
bound material. 156

3.101. Activity test of SiaP directly immobilised the CM5 chip with Sia 157
3.102. Sensorgam presenting the injection of 56f BlmM Sia onto the

blocked reference surface during the activity téstnmobilized
SiaP protein. 157



Figure Description
3.103. Correlation between sialic acid concentraitothe range
of 0 mM to 8 mM and SiaP protein response on taedse chip.
3.104. Correlation between sialic acid concentraitnothe range
of 0 mM to 20 mM and SiaP protein response on taedoe chip.
4.1. The schematic representation of the neuraaseidreatment of
sialylated glycans.
4.2. Sample preparation and detection of freecsadid using the SiaP
protein immobilised on a biacore CM5 chip.
4.3. Fluorescence based quantification of sialid asing SiaP.

Page
158
159

175

176
177



Table
1.1.
2.1.
2.2.
2.3.
2.4.
3.1.

3.2

List of Tables

Description
Sialic Acids: Occurrence and Structural Dyesrce.
E. coli strains used in this thesis.
Primers used in this thesis.
Plasmids used in this thesis.
Programs used for DNA and protein analysis.
PCR primers used in the amplification of thé lgene of the
Influenza A virus (A/Sichuan/2/87(H3N2)).
PCR primers used in the cloning of the hal géniee Influenza
A virus (A/Sichuan/2/87(H3N2)) into the pQE60-Pel&ctor.

Page
49
50
50
71
76

88



Abstract

Sialic Acid (Sia) plays a significant role in a nien of essential processes in living
organisms ranging from simple charged molecule racteons, stabilization of
glycoconjugate conformations, recognition in pa#mognvasion and determination of
glycoprotein half life. Furthermore, the degreesiaflylation of glycoproteins that are used as
therapeutics is crucial for their activity and e#fcy. Therefore, the requirement for a robust,
rapid, specific and sensitive method for Sia qu@ation has become an important
challenge. The goal of this study was to developoael lectin-based method for Sia
detection and quantification that is: (i) more sfie@nd less prone to interference by other
substances than existing colorimetric and enzynassays and (i) more rapid than existing
HPLC methods.

This project describes the cloning, expression audfication of Sia binding proteins that
were subsequently immobilised onto a number of yaical platforms. A prokaryotic
expression system was used and optimized for ptimstuef these Sia binding proteins.
Firstly, a terminal sialic acid specific hemagghii from Influenza virus was successfully
cloned and expressed Hscherichia coli and purified by affinity chromatography. Studies o
this protein involved procedures aimed at soluhiis of aggregated proteins as well as
various solubility-promoting genetic engineeringheiques.

Another Sia specific protein, namely SiaP, frel@emophilus influenzae was His-tagged and
expressed in the KRX strain & coli and purified using immobilized metal ion affinity
chromatography. The activity of this protein wasfooned by Mass Spectrometry (MS)
analysis. This MS platform was subsequently useadafsay development for free Sia
guantification. A positive correlation was foundtween free Sia concentration and the
amount of SiaP molecules that were saturated Wwelstgar in the sample.

In an alternative approach the SiaP protein watedessing surface plasmon resonance
(SPR). A method for stable and orientation-spedcrfimobilization of the recombinant SiaP
protein on a Biacore CM5 chip was established. atation between free Sia concentration
and mass of the immobilized components was eskadisind an operational range for the
potential test was successfully identified. Thidigates the possibility of application of the

SiaP based method for rapid and specific sialid detection and quantification.
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Chapter 1
Introduction




1 Introduction

1.1 Sialic acid, the unusual sugar

Sialic acid, also known ds-acetyl-neuraminic acid, was discovered in the 3330 Klenk
and Blix (Blix et al., 1957). The terms “sialic acid” and “neuraminicdddoth bear the
hallmarks of their original discoveries: Blix istéd sialic acid from submaxillary mucin
(sialos = saliva in Greek) and Klenk isolated nenréc acid derivative from brain
glycolipids (neuro- + amine + acid). Some featuodssialic acids cause them to be
described as “unusual” molecules. Unlike most manbarides in vertebrate
glycoconjugates, which are five- or six-carbondess, the sialic acids have a nine-carbon
backbone. In nature, aside from sialic acid, ordgyglaminic and legionaminic acids of
bacteria are nine carbon keto-sugars (reviewednigafa and Varki, 2002). They typically
occupy the terminal position in the glycan chaihjck makes them suitable for interaction
with numerous agents (Varki, 1999). The sialic a@de not ubiquitous in nature and their
distribution in various forms of life is irreguléfable 1.1). They are predominantly found
in vertebrates, echinoderms and some bacteriareualmost completely absent in lower
animals and plants, as opposed to other vertebmateosacharides (Travirend Schauer,
1998). Their synthesis is also different from othemosacharides as they are produced via
condensation of a neutral six-carbon unit with ttiree-carbon molecule pyruvate (Tanner,
2005). Finally, sialic acids are unusual in theumatof their high-energy nucleotide sugar
donor form. While all the other vertebrate monokacicles are activated in the form of
guanine or uridine dinucleotides, e.g., GDP-Man drdc, UDP-Glc, -Gal, -GIcNAc, -
GalNAc, -GIcUA, and -Xyl, sialic acids are activdtas cytidine mononucleotides, i.e.,

CMP-Sia molecules (reviewed in Angata and VarkD20



1.1.1 Structure of sialic acid

Sialic acids are common name for a family of ov@mnaturally occurring nine-carbon keto
sugars derived from the parent compound 2-ketoe3yi&-acetamido-D-glycero-D-
galacto-nonulosonic acidNfacetylneuraminic acid [Neu5Ac]), (Figure 1.1), if\fiet al.,
2004; Lehmanmt al., 2006).

As the complete chemical names of (QH N-Acetylneuraminic acid

{Sialic acid)
sialic acids are too cumbersome for

routine use a uniform and simple OH

nomenclature  system is  being 0O OH
increasingly used, in which the HO COOH
abbreviation Neu denotes the core '
structure neuraminic acid, and Kdn

denotes the core structure 2-keto-3H:-',C H

deoxynononic acid. Various OH

substitutions are then designated Ryyure 1.1. Structure of N-Acetylneuraminic acid

letter codes (Ac = acetyl, Gc {Sialic acid).

glycolyl, Me = methyl, Lt = lactyl, S = sulfate)nd these are listed along with numbers
indicating their location relative to the carbon spions. For example, N-
glycolylneuraminic acid is Neu5Gc, @-acetyl-80O-methyl-N-acetylneuraminic acid is
Neu5,9A¢8Me, and 7,8,9-trD-acetylN-glycolylneuraminic acid is Neu5Gc7,8,9Adf
there is no certainty what type of sialic acid iegent at a particular location, the generic
abbreviation Sia should be used. If other partidibrimation is available, this can be
incorporated, for example, a Sia of otherwise umkmdype with an acetyl substitution at
the C9 position could be written as Sia9Ac (Vatk99).

The Sias’ specific structural features are the switien of either an N-acetyl group (in
Neu5Ac) or a hydroxyl group (in Kdn) at positiorafd the carboxyl group at position 1
that confers a negative charge on the molecule ruptigsiological conditions and
characterizes it as a strong organic acid (AngathVarki, 2002). The unsubstituted form,
neuraminic acid, does not exist in nature. Sia mdés can be substituted in more than one
position with acetyl, methyl, hydroxyl and otheiogps resulting in their broad diversity

(Table 1.1). The variability of Sia is further emteed by their location on cells and



molecules. They usually represent the terminal stggdue of a glycan chain, i.e. they are

linked via C2 to position 3 or 6 of the penultimategar (most commonly galactose) or to

position 8 of another Sia molecule, respectivelye @(2—8) linked homopolymers are

known as polysialic acid (Lehmamehal., 2006).

Table 1.1. Sialic Acids: Occurrence and StructuraDivergence. Table from Angata and Varki (2002).

@ Abbreviations used: V, vertebrates; E, echinoder®s, protostomes (insects and molluscs); Pzopoat

F, fungi; B, bacterid.Present only as bound fofnBiosynthetic intermediatéPresent only as free form.

|Compound name |\Abbreviation |lOccurrence®
[neuraminic acid INeu [V
[neuraminic acid 1,5-lactam | Neuislactam | Vv
5-N-acetylneuraminic acid | NeusAc | V., E, Ps, Pz,
5-N-acetyl-40-acetylneuraminic acid | Neu45Ac v
5-N-acetyl-7O-acetylneuraminic acid | Neus,7Ac |V, Pz, B
5-N-acetyl-80-acetylneuraminic acid | Neus,8Ac v, B
5-N-acetyl-90-acetylneuraminic acid | Neus,9Ac |V, E, Pz, F, B
5-N-acetyl-4,9-diO-acetylneuraminic acid | Neu4,5,9Ac v
5-N-acetyl-7,9-diO-acetylneuraminic acid || Neus,7,9Ac v, B
5-N-acetyl-8,9-diO-acetylneuraminic acid | Neus,8,9Ac v
5-N-acetyl-4,7,9-tri0-acetylneuraminic acid | Neu45,7,9Ac v
[5-N-acetyl-7,8,9-tri©-acetylneuraminic acid || Neu5,7,8,9Ac v
5-N-acetyl-4,7,8,9-tetr®-acetylneuraminic acid | Neu45789Ac |V
5-N-acetyl-90O-lactylneuraminic acid | Neu5AcoLt | v
5-N-acetyl-40-acetyl-90-lactylneuraminic acid | Neu4,5pelt v
|5-N-acetyl-7O-acetyl-90-lactylneuraminic acid | Neus,7pelt v
5-N-acetyl-80-methylneuraminic acid | NeuSAc8Me | V.E
[5-N-acetyl-90-acetyl-80-methylneuraminic acid | Neus,98Me v, E
5-N-acetyl-8O-sulfoneuraminic acid || Neu5Ac8S | V,E
5-N-acetyl-4O-acetyl-8O-sulfoneuraminic acid | Neu4,548S v, E
5-N-acetyl-9O-phosphoneuraminic acid | NeusAcoP | “v
[5-N-acetyl-2-deoxy-2,3-didehydroneuraminic acid | Newzen [V
5-N-acetyl-90-acetyl-2-deoxy-2,3-didehydroneuraminic acid | Ne'®@Ac, I
[5-N-acetyl-2-deoxy-2,3-didehydro-O-lactylneuraminic acid || Neu2en5AcoLt || v
[5-N-acetyl-2,7-anhydroneuraminic acid | Neuz2,7an5Ac || ¢ Vv

5-N-acetylneuraminic acid 1,7-lactone

Neu5Ac1,7lactone||V

|5-N-acety|-90—acetylneuraminic acid 1,7-lactone

Neu5,98¢lactone || V

|5-N-acety|-4,9-diO-acetyIneuraminic acid 1,7-lactone

Neu4,5 gA8lactond|V

|5-N-g|yco|y|neuraminic acid

Neu5Gc

| V,Pz,F

|4-O-acety|-5N-g|yco|ylneuraminic acid

Neud4Ac5Gc

[




|Compound name

||Abbreviation

|loccurrence?

|
|7-O-acetyl-5N-glycolylneuraminic acid | Neu7Ac5Gc [ |
[8-0-acetyl-5N-glycolylneuraminic acid | NeusAc5Gc [ |
|9-O-acetyl-5N-glycolylneuraminic acid || Neu9Ac5Gc | V,E |
|4,7-di-0-acetyl-5N-glycolylneuraminic acid | Neu4,748Gc v |
|4,9-di-O-acetyl-5N-glycolylneuraminic acid || Neu4,948Gc v |
|7,9-di-0-acetyl-5N-glycolylneuraminic acid || Neu7,988Gc v |
|8,9-di-O-acetyl-5N-glycolylneuraminic acid || Neus,9A8Gc v |
|7,8,9-ri-O-acetyl-5N-glycolylneuraminic acid | Neu7,8,94Gc v |
|5-N-glycolyl-9-O-lactylneuraminic acid | Neus5GcoLt | v |
[4-O-acetyl-5N-glycolyl-9-O-lactylneuraminic acid | NeudAcs5GecoLt || Vv |
[8-O-acetyl-5N-glycolyl-9-O-lactylneuraminic acid | NeusAcs5GcoLt || Vv |
|4,7-di-O-acetyl-5N-glycolyl-9-O-lactylneuraminic acid | Neus,7p8GcoLt |V |
|7,8-di-0-acetyl-5N-glycolyl-9-O-lactylneuraminic acid | Neu7,848GcoLt ||V |
5-N-glycolyl-8-O-methylneuraminic acid | Neu5Gc8Me | E |
|9-O-acetyl-5N-glycolyl-8-O-methylneuraminic acid | NeudAcs5Ge8Me | E |
|7,9-di-0-acetyl-5N-glycolyl-8-O-methylneuraminic acid | Neu7,9%4GcsMe | E |
5-N-glycolyl-8-O-sulfoneuraminic acid | Neu5Gc8s | V. E |
[5-N-glycolyl-9-O-sulfoneuraminic acid | Neu5Gc9s | E |
5-N-(O-acetyl)glycolylneuraminic acid | Neu5GcAc | Vv |
[5-N-(O-methyl)glycolylneuraminic acid | NeusGcMe | E |
[2-deoxy-2,3-didehydro-8-glycolylneuraminic acid || Neuzens5Gc | ‘v |
|9-O-acetyl-2-deoxy-2,3-didehydro{§-glycolylneuraminic acid || Neu2en9Ac5Gc || °V |
2-deoxy-2,3-didehydro-8k-glycolyl-9-O-lactylneuraminic acid || Neu2en5GcoLt || Vv |
[2-deoxy-2,3-didehydro-8t-glycolyl-8-O-methylneuraminic acid| Neu2en5Gc8Me || ¢ E |
[2,7-anhydro-aN-glycolylneuraminic acid | Neu2,7an5Gc | “v |
[2,7-anhydro-aN-glycolyl-8-O-methylneuraminic acid | Neu2,7an5GcgMe || ¢ E |
[5-N-glycolylneuraminic acid 1,7-lactone | Neu5Gcl,7laeto ||V |
[2-keto-3-deoxynononic acid | KDN | v.B |
|5-O-acetyl-2-keto-3-deoxynononic acid | KDN5Ac [ |
|7-O-acetyl-2-keto-3-deoxynononic acid | KDN7Ac | v |
|9-O-acetyl-2-keto-3-deoxynononic acid | KDN9Ac | v |
|4,5-di-0-acetyl-2-keto-3-deoxynononic acid | KDN4,5Ac v |
|4,7-di-0-acetyl-2-keto-3-deoxynononic acid | KDN4,7Ac v |
[5,9-di-O-acetyl-2-keto-3-deoxynononic acid | KDN5,9Ac v |
|7,9-di-O-acetyl-2-keto-3-deoxynononic acid | KDN7,9Ac v |
|8,9-di-0-acetyl-2-keto-3-deoxynononic acid | KDN8,9Ac v |
|2-keto-3-deoxy-39-methylnononic acid | KDN5Me | B |
[2-keto-3-deoxy-90-phosphonononic acid | kDNoP | ¥ |




Sias autonomously form a pyranose (six-membered) im solution via intramolecular
hemiketal condensation and adopt’@ chair conformation (Figure 1.2). In natural
glycoconjugates, Sias exist only in theconfiguration, except in the high-energy donor
form CMP-Sias, where the anomeric carbon is in fheonfiguration ¢ and
configurations refer to the C7 carbon and C1 caybgxoups being in a trans and cis

orientation, respectively) (Angasand Varki, 2002).

HO COOH

HO

= (@] OR'
RHN O
HO

Figure 1.2. Structures of sialic acids: (A) Neuraminic acide(l, R = H),N-acetylneuraminic aci
(Neu5Ac, R = CHCO-) andN-glycolylneuraminic acid (Neu5Gc, R = HOGQEIO-). Figure from (Angata
and Varki, 2002).

1.1.2 Natural functions of sialic acid

Sialic acid as a small, hydrophilic and negativelyarged molecule has a simple
physicochemical impact on its environment. Involestof Sias in such processes as
binding and transport of positively charged molesuk attributed to their negative charge
(reviewed in Travingand Schauer, 1998). Similarly attraction and répolgphenomena
between cells and molecules are often driven blilhigharged Sias (reviewed in Traving
and Schauer, 1998 and in Virar al., 2004). Furthermore, the negative charge of Sias
present on glycoconjugates stabilizes their corr@cnformation (reviewed in
Traving and Schauer, 1998; Vingt al., 2004 and in Matsunet al., 2008). However, its
main function is that of specific phenomena reldtedellular and molecular recognition.

As a very diverse group, Sias participate in vagimcognition processes between cells and
molecules. They are antigenic determinants, formpte, of blood groups and as such
enable the immune system to distinguish betwedragdl non-self structures according to
their Sia pattern. They serve as ligands for Iscéind antibodies and in this way play a

regulatory role in many physiological processesvéMineless, many pathogenic agents



such as toxins (e.g. cholera toxin), viruses (mffuenza), bacteria (e.dgzscherichia coli,
Helicobacter pylori) and protozoa (e.g.rypanosoma cruz) also bind to host cells via Sia-
containing receptors (reviewed in Lehmasbal., 2006).

Another important feature of Sias, that seems tanbdirect contrast to their recognition
function, is the masking of cells and moleculese Thia rich mucous layer of the
respiratory epithelium serves as a protective gdhaglainst pathogens. This thick glycan
coating efficiently insulates receptors on the a&cef of the host cells from bacteria and
viruses (reviewed in Travingnd Schauer, 1998). The density of Sia structuresd than
10 million molecules per human erythrocyte, (Vad®99)] on the surface of erythrocytes
determines their lifespan. Red blood cells thatehlast certain numbers of terminal Sias,
from their surface glycans, over time, have pemdte galactoses of the glycan chains
exposed to the environment (Amineffal., 1977). This serves as a signal for macrophages
to phagocytose such cells as aged (Bratetsah, 1995) (Figure 1.3).

macrophage

Gal-speciﬁtw’
pd
Sia
2 Gal\
ﬁiy sialidase hgi‘;
—_— _ _—

erythrocyte

a b c d

Figure 1.3. The masking function of sialic acids: mechanismbofding (b) and phagocytosis (c)
sialidasetreated erythrocytes (a) by macrophages. Sialylagimables these cells to have a long lifetim
circulation.

Likewise, various serum glycoproteins are removednfthe bloodstream by hepatocytes
after losing terminal Sias and exposure of subtemingalactoses (Egriet al., 2001;
Fernandesat al., 2001). Similarly, masking of endogenous struduby Sias protects
cancer cells and some pathogens from being recedfiy immune system cells (Traving
et al., 1998). In terms of cancer, the higher degreaatylation has an immunosuppressive
effect and corresponds to higher sialyltransfei@séevities often seen in tumour tissues.



Thus, terminal galactose residues that would otiseninhibit further cell growth and
spreading are masked. This might be one reasorh#rioss of growth and division
inhibition of cancer cells (Wieset al., 1995; Traving and Schauget998).

Sia was also found to be a potent defence molemdest oxidative damage being able to
detoxify hydrogen peroxide. Equimolar amounts cd 8nd HO, react with each other
resulting in the production of non-toxic 4-(acetyiao)-2,4-dideoxyD-glycero-D-galacto-
octonic acid (ADOA) (lijimaet al., 2004).

Thus, as Sias display such a diverse functionaligychanges in their abundance as well as
the sialylation pattern of glycoconjugates is sdenng many important physiological and
pathological processes.

1.1.3 Sialic acids in human physiology and pathology

The very diverse group of Sias play significantesoin human physiology. The defined
level of Sia expression and its quality in the badywell as the sialylation pattern of
various entities are crucial for the correct fuocing of the organism. Uncontrolled
alterations in any of them results in serious dlets. Increased serum concentrations of
Sias have been detected in a number of cancerates ssuch as pancreatic cancer, skin
squamous cell carcinoma, lung, prostate, breasrypvcolon, and thyroid cancers
(Diamantopoulotet al., 1999; Paszkowsket al., 2000; Wongkhanet al., 2003; Marzouk

et al., 2007). Sia levels have been correlated with timour size, positive lymph nodes
metastasis, and advanced clinical stage in patefits head and neck squamous cell
carcinoma. Moreover, Sia concentrations are stgoagsociated with the patient survival
rate (Marzouket al., 2007). Enhanced expression cf—6)-linked Sias on N-glycans
often correlates with human cancer progressionastatic spread, and poor prognosis. The
changes of sialylation pattern are often a reftectof gene expression aberrations. Up-
regulation of the ST6GALI gene encoding the enzyf@alactoside: a(2—6)-
sialyltransferase (ST6Gal-l) leads to increased &i@—3)Gal B(1—4)GIcNAc
(Sia6LacNAc) production, that is found on the scefaf many cancer cells (Hedlusal .,
2008).

Sia increased expression is reported in carcinoofashe colon, breast and cervix,



choriocarcinomas, acute myeloid leukemia, and imesdorain tumours (Marzouét al.,
2007; Hedlundet al., 2008). Elevated plasma Sia concentration is gtyorelated to the
presence of microvascular complications in typeidbdtes (Crooket al., 2001) and
cardiovascular morbidity in the general populat{@mdberget al., 1991; Crook, 1993).
Sia level of low-density lipoprotein LDL is alsoeghted in coronary atherosclerotic
patients in comparison to healthy subjects (Orekéioad., 1989). The overproduction of
Sia and its elevated excretion in the urine is plesein the patients with the rare genetic
disease sialuria (Warand Brand-Miller, 2003).

Changes in Sia level in the human organism canhserged during some physiological
states such as pregnancy. An increase in condentiaft Sia in maternal saliva and plasma
is associated with pregnancy. Sia increases frooutab0 mg/l at 10 weeks gestation to
over 150 mg/l at 21-40 weeks gestation in salivaesponding to the period of rapid Sia
accumulation in the fetal brain (Salvolitial., 1998).

A definite sialylation level is also crucial fortadty and stability of glycoprotein hormones
and enzymes such as erythropoietin (EPO) (Esgrék., 2001) and asparaginase (Fernandes
and Gregoriadis, 2001; Egrand Browne, 2001). EPO is a glycoprotein hormorme pced

in kidneys with the main function of the stimulatired bloo cells production (Fried, 2009).
Furthermore, EPO has been used as a drug sincepti@8&ily for the clinical treatment of
anemia, especially anemia caused by renal failtiie. number of the Sia residues on the
glycans’ terminal positions was found to affect speed of catabolism and biologic activity
of EPO (Egrieand Browne, 2001; Marzoudt al., 2007). It was found that the removal of
terminal Sia from carbohydrate chains of EPO ineedatheir in vitro activity but abolished
the in vivo activity completely (Marzoudt al., 2007).

Sia has become increasingly interesting for theplmomaceutical industry producing
protein-based drugs because of its unique featinasincrease activity and stability of
sialylated drugsin vivo. Furthermore, sialyation and hypersialylation (feerdes and
Gregoriadis, 2001) of heterogeneous glycoprotemn&umans efficiently decreases their
immunogenic potential in comparison to non-siabthtorms Egrieand Browne, 2001).
Therefore, a growing number of glycosylated phaeunéical products are being studied
with regards to their sialylation and the effedt# ¢Byrne et al., 2007).

Sias have a high potential to serve as a diagnosticker for many diseases and



physiological states. By monitoring their levels time organism it may be possible to
determine and monitor pathological disorders othsueportance as cancer. Furthermore,
accurate estimation of Sia level in glycoproteisdzh drugs as well as determination of
their sialylation pattern enables production of enefficient compounds. This lowers the
costs of production as less substance is needachteve certain action, which is certainly
beneficial for the pharma industry. The concertranf Sias in the bio-processors during
the production is of great importance for the gyadf the final product and should also be
monitored.

Since the discovery of Sia almost a century agoynmethods for its analysis have been
developed. The requirement for reliable and sesmsitssays for Sia detection and
guantification has been addressed with various cambres applied in biochemistry,

medicine and the pharma industry. Furthermore, npaxigntial methods are under scrutiny

and may be developed into useful tools in the hidare.

1.1.4 Sialic acid detection and quantification methods

1.1.4.1 Colorimetric methods for sialic acid quantification

The first Sia detection methods were modificatiohsssays which had been previously
used for the measurement of other carbohydratesy Thvolved orcinol, resorcinol,
diphenylamine, direct Ehrlich, tryptophan-perchtoaicid, hydrochloric acid, and sulfuric-
acetic acid procedures (Warren, 1959).

The two most common colorimetric methods for theasumeement of Sia levels are the
thiobarbituric acid (TBA) assay of Warren, (1959hdathe resorcinol method of
Svennerholm (Svennerholm, 1956, 1957). These coédric methods are based on the

conversion of Sia into chromophores that can beitmi@d spectrophotometrically.

1.1.4.2 Thiobarbituric acid (TBA assay, Warren’s assay)

In this method the Sia is oxidized in strong a@tugon by treatment with periodic acid.

The periodate oxidation product is subsequentlyptEml with 2-thiobarbituric acid and
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forms a red chromophore withhax = 549 nm (Warren, 1959). This method is suitable f
free Sia only. Color production varies linearly vihe concentration of N-acetylneuraminic
acid over the range of 0.01 to 0.06 umole. In teahsensitivity, the molar extinction
coefficient is 57,000 (Warren, 1959) and also dbedr as 3-300 puM (Chaplimnd
Kennedy, 1994). The procedure takes about one aodrsuffers from malondialdehyde
(MDA) interference in the sample (Sobestral., 1998).

1.1.4.3 Resorcinol method of Svennerholm

The resorcinol method described in 1957 by Sveroiérhis similar to the above
thiobarbituric acid method (Svennerhold, 1957). Bie after periodate oxidation in acidic
conditions is coupled with resorcinol to form aamophore withnax = 630 nm (Jourdian
et al., 1971). The chromogens formed from free and gigically bound Sia by periodate
oxidation show marked differences in stability. fdfere by suitable variation of time and
temperature, it is possible to convert the assagcquture to a differential method for
determining total, glycosidically bound and, byotdtion, also free Sia (Jourdiahal.,
1971). This method is however less sensitive thenthiobarbituric acid method with the
molar extinction coefficient of 27,900 (Jourdietral., 1971).

1.1.4.4 Enzymatic methods for sialic acid quantification

All the enzymatic reactions involve initial enzyncatelease of Sia from sialylated glycans
by neuraminidase. The free Sia is than subjecteld-agetylneuraminic acid aldolase to
generateN-acetylD-mannosamine and pyruvic acid. One of the Sia elgaproducts is
subsequently enzymatically converted into a chrdmop that can be accurately measured
spectrophotometrically (Figure 1.4).

Sialylated glycan — free sialic acid + glycan

Free sialic acid — N-acetyl-D-mannosamine + pyruvic acid

Figure 1.4. Common reactions in the enzymatic measurementb€ sicid
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Detection methods involving pyruvate

In the method bysugahara (1980) the oxidation of pyruvate by pyteiaxidase produces
hydrogen peroxide which is used as a substratepéwoxidase to produce 4-amino-
antipyrine, a colorimetry measured dye.

The pyruvic acid can be also reduced in the presefiaeduced form of nicotinamide
adenine dinucleotide (NADH) by lactate dehydrogenashen the concentration of
nicotinamide adenine dinucleotide (NADH) is meaduspectrophotometrically at 349 nm
(Kolisis, 1986).

Both of these methods suffer from interference, timdsy pyruvic acid which is normally

present e.g. in the serum (Teshiehal., 1988).

Detection methods based oN-acetyl-D-mannosamine

The assay developed by Teshima in 1988 was basedoowersion ofN-acetylD-
mannosamine intdN-acetylD-glucosamine by acylglucosamine 2-epimerase. TNen
acetyl glucosaminic acid and hydrogen peroxide @neuced byN-acetylhexosamine
oxidase. Ultimately, hydrogen peroxide is deteatisthg peroxidase, 4-aminoantipyrine
and N-ethyl-N-(3-sulfopropyl)-3,5-dimethoxy aniline (Figure 1.BJeshimaet al., 1988).
This method is affected by ascorbic acid; howeisrinterference could be prevented by

adding ascorbate oxidase (Teshiehal., 1988). The procedure takes about 10 minutes.

Free sialic acid — N-acetyl-D-mannosamine + pyruvic acid

N-acetylD-mannosamine-N-acetylD-glucosamine
N-acetylD-glucosamine— N-acetyl glucosaminic acid +J,
H,0, + 4-aminoantipyrine + ESPDMA> quinine imine dyeXmna, 590 nm)

Figure 1.5. Teshima method of sialic acid detection and quiaatibn. ESPDMA = N-ethyl-N-(3-
sulfopropyl)-3,5-dimethoxy aniline.

1.1.4.5 Chromatographic methods

A fluorometric detection following High-performandejuid chromatography (HPLC)
separation of previously labelled Sia has been emsfolly applied to determine 13

members of the Sia family in tissues samples frata and mice (Morimotet al., 2001).
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The HPLC method is sensitive and specific with tect®on limit of 25 fmol (Haraet al.,
1989; Matsuno and Suzuki, 2008). However it requileng analysis time, expensive
equipment, columns and may be subjected to inenteE by contaminants in the sample
(Matsuno and Suzuki, 2008).

1.1.4.6 Amperometric biosensor based method

The Sia amperometric biosensor operation is basdgbeosequential action of two enzymes
(N-acetylneuraminic acid aldolase and pyruvate oxjl#sat ultimately produce hydrogen

peroxide, which is then detected by anodic ampetgna the platinum electrode. The

biosensor presents several advantages such a® gngplaration, low cost, high sensitivity

and selectivity, reasonable operational stabilipt (east 8 days), and successful
applicability in biological samples. The limit oketéction is 10 uM, and the response is
linear to 3.5 mM (Marzoulkt al., 2007). This type of assay is not commerciallyilaatée

nor has it has been widely used for Sia detectimhheence it will not be further discussed.

1.1.4.7 Conclusions

Several methods for colorimetric analysis of Siegaloped to date have been found to be
not specific or sensitive enough to get an accudaiermination of Sias in biological
materials, which usually contain very low Sia cantcations and large amounts of
substances that may interfere with the colorimeteists (Romercet al., 1997). These
assays are not only relatively insensitive, bugémeral have a low specificity and cannot
be applied to the direct measurement of Sias suéis and in other unpurified biological
materials (Warren, 1959). The increased specifiaityl sensitivity of chromatographic
methods are at the price of extended time of arslgad requirement for expensive
equipment and highly skilled personnel. This cheamdicates that the currently available
methods of specific Sias detection and quantificatire not rapid and easy to use while the
more robous methods suffer from unspecificity antkrference. Presently there are no
universal methods that would be specific, pregsasitive, reliable, quick, uncomplicated
and, preferably, inexpensive. However, as it haanl@esented, the role of Sia in living

organisms is of great significance and thus theilegign of its metabolism and precise
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estimation of its level is also critical. Therefonensurprisingly, mechanisms with the
capacity to maintain Sia exist in nature and Sradver is, indeed, closely and precisely
monitored by living organisms. In these mechanisimsial functions are played by

proteins that can bind Sia with high specificityddngh affinity. The aim of this study was
to explore the potential of such proteins in ortkerdevelop a novel Sia detection and
guantification method that would fulfil a niche tlefulfilled (specific and quick method)

by the already existing methods. A method that wooé specific, precise, sensitive,
reliable, quick, uncomplicated and also inexpensive
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1.2 Sialic acid binding proteins

The great importance of Sia in various biologicalgesses is reflected in the abundance of
natural Sia binders present in living organisms. I8nding proteins play a significant role
in cell recognition (Lasky, 1995; Bevilacqetal., 1991), pathogen infection (Spackman,
2008; Guoet al., 2009), Sia acquisition (Johnstehal., 2007; Severet al., 2007) and
detachment from the host cell and spread of virgSpackman, 2008; Leend Saif, 2009).
These proteins, although from distinct organisnteroshare some similarity (Johnsten
al., 2007; Lehmanset al., 2006).

1.2.1 Viral sialic acid binding proteins

Many viruses utilize Sias to facilitate attachmeémthost cells (Angata and Varki, 2002;
Lehmannret al., 2006), although their degree of dependence omfBrahis purpose varies.
Haemagglutinins of influenza viruses (A, B, and(Barmset al., 1996; Xuet al., 1996; Ito

et al., 1997), Newcastle disease virus [NDV, an aviarh@gén (Suzukiet al., 1985)],
mouse polyoma virus (Cahahal., 1983), Sendai virus [a rodent pathogen (Sugtki.,
1985)], mouse hepatitis virus (Regl al., 1999), and many others ( Angata and Varki,
2002) have been isolated and shown to bind Siasas&8 often possess two Sia binding
proteins of “contradictory” functions: haemagglinisy, that facilitate cell entry by
recognizing and binding to specific receptors ciitg terminal Sia on the host cell
surface and neuraminidases, that cleave off tetn@rma of the human receptors which
enables the virus to detach from the cell surfacéh@ end of one cycle (Figure 1.6)
(Spackman, 2008).
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Figure 1.6. Mechanism of Action of Neuraminidase Inhibitoranel A showshe action of neuraminidase in
continued replication of virions in influenza infem. The replication is blocked by neuraminidaskibitors
(Panel B), which prevent virions from being releagd®m the surface of infected cells. Figure friioscone
(2005).

1.2.2 Bacterial adhesins

Many bacterial pathogens also utilize Sia receparghe surface of host cells. Prokaryotic
proteins involved in cell attachment are collediMenown as adhesins. Bacterial adhesins
are often expressed in a strain-specific way amdirtduence the range of tissues the strain
can infect or colonise (Ofek and Sharon, 1990; &khal., 2009). Strains shown to use
sialoglycoconjugates as attachment sites expréissres-fimbriae, K99-fimbriae, the F41
adhesin or one of the colonization factor antigé@BA) (Lehmannet al., 2006). Such
examples includéielicobacter pylori (Miller-Podrazaet al., 1996) ancE. coli strain K99
(Onoet al., 1989). The former is an etiological agent of peptcers in humans, and the
latter causes lethal dysentery among piglets amebsaH. pylori express two different

adhesins (in an environment-dependent manner) wdaohrecognize Sias (Miller-Podraza
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et al., 1997). SabA recognizes all termingP—3)-linked Sia regardless of the underlying
glycan structure. The neutrophil-activating proteinHPNAP, binds solely
Neu5Aa(2—3)GaB(1—4)GIcNAB(1—3)GaB(1—4)GIcNAc structures (Tenebery al.,
1997). The recognition is mediated solely by the/ASadhesion (Uneme al., 2005).

The adhesins expressed Wy coli K99 strain shows high specificity toward
Neu5Ga(2—3)GaB(1—4)Glc structure on glycolipids, which is abundarglpressed in
the gastrointestinal tract of piglets (Yuyardaal., 1993; Angata and Varki, 2002). The
binding site of K99-fimbriae adhesin is found iretimajor subunit. The presence of a
hydrophobic region close to the binding site se&nsnhance Sia binding affinity, which
favours Neu5Gc over Neub5Ac. The specific recognitaf Neu5GclLacCer by K99-
fimbriated E. coli might contribute to host specificity, since humams! animals that lack
Neu5Gc cannot be infected (Lehmaatial., 2006).

S-fimbriae of E. coli were found to preferentially bind to gangliosidearrying
Neu5G@(2—3)Gal and Neu5A@(2—8)Neu5Ac structures, with the C-8 and C-9 hydroxyl
groups on Sia being required for recognition (Hemit al., 1993). The adhesion protein,
SFasS, is a minor component of the multi-subuniin®fiae (Hackeet al., 1993).

Another example of Sia-specific adhesin founcEircoli is F41. This 28 kDA protein is
specific for glycophorin A with a clear selectivifgr the M blood type (Brookst al.,
1989).

Of the CFA the most extensively studied are CFATACT and CFAIV. Whereas CFAl is a
single fimbrial antigen, CFAIl and CFAIV are compdsof antigenically distinct structures
called coli surface antigens (Lehmasiral., 2006).

The Sia specific adhesisns are also utilized byogaan pathogens. They were found in
Tritrichomonas foetus (Babal et al., 1999), Entamoeba histolytica (Feingoldet al., 1984)
andPlasmodium falciparum (the protozoan which causes the most virulent fofrmalaria
[Orlandiet al., 1992)).
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1.2.3 Bacterial toxins

A separate group of Sia-specific proteins fountdacteria are toxins. The toxicity of these
soluble lectins results from their ability to catatally modify macromolecules that are
required for essential cellular functions such esiaular trafficking, cytoskeletal assembly,
signalling or protein synthesis. To reach theigéds, these proteins bind specific surface
receptors before endocytosis and translocationsactioe internal membrane can occur.
These toxins classically bind to oligosaccharideeptors on host cell surfaces, and many
of them show high specificity toward Sia, generddlgated on gangliosides (reviewed in
Lehmannet al., 2006). One of the best examples of a Sia-bindwoigble lectin is cholera
toxin, belonging to the AB5 family, produced bijorio cholerae (Richardset al., 1979). It

is composed of five B subunits and an A subunigfé 1.7). The B subunits show specific
binding to a sialylated glycolipid (ganglioside GMIdelivering the A subunit to the
cytosol. This in turn causes overactivation of @tmaicellular signaling pathway (adenylate
cyclase, producing cyclic AMP) in gastrointestiegithelial cells, causing severe diarrhea
and electrolyte imbalance (Vanden Broestkal., 2007; Sancheand Holmgren, 2008).
Other notable examples of Sia-dependent toxinshaxge fromClostridium tetani (Bizzini,
1979; Eiselet al., 1986) andClostridium botulinum (Dolly and Aoki, 2006), causing
tetanus and botulism, respectively (Angata andiyan02).

a

Figure 1.7. Crystal structure of cholera toxin B-subunit pergamvith bound GM1 pentasaccharide shown
from the bottom (a) and from the side (b). Figuaf Varki (1999).
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1.2.4 Animal endogenous sialic acid-specific lectins

It is obvious that binding of Sia receptors on sieface of the cells by pathogens is often
detrimental for the host. However, expression othsueceptors and their specific
recognition by “self” proteins is necessary for mashysiological processes. The great
variety of such proteins has already been idendtifiad characterized (Angata and Varki,
2002) and others are yet to be found. The majafitthe identified animal, endogenous,
lectins were found in the immune system. The fiegtorted example of a vertebrate Sia-
recognizing lectin was a part of the alternativéhpay of complement, one of the earliest
response components of the innate immune system éral., 1998). The protein consists
of 20 short consensus repeats (approximately 6@@acids per repeat unit, also called
“sushi” domains). Some of the repeat units are lwea in Sia recognition and require an
intact unsubstituted Sia side chain (Ripocatieal., 1988). Factor H is a regulatory
(inhibitory) factor, and binding of it to cell sade glycoconjugates containing Sias
prevents the alternative complement pathway froadwertently attacking “self’ cells
(Nilsson and Mueller-Eberhard, 1965). Foreign celléch are not covered with Sias will
not be protected by factor H and are hence exptwséte attack by complement (Rasn
al., 1998; Whalet al., 1976).

Particular carbohydrate structures present on huwehs containing Sias and fucose called
sialyl Lewis x (L&) and sialyl Lewis a (L® are recognized by a group of lectins called
selectins. The family of three C-type lectins idimked by a shared structural motif and
calcium requirement for carbohydrate recognitioavigd in Varki, 1999). These cell
adhesion molecules are critically involved in tlegulation of leukocyte traffic (Cambia
and Figdor, 2003) . The selectins are typical tiypeteins composed of a tandem array of
discrete protein domains. These include an amimoital C-type lectin domain, a single
epidermal growth factor (EGF)-like domain, from tteonine short consensus repeat (SCR)
domains, a single membrane spanning region, angt@plasmic tail (Kansas, 1996)
(Figure 1.8).
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Figure 1.8. Structure of L-selectin. All the selectins haveikar extracellular domains. kelectin is the onl
selectin that carries a defined extracellular chegv site that is close to the cell membrane. Lede:
stimulation can often lead to rapid cleavage & site. Figure from lvetiet al. (2004).

Another group of mammalian Sia recognizing lectiase siglecs (Sia-binding Ig
superfamily lectins) (Crockeand Varki, 2001). Siglecs share a common domairctsire
with an amino-terminal V-set Ig-like domain, vailamumbers (1-16) of C2-set Ig-like
domains, a single-pass transmembrane domain, amndyt@solic tail (Figure 1.9),
(Angataet al., 2004). An essential arginine (Arg97) on the kst (conserved in the other
siglecs) forms a salt bridge with the carboxylateS@a and two tryptophans (Trp2 and
Trp106) on the A and G strands form hydrophobictacts with theN-acetyl and glycerol
side groups of Neu5Ac respectively (Crocletral., 2001). Biological functions of the
siglecs involve regulation of B-cell activationglgic-2/ CD22 (O'Keefet al., 1996) and

maintenance of myelin sheath structure, siglec-#da\{Schachneet al., 2000).
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Figure 1.9. Schematic representation of Siglecs in primate$ @dents. Siglecs have ones&t domain (i
domain similar to Ig's variable region) and 1-16-$82 domains (domains simil to Ig's constant regior
followed by transmembrane and cytoplasmic domaBenes for Sialoadhesin/Siglec-1, CD22/Sigle@nd
myelin-associated glycoprotein/Sigldcare located outside of the Siglec gene clustdroiih primates an
rodents. CD33rSiglecs are further classified ive sSubgroups (MC,, V1C,, V1Cs, V1C,4, and \LC,), based ol
the number of V- and C2-set Ig-like domains. Figinoen Angataet al. (2004).
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1.2.5 Fungal lectins

Sia specific lectins have been isolated and chaizet! from the fruiting bodies of various
mushroom species (reviewed in Lehmaatral., 2006). Their natural function, in many
cases, is not clearly understood. However, thetiiigation and isolation of Sia-specific
lectins from pathogenic fungi, particularly airberapecies that cause severe infections in
immunocompromized individuals, has raised the pagyi that the initial stages of
infection, particularly fungal spore (conidia) bind to the lung epithelial cells, may be
mediated through Sia receptors. The first humatqgenic fungal species thought to
possess a Sia-specific lectin wel@hrysosporium keratinophilum and Anixiopsis
stercoraria (synonym of Aphanoascus fulvescens) (Chabasseand Robert, 1986), which
cause skin and nail infections in humans (ChabasskeRobert, 1986; Lehmaret al.,
2006).

Histoplasma capsulatum is the causative agent of histoplasmosis, a sepah@monary
infection that is most commonly found in tropicaéas. Early studies showed that a 50-
kDa cell wall protein fromH. capsulatum yeast was able to bind laminin of extracellular
matrix with high affinity, a process thought to ibogportant in the initial stages of infection
(McMahonet al., 1995).

In developed countrieshAspergillus fumigatus is now regarded as the most important
airborne fungal human pathogen. The inhaled coradiaere and germinate in the lung.
The preferential receptor f@. fumigatus lectin is NeuSAa(2—6)-GalNAc (Lehmanret

al., 2006).
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1.2.6 Plant lectins

Although only a few Sia specific plant lectins habeen isolated, their historical
importance in investigating the expression anddgplof Sia is unquestioned. The function
of Sia-specific lectin in these organisms is unclas the presence of Sia in plants is
guestionable. The expression of Sia was reportedh@& al., 2003), however, this research
was subsequently questioned (Sevehal., 2004). It was then concluded that it is not
possible to demonstrate unequivocally that plaptéhesize Sias because the amounts of
these sugars detected in plant cells and tisseescsmall that they may originate from
extraneous contaminants (Zeleatyal., 2006). According to the most popular theory the
Sia-binding lectins are involved in defense mec$msi (Peumangt al., 1995). The highly
sialylated epithelial cells of animal digestive ctsa provide numerous ligands for Sia
specific lectins. Presumably, it is this binding $fa-specific lectins from elderberry
(Sambucus nigra) bark and wheat germ agglutinin that initiates ®evere toxicity
symptoms observed upon ingestion of plant lectmkigher organisms. The consequence
of this is that elderberry, for example, is virlyalever attacked in the wild. Moreover, Sia-
specific plant lectins, like other plant lectinse @redominantly localized in regions of the
plant that are most susceptible to attack, and tbgaire an adequate protection strategy
(Peumanst al., 1995; Lehmanet al., 2006).

Sambucus nigra bark lectin (SNA) is a 140 kDa glycoprotein cotisg of two different
subunits 34.5 kDa and 37.5 kDa respectively, hetgether by intramolecular disulphide
bridges (Broekaertet al., 1984). SNA requires the presence of terminal Med5
Gal/GalNAc sequences for high affinity binding (Rinyaet al., 1987)

Another plant lectin, widely regarded as Sia-speci$ wheat germ agglutinin (WGA). The
18 kDa WGA monomer is composed of four conservedditho acid residue segments,
which are folded into spatially distinct domains,BAC and D) of similar sequence.
Monomers associate into dimers in a head-to-tahitan, such that domains in contact
across the dimer interface (A1-D2, B1-C2, C1-B2-A¥) are quasi-2-fold related. The
domains are stabilized by four disulfide bonds &agle an aromatic amino acid residue
rich region for sugar binding (Wriglet al., 1993)

Although wheat germ lectin is known to bind Siastkectin binds more preferably t¢-

acetylD-glucosamine and itg-1,4-linked oligomers. The interaction of wheat rger
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agglutinin with Sia is based on its structural smify to N-acetyl-D-glucosamine, namely,
the superimposable configuration of amino and hygrgroups at C-5 and C-4 dhe
pyranose ring of Sia with the C-2 and C-3 NvacetylD-glucosamine (Shibuyat al.,
1987).

Maackia amurensis express two Sia-specific lectins, haemagglutitMAH) and
leukoagglutinin (MAL) (Imbertyet al., 2000) The MAL lectin was shown to bind strongly
to carbohydrate chains containing Neu&@—3)-GaB-(1—4)GIcNAc/Glc structure
whereas the MAH lectin has highest affinity asddirected toward the NeuAg2—3)
Gal$(1—3)[aNeuAc(2—6)]JaGalNActetrasaccharide (Knibbet al., 1991; Imbertyet al.,
2000)

The 258 amino acid MAL lectin is composed of twyrametric subunits named A and
B. Each monomer folds intwo largep-pleated sheets. Two monomers associate to form
theso-called "canonical legume lectin dimer" charasegtby a large 12-strandgiisheet,
resulting from the abutment thfe two back sheets (Figure 1.10) (Imbesttgl., 2000)

Canonical dimer

L& ' Figure 1.10. Crystal structure of the leukoagglutir
\ (MAL) from Maackia amurensis in complex with
B 1 sialyllactose. The two independent monomers

: shown with different colors. The €aand Mrf* ions

,s - “‘x i ) are displayed asgreen and magenta spheres,
.1 G .;51‘.

F_ow fk’ respectivelyFigure formimbertyet al. (2000.
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1.2.7 Current application of sialic acid specific lectins

In the light of the importance and versatility ofiSthe high specificity of Sia binding
lectins has made them useful tools for a varietgmplications. Initially the Sia specific
lectins were used for detection of sialylated v@sssuch as the plant rhabdoviruses potato
yellow dwarf virus and eggplant mottled dwarf virygopagated in plants ddicotiana
rustica (Slitkin and Doyle, 1990). They enabled development of rapiethods for
pathogen identification in the field of medical mubiology (Wagner, 1982) as well as
characterisation of sialylated viral envelopesitk®l and Doyle, 1990). Sia binding lectins
were also applied in studying the specific Sia péwes on the surface of eukaryotic cells
(Welty et al., 2006) as well as sialylation of glycoproteinsnfBida Silvaet al., 1981). In
histology, lectins are used for detection of Sieeptors, e.g. on epithelial cells of the
human airway (Nichollset al., 2007). Cancer research benefited from new cancer
biomarkers’ analysis methods based on lectins ¢fagtl al., 2009) and the biomedical
industry in new purification and separation prolsdemased on Sia-specific lectins (Madera
et al., 2005).

1.2.8 Sia-specific proteins utilized in this project

Two Sia-specific lectins were chosen for the pueposf this project, namely
haemagglutinin of influenza virus and SiaFHafemophilus influenzae. They have different
specificity for particular forms of Sia. One spéamally binds glycans’ terminal Sias and the
second naturally targets free Sia. They come frdfferdnt organisms and have different
structures; however, both are relatively small @rat and uncomplicated molecules which
should be advantageous in some aspects of the, gigdyexpression in a bacterial host or

orientated immobilisation.
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1.2.8.1 Haemagglutinin of Influenza Virus

Influenza virus, with thogovirus, belongs to thel@myxoviridae family. Three different
types (A, B, and C) of influenza viruses are knoavrd were classified on the basis of
antigenic differences among their nucleocapsid uadrix proteins. Influenza A viruses
were found to inhabit different animal speciesudahg humans, horses, swine, and a wide
variety of domesticated and wild birds (Lee and,3409). Influenza type B viruses were
isolated from humans and seals whereas influerza @/ viruses have been isolated from
humans and from swine (Ha et al., 2002). InflueAzairuses are further divided into
subtypes based on the antigenic relationships eir thhaemagglutinin (HA) and
neuraminidase (NA) surface glycoproteins ( Lee &ai, 2009). The HA and NA genes are
extremely variable in sequence, and less than 30%ecamino acids are conserved among
all the virus subtypes. A total number of 16 diéfietr HA subtypes (H1-H16) and 9 different
NA subtypes (N1-N9) have been identified (Foucleeal., 2005). Only three subtypes of
HAs (H1, H2, H3) and two NAs (N1, N2) serotypes édadapted to humans, although
some are very notable as the pandemic strains: HANIB18, H2N2 in 1957, H3N2 in
1968 (Stevens et al., 2007) and H5N1 in 2005 (Matibat al., 2009).

Ten viral proteins are encoded in eight segmentsirgfle stranded, negative sense RNA
molecules, contained within the viral envelope ight association with the nucleocapsid
and the three polymerase proteins (PB2, PB1, HAQufe 1.11). Together they form the
ribonucleoprotein (RNP), this complex being the imia functional unit of replication
(Nakajima, 1997). The matrix protein (M1), whickedi inside the lipid envelope, is
associated with both the RNP and the viral enveltipis thought to play a fundamental
role in virus assembly. The M2 protein decoratesdiwface of the envelope and acts as an
ion channel, playing a role in triggering the vitalcoating in the endosome. The NS2
protein, also known as the nuclear export prot&lEF), mediates the export of newly
synthesized RNPs from the nucleus (Lee and Saif9Rdhe NS1 protein is a regulatory
protein with numerous functions that is not packed the virion (Kruget al., 2003). The
most prominent feature of the virus envelope ikttigpacked projections of two types of
glycoproteins: rod-shaped trimers of HA and mushrahaped tetramers of NA. Virions
can exhibit a variety of shapes and sizes rangiog fspherical particles to elongated

filamentous forms depending on the virus strain jpabage history (Lee and Saif, 2009).
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Figure 1.11. A schematic diagram of the structure of the inflzee A virus. Figure from Kaiser (2006).

1.2.8.2 Structure of haemagglutinin

The haemagglutinin is a major component of the svienvelope and accounts for
approximately 30% of the total virus protein (Wegl 1979). The trimeric, transmembrane
glycoprotein has a molecular weight of about 210,@&. Each subunit comprises two
domains, HA1 (58,000 Da) and HA2 (26,000 Da), lohitegether via two disulfide bonds
(Skehel et al., 1975; Domset al., 1986). The two subunits are formed during virus
assembly at the plasma membrane of the infectédsedhe result of proteolytic cleavage
of a glycosylated precursor polypeptide HAO (Ha§74). The precursor has a molecular
mass of approximately 80,000 and is approximat&l@ &mino acids long with aN-
terminal signal sequence, a transmembrane domaan tie C-terminus and a short
cytoplasmic tail (Skehedt al., 1975; Steveneat al., 2007).
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The first X-ray structure of haemagglutinin fronflirenza virus was published by Wilson
et al. (1981). Since that time over 25 structures haaenlreported for the HA, including

three principal molecular conformations assumedhyprotein during the virus life cycle:

the precursor structure, the structure of the @dawative HA present on the surface of
infectious virions, and the structure of HA followgi the conformational changes involved
in membrane fusion (Figure 1.12) (Stevenal., 2007).

A. Uncleaved HAOD B. Cleaved HA1/HA2 C. Pre-fusion EHA2

Figure 1.12. X-ray crystallographic models for the 3 principal smllar conformations assumed by the
protein during the virus life cycle. The precurstructure (A), and the sicture of the cleaved native HA (
present on the surface of infectious virions areudlly identical to each other except for the HAAZ cleavage
site (marked by an *). After uptake of the virusailgh the endocytotic pathway, the HA undergoesamaitic
molecular rearrangement (C) that enable, the H&xmose the fusion peptide for subsequent membresienf.
Figure from Stevend al. (2007).

The mature HA homotrimer is ~135 A in length withot distinct domains (Figure 1.13).
The cylindrical protein is composed of a globulaad, containing the receptor binding
domain (HA1 residues 52 to 275 in H3 numberingyl an intertwined ‘stem’ domain at its

membrane proximal base, composed of both HA1 residll to 51 and 276 to 329) and
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HA2 (1 to 176). From each monomer, long paralidielices of approximately 50 amino
acids in length dominate this region and assodiateorm a triple stranded coiled-coil.
Glycosylation is essential for the proper refoldemgd cellular processing of HA and can
vary between strains with respect to the numberparsitioning of glycosylation sites. For
example, the H3 haemagglutinin of the 1968 pandemics has seven glycosylation sites
whereas the 1918 H1 HA has only four. Acquisitidrgkycosylation sites that change the
antigenic properties of the protein can be direnthated to escape from the host immune

response (Stevemsal., 2007).
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Figure 1.13. The structure of hemaglutinin. A - Globular aitotrdus domain of a single subunit. B -
Structure of the homotrimer. Figure from Lodgthal. (1999).
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1.2.8.3 Priming of haemaggutinin

To gain full activity the HA protein requires a pianslational alteration, consisting of
HAO cleavage, which takes place before the vireavés the host cell. The cleavage results
in the formation of the two disulfide-linked subtsnHA1 and HA2, eliminating an arginine
residue, R329, that separates them in the precurkercleavage takes place in the loop
comprising residues 323-328 of HAL, and 1-12 of HAPhe loop projects the eight
residues at the cleavage site, HA1 327 to HA2 Jyafsom the surface of the molecule
(Figure 1.12). The newly created amino terminusp@gealet al., 2002, 2003; Johnstcat

al., 2007) of HA2 is a nonpolar sequence called tisgofupeptide (Chesmt al., 1998). A
negatively charged cavity is found adjacent toltiop, into which HA2 residues 1-10, the
fusion peptide, inserts after HAO cleavage, pogsiplided by an electrostatic force
generated when the positively charged amino tersnisiuHA2 is formed (Chert al.,
1998).

1.2.8.4 Haemagglutinin’s receptor-binding site (RBS) structire and function

One of the primary functions of HA protein, recapbinding, is mediated by the HA2
domain. A shallow depression at the top of the H#leoule binds terminal Sias of animal
glycoproteins and glycolipids with millimolar afity (Sauteret al., 1992a). The receptor-
binding site is composed of residues conserved! isuatypes of influenza (Skehet al.,
2000; Haet al., 2001; Haet al., 2003) and comprises three struct@étaments, namely an
-helix (190-helix, HA1 188 to 190) and ti@ops, 130-loop and 220-loop. The lower left
and right edges of the site are formed by two sertaops; residues 225-228, the 220 loop
and 135-138, the 130 loop, respectively (Figured)l(Haet al., 2003). One side of the
Sia’s pyranose ring faces the base of the site,thadaxial carboxylate, the acetamido
nitrogen, and the 8- and 9-hydroxyl groups face the site and form hydrogen bonds with
conserved side-chain or main-chain polar atoman&&r36 forms a hydrogen bond with
the carboxylate, which is also hydrogen bondedht amide of the peptide bond 137;
histidine 183 and glutamic acid 190 form hydrogends with the 9-hydroxyl group, and
tyrosine 98 forms hydrogen bonds with the 8-hydtaypup. The 5-acetamido nitrogen
forms a hydrogen bond with the carbonyl of pepbdad 135, and the methyl group of this
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substituent is in van der Waals contact with tixensembered ring of tryptophan 153. The
7-hydroxyl group and acetamido carbonyl hydrogendoto each other and thiéacetyl
methyl group forms van der Waals contacts withileed94 (Skehetdt al., 2000).
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Figure 1.14. Haemagglutinin receptor binding. Scheinat
diagram of the receptor-binding site of a ldéceptol
analog complex, showing the positions of the ressdanc
hydrogen bonds that they form with sialic acidiaghec
lines). Figure from Skehet al. (2000).

Although the Sia receptor is bound in almost idsgitorientation in both avian and human
H3 proteins there is a significant difference betwéhese two binding sites at positions
226 and 228. The positions 226 and 228 are occupidducine (occasionally other non-
polar residues) and serine in the human H3 prateby glutamine and glycine in the avian
H3 protein (Haet al., 2003). In human H3 the L226 side ch&mmethyl group points
downward into the binding site where it contactasgyved Y98 and A138, resulting in a
slightly different geometry for adjacent residugse 130 loop is shifted away from the 220
loop and thus the human H3 binding site is 0.5 Mewithan the avian H3 one. In the
absence of this methyl group, the avian HA site @altapse inward, with the ring of Y98
rotating about 20° and the side chains of W153,3;148d the backbone of the 1&helix
also changing slightly (Figure 1.15) (Htal., 2003). The residue number 228 in human
H3 is serine of which the OH-group contacts the &@H whereas in avian H3 glycine
hydrogen-bonds via a water molecule to the 8- ax@H9of the Sia. This residue, along
with residue 226, significantly influences the getm of the binding site and, thus, the
specificity of the protein (Hat al., 2001).
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Interestingly, H2N2 viruses isolated from humangirmy the first year of the 1957
pandemic contain 228G (as do most avian virusdsg¢ye@as some avian H3 viruses contain
“‘human” 228S (Matrosoviclet al., 2000). Similarly, in the H1 subtype haemagglutjni
isolated from humans, the avian specific GIn-22¢/#28 pair was present (Hat al.,
2003). It is possible that the mechanism directhmg specificity of H1 subtype viruses is
different than in H3 viruses. In H1 subtype the H&idues at positions 190 and 225 were
found to dictate the specificity (Matrosoviehal., 2000) while position 226 is occupied by
glutamine in both human and avian viruses. The ptecéinding properties of such

atypical avian and human viruses have not beeractaized (Matrosovickt al., 2000).

1.2.8.5 Specificity of the Receptor Binding Site

The sialylated gicans on the surface of human rapy tract cells and avian intestinal
cells have identical composition with regards te three terminal monosaccharides: Sia,
Gal, GIcAc. There is, however, a major differencgtween them with regards to the
linkages between these monosaccharides. Human n@rnglycans adopt a “folded”
conformation imposed by the &(@—6)Gal linkage and GA{1—4)GIcNAc linkage
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which position the GIcNAc directly over the Sia. elfiolded conformation is mainly
stabilized by hydrogen bonds between GIcNAc 3-OH the ring oxygen of either the Sia
or Gal. Alternatively, GIcNAc 3-OH forms a hydrogbond with the Sia gliosidic oxygen.
The avian glycans adopt an “extended” form imposgdhe Sia(2—3)Gal linkage and
Galp(1—3)GIcNAc linkage (Eiseret al., 1997) (Figure 1.16 and Figure 1.17). The NeuAc
group on the third saccharide appears to be crémiatabilizing the folded conformation
as o(2—6)-sialyllactose, identical to the first three dsmgdes of lactoseries
pentasaccharide ¢ (LSTc) but lacking the Neu5Aagrmn the third Glc residue, and exerts
an extended conformation (Skeleehl., 2000). Accommodation of such different receptors
by human and avian influenza viruses’ haemagg|simiictates the different structures of
their binding sites. The receptor-binding site bé thuman HA is wider than avian to
accommodate glycans in folded conformation.

GlcNAc-3
LSTc (02,6) 3:.0 i Gal-4 OH Glo_s

N
H HO

HO OH
HO. 2 } g OH

O "OH

C\% P
glycerol
o oﬁ%h’”

3 —~F~OH
Sia-1 'COOH
Figure 1.16. Lactoseries pensaccharide ¢ (LSTc). An oligosaccharide containihg three termine

monosaccharides present on the surface of humairatesy tract cells. Sequence sdigar residues ar
linkages are: NeuAc(2-6)Gap (1-4)GIcNAG (1-3)Gap (1-4)Glc. Figure from Hat al. (2001).

LSTa (02,3) Glc-5 Gal-4 | GloNAc-3,, E SGaE—E Sia-1 &
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Figure 1.17. Lactoseries pentasaccharide a (LSTa). An oligosa@tdh containing the three termina

monosaccharides present on the surface of humairatesy tract cells. Sequence of sugar residuek
linkages are: NeuAc(2-3)Gap (1-3)GIcNAG (1-3)Gap (1-4)Glc. Figure from Hat al. (2001).
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As the structures of the LSTc (human) and LSTaaf@vsaccharides are different, they both
exit the HA binding site in opposite directions.eThuman receptor exits the human HA
binding site pointing outwards from the trimer #ficdd symmetry axis whereas the avian
receptor exits the binding site near the interfaeéween two HA monomers and the
carbohydrate part of the HA glycoprotein (Figur&8).(Eisenret al., 1997). This difference
imposes the receptor linkage specificity, as fgnen (avian or human) H3 one version of
the saccharide is energetically preferred and thesatural receptor for human influenza
H3 virus is terminal Si&@2—6)Gal which for avian H3 virus it is terminal &{@—3)Gal
(Connoret al., 1994).
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Figure 1.18. Conformations of LSTa (red) and LSTc (green) amdl rdlonomers (white and gold). T
molecular surface of HA viewed along the threefoldlecular symmetry axidigand models are from or
binding site, least-squares fitted onto the otliedibg sites. Figure from Eisest al. (1997).
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1.2.8.6 Biological Significance of Receptor-Binding Speciéity

The influenza viruses infect mainly respiratoryctraells of humans, horses and pigs as
well as the intestinal epithelial cells of birddelpreference of influenza viruses for these
cells is driven by the presence of specific receptn the surface of the above cells,
namely by an abundance of &a—6)Gal receptors on airway ephitelial cells in husian
and Sia(2—3)Gal receptors in avian intestines (ktaal., 2003). This explains why avian
viruses are specific for birds and human viruseshtomans. Furthermore the presence of
Sian(2—3)Gal rich mucins in the human lungs (Couce@toal., 1993) may impose
additional selective pressure on theof2a-»6)Gal specific human influenza viruses and
prevent binding of avian viruses. Similarly, &&—6)Gal rich equine fluids (Matrosovich
et al., 1998) inhibit the human viruses in birds. Theunatof the Sia linkage on cells, the
action of these soluble inhibitors, or both, appeabe involved in selecting HAs with
different linkage recognition specificity.

Another factor dictating the influenza virus tisguepism is the distribution of specific host
proteases in the organism that are necessary &ndgglutin in activation. The protein is
synthesized as a single-chain precursor (HAOhe endoplasmic reticulum, where it is
assembled as a trimer, glycosylated by the hostoglfation machinery in the Golgi
apparatus and subsequergiyported to the cell surface (Stevesl., 2006). The HAO is
then cleaved by specific host proteases into HAD l4A2, required for membrane fusion
activity and infectivity (Skehe&t al., 2000). The HA1 and HA2 polypeptide chains are
usually separated by a single arginine residuechvig eliminated from the C terminus of
HAl by a virion-associated carboxypeptidase afteavage (Garteret al., 1983). The
cleavage may be mediated by the serine protegpease Clara, produced by Clara cells of
the bronchiolar epithelium (Kidet al., 1992). This enzyme shows recognition specificity
for the sequence Q/E-X-R found at the cleavage sitehese HAs, which in conjunction
with the narrow tissue distribution of the enzymmestricts infection to the lung in
mammals. In some HAs of the H5 and H7 subtypesthex polybasic sequences inserted
at the cleavage site, separating the HA1 and HAgppptide chains. In these cases,
cleavage is intracellular and involves subtiliskelenzymes that are active in the post-
translational processing of hormone and growthofaprecursors. The furin recognition

sequence R-X-R/K-R is a common feature of the tegepolybasic sequences. The wide
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tissue distribution of furin-like enzymes and ttceency of intracellular compared with
extracellular cleavage appear to be related to wigespread systemic and virulent
infections caused by the H5 and H7 viruses in badd the localized outbreak in Hong
Kong, in 1997, of severe respiratory infection oy l45 virus in humans (Skehet al.,
2000)

1.2.8.7 A Second Ligand Binding Site in HA

A second receptor binding site was identified betwvsubunits of the HA trimer in an
interface where two HA1 domains and an HA2 domaakenclose contact and are known
to dissociate when the molecule changes conform#édi@ffect membrane fusion (Sauger
al., 1992b). A study of ligand binding to the secoitd suggested that a substituent that is
larger than methyl is required at position 2 bt th(2—6)-sialyllactose does not fit. The
affinity of a(2—3)-sialyllactose for the second site was estimabgdcollecting X-ray
diffraction data at various ligand concentratiotts,be at least fourfold weaker than its
affinity for the primary site. As the ligands frotine second site can extend up toward the
first site, it was suggested to construct a brigdigand as an inhibitor of virus-cell binding
that could take advantage of both sites. Therkagiever, no evidence that the second site

is physiologically important (Sautetral., 1992b).

1.2.8.8 Membrane fusion as a second function of haemaggluain

The second function of the HA protein after adhegm the Sias containing receptors on
the cell surface is the fusion of the membranehef éndocytosed virus particle with the
endosomal membrane. This promotes the release eofvittal nucleocapsids into the
cytoplasm (Leeet al., 2009; Stevenst al., 2007). The membrane fusion and viral entry is
mediated by the HA2 subunit. Comparison of the H&did HA2 sequences among
influenza virus subtypes reveals that the H&2uence is well conserved, suggesting a
highly conserved membrane fusion mechanism (&ab, 2009).

Following interaction with a receptor at the celtface the virus is rapidly internalized via
endocytosis. Viruses are trafficked through theoegtic pathway and, ultimately, reach a

low-pH compartment (approx pH 5.5). At this pH, theal fusion machinery is triggered
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and HA undergoes an irreversible conformationahgea(Stevenst al., 2007). The change
exposes the HA2 N-terminal fusion peptide, whilesgrving the structure of the HAl
receptor binding domain. The exposed fusion peptiderts into the cellular membrane,
anchoring HA into both prefusion membranes; by Nsterminal in the endosomal
membrane and by its C terminal in the virus membi&@kehekt al., 2000).

The refolding process involves three steps. Imtitde fusion peptide, which at neutral pH
is buried in the trimer interface only 30 A frometkirus membrane, is extruded at fusion
pH to the N-terminal tip of the 100 A trimeric e coil that is newly formed at this low
pH; its formation involves relocation of a sharhelix and refolding of a segment of the
extended chain into anhelix (Bulloughet al., 1994). Then the middle of the longhelix

of native HA2 unfolds to form a reverse turn, ahd second half of the long helix
jackknifes back to lie antiparallel against thestfinalf, also relocating C-terminal residues
by >100 A in relation to coiled-coil residues 7651@vhich form a common structure in
both conformations. Subsequently, residues 141-d¢&ted C terminal to a smdllsheet
hairpin that accompanied the jackknifedhelix, appeared to be extruded from their
compact association in HA2 to become a mostly elddnstructure that reached back up
the central coiled-coil, packing antiparallel withihe groove between adjacenthelices.
The overall effect of this refolding is apparenttydeliver the fusion peptide toward the
target membrane and to bend the molecule in hathabthe fusion peptide and the viral

membrane anchor are near the same end of the apédimolecule (Figure 1.19) (Skehel

et al., 2000).
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Figure 1.19. Hypothetical mechanism for membrane fusion by vgiysoprotelns &) The entire HA mktecule.

(b—d) The HA2 subnunits alone, in which the terminitbé proteins come into relative proximity, thert
inducing membrane fusion. Figure from Skeétell., (2000).
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1.2.8.9 Haemagglutinin targeting influenza treatment approahes

Currently, a number of steps in the influenza viregdication cycle have been identified for
therapeutic intervention and drug design such ed uncoating that can be inhibited by
amantadine or the release of newly formed virustigges that can be blocked by
neuraminidase inhibitors (De Clercq, 2006). Théieat is to reduce the yield of viable
virus progeny, thus reducing morbidity, allowingé for the host immune system to mount
an effective response and decreasing communitgriession.

Drugs oriented at haemaggutinin inhibition canyrblock the entrance of the pathogen
into the host cell and thus efficiently prevent tinéection and/or spread of the virus.
Monomeric Sias or methyl sialosides have been mepas potential treatments (reviewed
in Carlesclet al., 2008). However, due to rapid clearance by enzignba¢akdown and low
binding affinity, high concentrations are requirfed effective inhibition and this results in
unwanted toxicity issues. The main obstacle frondrag development perspective
associated with all receptor-haemagglutinin inteoas is their relatively low binding
affinity. An effective HA antiviral must have impred binding compared to the natural
receptor, and ideally be independent of Sia-linkdde most potent HA inhibitors reported
are based on polyvalent constructs (reviewed inle€ewm et al., 2008). Use of such
polymers with multivalent ligands overcomes thelpem of low affinity. The simplest
form reported for influenza has been polymers saglpolyglutamic acid with Sia bound
through neuraminidase-resistant linkages (Stewetnal., 2007). Such compounds by
mimicking the natural sialylated animal cell reagptbind to both HA and NA on the virus
surface. Tests of Sia-polyacrylamide conjugatesy tdrmed sialylglycopolymers in mouse
models resulted in 100% survival rate with lethalses of mouse-adapted, different
influenza A strains (H3N2, HIN1) (De Clercq, 20086his suggests such compounds as
potentially valuable broad spectrum reagents.

Another approach focused on the blocking of vittd@hment has recently been studied. In
the system investigated by Malakhe& al., (2006) the haemagglutinin binding was
inhibited by the removal of the receptor from thusceptible cells. A recombinant fusion
protein composed of the sialidase (neuraminidassplytic domain derived from
Actinomyces viscosus fused with a cell-surface-anchoring sequence sasd to remove the

influenza-virus receptors from the airway epithedilA sialidase fusion construct, DAS181
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(Fludase), was shown to effectively cleave the pegws used by both human and avian
influenza viruses. Significamh vivo efficacy of the sialidase fusion construct wasedan
both prophylactic and therapeutic approaches (Makt al., 2006).

It was recently demonstrated that a 20-amino-aetige (EB, for entry blocker) derived
from the signal sequence of fibroblast growth factoexhibits broad-spectrum antiviral
activity against influenza viruses including theNH5subtype in vitro. The EB peptide was
protectivein vivo, even when administered postinfection. MecharaHiicthe EB peptide
inhibits the attachment to the cellular receptagvpnting infection (Jonet al., 2006).
Further studies demonstrated that the EB peptidecifsgally binds to the viral
haemagglutinin protein. The mechanism of actiothsf peptide needs further investigation
which may confer benefit by a completely new appho@ antiviral therapy.

The entry of influenza virus to the host cell, énvby haemagglutinin molecules on the
surface of the virion, is dependent on the confaional change of the HA. An inhibitor of
viral growth, (Deshpandest al., 2001) BMY-27709 (4-amino-5-chloro-2-hydroxy-N-
9A0H-octahydro-8-methyl-2H-quinolizin-2-benzamide), was found to prevent the low
pH-induced conformational rearrangement of HA iidofusogenic state (Luet al., 1996;
Luo et al., 1997; Deshpandet al., 2001). This was found to be active against allaidl
H2 subtype viruses; it is however, inefficient dsyet against H3 subtype viruses (L&
al., 1997).

1.2.8.166ummary of the haemagglutinin from influenza virus

Haemagglutin’s HA1 domain containing the receptoding site is relatively small and
thus is useful for large scale production and @agibn on various analytical platforms.
The specificity of the HA towards eithe(2—3) anda(2—6) linked Sia can be altered by
changing only three amino acids (in H3 subtype)leviiie overall structure remains the
same. This would be clearly advantageous for pricmlucof proteins with different
specificities where the expression, purificatiord ather procedures are the same. The
specificity of such proteins towards terminal Siaynbe explored for development of

sialylated glycan analysis method.
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1.2.8.11 SiaP protein ofHaemophilusinfluenzae

The bacterial pathogertiaemophilus influenzae, is exclusively adapted to infect or
colonize humans. Strains can be encapsulated orneapsulated (nontypeable).
NontypeableHaemophilus influenzae (NTHI) is a frequent colonizer of the nasopharynx.
When the airway is compromised, NTHi can causellodactions such as otitis media
(Leibovitz et al., 2003), chronic bronchitis and pneumonia (Mur@g03).

The bacterium evades the innate immune responstheofhost by sialylation of its
lipooligosaccharides (LOS) (Mandredl al., 1992) and thus appears as self for the host's
defence system. The acceptors for Sia are LOS riatrtactose, N-acetyllactosamine, and
possibly N-acetylgalactosamine (Mansseinal.,, 2001; Jonest al., 2002). It was also
found that Sia can be utilized bl influenzae as a carbon and nitrogen source (Venal.,
2000).

Interestingly, although the Sia is crucial for fr@ghogen survival inside the host, the NTHi
is incapable of synthesizing Sia, and thus requareexogenous source of Sia (Bouatiet
al., 2003). It was found that Sia acquisition is meztlavia a tripartite ATP-independent
periplasmic (TRAP) transporter driven by an elegtemical gradient (Mullegt al., 2006).
TRAP transporters consist of three componentsxéia®ytoplasmic solute receptor (ESR)
and two distinct integral membrane components efjual size which are sometimes fused
(Kelly et al., 2001). In NTHi the two integral membrane compdseare fused and known
as SiaT or SiaQM and the extracytoplasmic solutep®r is SiaP (Johnsta al., 2007)
(Figure 1.20). The ESR protein (often also known aaperiplasmic-binding protein)
increases the uptake affinity of the transportesysby binding Sia and delivering it to the
inner membrane transporter (Alleh al., 2005). Such a high-affinity Sia uptake system

may be important for the bacteria in their normaygological environment.
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Figure 1.20.Overview of the Sia utilization irlaemophilus influenzae. Sia gets into the periplasm via NanC
pores (Severét al., 2007) and is captured by SiaP which delivers the inner membrane SiaQM transporter.
Sia is then transported into the cytoplasm andzetl either as a carbon and nitrogen source ot @B
sialylation. Sialylated LOS is later transportedtie outer membrane. Dashed arrows indicate tHeqiebia

in the bacterium and solid blue lines indicatediee of the SiaP protein.

1.2.8.12 Structure of the SiaP

Structurally SiaP is a monomeric protein with a ecolar weight of about 37 kDa.
(Johnstoret al., 2007). The 329 amino acid polypeptide secretetthéoperiplasmic space
and during translocation through the inner membrar28 amino acid leader peptide is
cleaved off (Johnstoet al., 2007). SiaP has tw@ domains connected by three segments
of the polypeptide and separated by a large clefjufe 1.21) (Mulleret al., 2006).
Domain I, encompassing residues 1-124 and 213@5fains a 5-strandgidsheet against
which are packed six-helices. The strand order pR-f1-$3-p104, with strandp10
running anti-parallel to the other four strandsg(ffe 1.21 and Figure 1.22) (Mullet al.,
2006). Domain Il contains residues 125-212 and @#3-and has a 6-strand@esheet
surrounded by 3-helices (Figure 1.21 and Figure 1.22) (Mulétral., 2006). Here the
sheet topology i$7-$6-p8-p5-pO-f11 with strandf5 running anti-parallel to the other
strands. Residues 280-306 at the C terminus ofiblecule form a pair ofi-helices that
fold across the base of the molecule and pack sgbhoth domains. A striking feature of
the structure is the long heli#9, which spans the breadth of the molecule (Mudteal.,
2006).
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Figure 1.21. Overall structure of the SiaP.
Figure from Mulleret al. (2006).

Figure 1.22. Schematic diagram of the topolo
of SiaP. The N-terminal domain is light gray,
and the Gterminal domain is in black. Featul
that distinguish SiaP are in dark gray. Fig
from Muller et al. (2006).

1.2.8.13 SiaP ligand bindig site
The binding of Neu5Ac, a natural ligand, by theRSfrotein is initiated through direct

interactions between the highly charged carboxydatthe C1 position of the sugar with
positively charged residues R127 and R147 (Figug3)l(Johnstoret al., 2007). The

primary role of R127 is electrostatic stabilizatioh the charge on the sugar. R1&7

guanido interacts with both the C1 carboxyl and @2ehydroxyl of the sugar (forming a
salt bridge). E186 interacts with R127 and app&aptimize its position. The guanidino
group of R147 seems to be key to the binding ioteya, both in terms of its charge
interaction with the C1-carboxyl group as well aghe orientation of the ligand (Johnston
et al., 2007). The orientation is also governed by aerattion between the glycol group

hydroxyls and the carboxyl of E67. This interactalso induces the ligand specificity of

42



the binding site. N187 makes direct interactionhveu5Ac at the C1 carboxyl and the
C2 hydroxyl. D49 interacts with O7 and R70 probabtgbilizing the position of the
former. N10 makes two interactions with the ace#ggen, from the side chain and a water
mediated interaction by the main chain amide. TA@ Mteractions are not crucial for the
binding. Additionally Q214, interacts with the lighthrough water molecules (Johnsabn
al., 2007).

Ny i

_ / g

2 /

ARG4127

Figure 1.23. Structure of SiaP and the binding site. A ribldimgram showing SiaP with Neu5Ac bound.
The residues marked in red show no complementati@npnes in maroon show partial complementa
and those in green show complete complementatien5Nc is shown as a ball-ande&t model. Figure
from Johnstoret al. (2007).
Quantitative comparison of the open and closectcstres reveals a rotation of 28.7-34.7°
about a hinge that runs close to the peptide baondsecting residues Thr-127-Arg-128,
lle-211—Leu-212, and Glu-254—Lys-255 (Mullet al., 2006; Johnstoret al., 2007).
During the rotation about the hinge region the $ieRein changes its conformation from

“open” to “closed” (Figure 1.24).
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The ligand is almost completely buried, with onlg &2 of its 435-X surface area
accessible to the solvent (Figure 1.25) (Mudéeal., 2006), which probably influences the
affinity. The affinity of SiaP for Neu5Ac was deteined using isothermal titration
calorimetry (ITC). The K of 28 nM was reported, which indicates a high retfyi
interaction between SiaP and Neu5Ac (Johnstah, 2007).

Figure 1.25. Surface representation of the
Neu5Ac2en (close homolog of Neu5Ac) structure
viewed looking down into the binding cleft. The
ligand is in blue, and domain | is on the |efhereas
domain Il is on the right. Figure from Mullet al.
(2006).

The carboxylate and N-acetyl groups of Neu5Ac asemtial for high affinity binding to
SiaP. A homologous ligand lacking the carboxylateug binds to SiaP with 2000-fold
lower affinity then Neu5Ac (Mulleret al., 2006) which proves the importance of it.
However, 4-acetylaminocyclohexane carboxylic acahtaining both a carboxylate and an
N-acetyl group in analogous positions to the natligand Neu5Ac and also adopting a
chair conformation similar to Neu5Ac, does not bindSiaP (Mulleret al., 2006). This
suggests that the carboxylate and N-acetyl grovpsssential, but not sufficient, for the
high affinity binding of Neu5Ac to SiaP.

1.2.8.14 SiaP homologues

The residues crucial for carboxylate coordinatiorSiaP, namely R127, R147 and N187
are present in homologous sequences found in opesith genes for sialometabolism
(Muller et al., 2006) (Figure 1.26). High conservation is alstedied among residues D49
and E67, responsible for glycerol moiety bindingeN-acetyl binding N10 residue is not

conserved, being replaced by glutamine, valin¢hi@onine in the homologs of SiaP.
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Figure 1.26.Multiple sequence alignment of amino acid sequenték influenzae SiaP and 6 related TRAP
ESR proteins that are likely to form componentsaoSia transporter. The genes for all seven of these
sequences are encoded in operons encoding sialoolietgenes.

In most cases the Sia specificity is unconfirmedwéver, initial studies on the SiaP
homologue fromV. cholerae indicates that it binds Neu5Ac with an affinity about 300
nM (Johnstoret al., 2007). Furthermore, a TRAP ESR frédmnucleatum subsp.vincentii
shares high homology with SiaP (Kapateahbl., 2002, 2003; Johnstoat al., 2007). The
Sia binding by the protein has not been charaaeériget. However, the fact that the

organism appears to lack a homolog of Neu5Ac swathget incorporates Sia into its
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lipopolysaccharide (LPS) (Kapatretial., 2002, 2003; Johnstat al., 2007), indicates that
it has a Sia acquisition system most probably hogmls to the one iH. influenzae.

Not homologous in terms of overall amino acid segee although bearing a similar
feature of the ligand binding site, are some o8iarspecific proteins. A conserved arginine
is a common theme among various proteins of divetisetures and biological functions
that bind Sia. For example, enzymes that cleavéhatterminal Sia of the glycans,
neuraminidases, contain a characteristic arginiiea tthat coordinates the carboxylate
group (Crennelkt al., 1993; Taylor, 1996; Mulleet al., 2006). SiaP is similar in using a
triad of residues to coordinate the carboxylateugrbut achieves this using two arginine
residues and one asparagine, a conserved struptotélthat appears to be important for
high affinity binding (Mulleret al., 2006).

1.2.8.15 Summary of the SiaP protein

The relatively small size of the SiaP protein wob&ladvantageous for its production and
application for Sia detection. Free Sia specifieitguld enable development of analytical
methods for free Sia analysis. The SiaP proteirer@inus is located on exactly the
opposite side of the protein than the sugar bindiitg. This would be beneficial for

applications requiring utilization of the proteim immobilised form, as a desired protein

orientation would be achieved by specific C-terrhtagging.

1.3 Aims

The aim of this study was to develop a novel mettowdSia detection and quantification
based on Sia-binding proteins. A method, that wbedpecific, precise, sensitive, reliable,
quick, uncomplicated and also inexpensive. As at a&fective way of the protein
production prokaryotic expression system was sedecAdditionally, the goals involved
optimization of protein expression and purificatiéme methodology development for Sia-
free protein production and orientated immobilisatof the protein on a surface of the
analytical device. The produced Sia-specific proteas envisaged to be characterise using
various analytical platforms including ELLA, MS armsirface plasmon resonance, and

subsequently applied for Sia detection and quaatifin using these platforms.
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Chapter 2
Materials and Methods




2 Materials and Methods

2.1 Materials

2.1.1 Bacterial Strains, Primer Sequences and Plasmids

Bacterial strains, primer sequences and plasmidd irsthis thesis are presented in Table
2.1, Table 2.2 and Table 2.3 respectively. ik gene from pl.17 plasmid was cloned into
the pCR2.1 derived pPCRHAL plasmid and then suledanto pJS102 expression vector
(pLecB3 derived). In order to promote soluble pr@dhn of the HAL protein thbal gene
was subsequently subcloned into the pJS103 (pQE®-BHerived) and the pJS104
(PMALPp2E derived) plasmids. For the SiaP proteiaduction thesiaP gene was obtained
on the pGTY2 plasmid and then the plasmid was nextlity adding a 6xHis tag, creating
the pJS201 plasmid. The pJS201 plasmid was substygjuaodified by adding a C-

terminal 6xLys tag (pJS202 and pJS2021), StrepZpd8203 and pJS2031) andsdy Gly

Gly Ser) linker (pJS2011, pJS2021 and pJS2031).

Table 2.1.E. coli strains used in this thesis.

Strain Genotype Features Source
BL21 F dcm ompT hsdS(rg- mg-) gal Protease deficient Stratagene
F' (traD36 proAB+ laclg, D(lacZ)M15) endAl
JM109 recAl hsdR17(rk-, mk+)mcrA supE44 I-gyrA96 | General cloning strain Sigma
relAl DA(lacproAB) thi-1
[F’, traD36, AompP, proA+B+, lacl9,
A(lacZ)M15] AompT, endAl, recAl, gyrA96 Cloning and expressiofr
KRX (Nal’), thi-1, hsdR17 (i—, nx+), e14— (McrA-), strain. Provides tight | Promega
relAl, supE44,A(lac-proAB), A(rhaBAD)::T7 control over expression.
RNA polymerase
Expression strain for
eukaryotic proteins.
Contains pRARE
Rossetta | FompT hsdS3(R;” mg) gal dem pRARE2 plasmid with genes for| Novagen
rareE. coli tRNAs.
Chloramphenicol
resistant.
Tet A(mcrA)183 A(mer CB-hsdSMR-mrr)173 .
XL-10 endAl supE44 thi-1 recAl gyrA96 relAl lac Hte General_ cIonmg and Stratagene
Gold expression strain.

[F’ proAB laclZ AM15 Tn10 (Tef) Amy Cani]
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Table 2.2.Primers used in this thesis.

Name Sequence (5~ 3) Tm (C°)
HA1F1 CCATGGCAATGCAAAAACTTCCCGGAAATGACAACAGC 67
HA1R1 AGATCTAGTTTGTTTCTCTGGTACATTCCGC 60
1HA1Notl ATCGGCGGCCGCCATGCAAAAACTTCCCGGAAATGACAACAEG | 72
R1HA1Bglll GAAGATCTAGTTTGTTTCTCTGGTACATTCCGC 62
HA1KpnIF1 GACAGGTACCGATGCAAAAACTTCCCGGAAATGACAACAGC 69
HA1BamHIR | ACTGGATCCTTAAGTTTGTTTCTCTGGTACATTCCGC 64
F1SiaPNdel GGGAATTCCATATGATGAAATTGACAAAACTTTTCC 60
R1SiaPXhol CCGCTCGAGTGGATTGATTGCTTCAATTTGTTTTAAAGC 64
FSiaLYS CTCCTCCTCTGAGATCCGGCTGCTAACAAAGCCC 69
RSiaPLYS GAGGAGGAGGTGGTGGTGGTGGTGGTGCTCGAG 72
FSiaPCS CCACAATTCGAGAAATGAGATCCGGCTGCTAACAAAGCCC 69
RSiaPCS GTGAGACCAGTTACTGTGGTGGTGGTGGTGGTGCTCGAG 72
JS2011F GGCGGAGGAAGTCTCGAGCACCACCACCACCACCAC 74
JS2012R ACTTCCGCCACCTGGATTGATTGCTTCAATTTGTTTTA 63
Table 2.3.Plasmids used in this thesis
Name Description Source
pl.17 pUC-based plasmid carrying the gene for heytuigin. ggggos)on etal,
pCR2.1 Linearized vector for TA cloning. AmpR, KgrRcZo. Invitrogen
pPCRHA1 pCR2.1 vector withal gene This study
pKK233-3 (Amersham) derived plasmid for LecB exgies with | Creavinet al, (in
pLecB3 .
6His-tag. Amp. Ptac. prep)
pJS102 pLecB3 derivetkcB replaced withal. Amp". Ptac This study
pPQEG6O (Qiagen) derived plasmid with PelB signalussge for
pQEGO-PelB | periplasmic expression of C-terminally 6His-taggedteins. Ryan (Ph.D Thesis
AmpR. T5 promoter.
0JS103 pQEgO-PeIB derived for HA1 periplasmic expressiath\8His-tag. This study
Amp". T5 promoter.
Vector containingnalE gene for periplasmic expression of N-
PMALP2E terminally MBP tagged proteins. AffipPtac. NEB
PMALp2E (NEB) derived with random ~1kb DNA fragmesioned :
PMALP2ET | {1 ECoRi site. Amp. Ptac. This study
0JS104 pMALpZE (NEB) derived for MBP fused HAL periplasmic This study
expression. Amp Ptac.
pGTY3 pET21b (Novagen) derived plasmid contairstalP gene. Sevest al., (2005)
0JS201 pGTY3 Qerlved plasmid for C-terminally 6His-tagge@P This study
expression. T7 promoter. Afip
pJS201 derived plasmids:
pJS202 Additional 6Lys-tag at C-terminus This study
pJS203 Additional Stregag at C-terminus This study
0JS2011 gilé(t;;é Gly Ser) linker introduced between SiaP and C-tel’mlﬂdﬂ.l_his study
(Gly Gly Gly Ser) linker introduced between SiaP and C-terminal_, .
pJS2021 6His-tag. Additional 6Lys-tag at C-terminus This study
0JS2031 (Gly Gly Gly Ser}linker introduced between SiaP and C-terminal This study

6His-tag. Additional Strep2-tag at C-terminus
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2.1.2 DNA molecular marker and protein molecular weight markers

» 1 Kb Molecular Marker (Invitrogen).

— 1018

— 344 Hinf | fragments
aof the wectaor

* Protein molecular weight markers

o Sigma Marker Wide Range (M.W. 6,500-200,000), S8445

Constituent proteins:

Myosin (porcine heart) 205 kDa
B-GalactosidaseH, coli) 116 kDa

Phosphorylase B (rabbit muscle) 97 kDa
Glutamic dehydrogenase (bovine liver) 55 kDa
Albumin (bovine serum) 66 kDa

Ovalbumin (chicken egg) 45 kDa
Glyceraldehyde-3-phosphate dehydrogenase (rablsitle)u36 kDa
Carbonic anhydrase (bovine erythrocytes) 29 kDa
Trypsinogen (bovine pancreas) 24 kDa

Trypsin inhibitor (soybean) 20 kDa

a-Lactalbumin (bovine milk) 14.2 kDa

Aprotinin (bovine lung) 6.5 kDa
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116,000 —
97 400 —

84,000 —
66,000 —

55,000 —
45,000 —

36,000 —
29,000 —
24,000 —
20,100 —

14,200 —
6,500 —



o0 NEB ColorPlus Prestained Protein Marker, Broad Ra7gl75 kDa),

P7709L

Constituent proteins:

MBP-B-galactosidaseH, coli) 175 kDa
MBP-truncated3-galactosidaseH; coli) 80 kDa
MBP-CBDE (E. coli) 58 kDa

CBD-Mxe Intein-2CBDE E. coli) 46 kDa
CBD-Mxe (E. coli) 30 kDa

CBD (E. coli) 23 kDa

Lysozyme (chicken egg white) 17 kDa
Aprotein (bovine lung) 7 kDa

0 Bio-Rad Precision Plus Protein All Blue Standar@1(D373):

Constituent proteins:

Myosin (rabbit muscle) 200 kDa

B -Galactosidasex coli) 116 kDa
Phosphorylase b (rabbit muscle) 97 kDa
BSA 66 kDa

Ovoalbumin (hen egg white) 45 kDa
Carbonic anhydrase (bovine) 31 kDa
Tripsin inhibitor (soyabean) 21 kDa
Lysozyme (hen egg white) 14 kDa
Aprotein (bovine pancreas) 6.5 kDa
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— 30
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2.1.3 Media, Solutions and Buffers
Tryptone and Yeast extract were from Scharlau Cae®iher chemicals were from Sigma

Chemicals Co. Ltd and BDH Chemicals Ltd. All cheatécwere Analar® grade.

e Luria Bertani (LB) Broth
Used for routine culturing d&. coli.

Tryptone 10g
Yeast Extract 59
Sodium Chloride 109

NaOH was used to adjust to pH 7.0 and the volunoeidit to 1 L with distilled water
(dH20). The solution was then sterilised by autoclavemd 21°C and 1.5 bar for 21 min.
This medium was used for culturing of bacteria.

 PBS Buffer
NacCl 849
KCI 0.2¢g
NaHPOy 1.44 ¢
KH.PO, 0.24¢g

Dissolved in 800 ml of distilled #D. Adjusted the pH to 7.4 with HCI|. Added®ito 1 I.
Sterilized by autoclaving.

* TE Buffer
Tris — HCI 10 mM
Na-EDTA 1 mM
pH 8.0

» Solutions for the 1,2,3 Plasmid Preparation Method

Solution 1:
Glucose (0.5 M) 1ml
EDTA (0.1 M) 1ml
Tris — HCI (1 M) 0.25 ml
dH,O 7.75 ml
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Solution 2:

NaOH (1 M) 2 ml

SDS (10%) 1mi

dH.O 7 ml
Solution 3:

Potassium Acetate 3M

pH 4.8

To 60 ml of 5 M potassium acetate 11.5 ml of glaa@etic acid was added and 28.5 ml of
dH,O. The resulting solution was 3 M with respect tagsium and 5 M with respect to

acetate.

» 50X Tris Acetate EDTA (TAE) Buffer

EDTA (0.5 M) 100 ml
Glacial Acetic Acid 57.1 ml
Tris — HCI 242 g
pH 8.0
dH,O toll

The solution was diluted to 1x with d& before use.

* Gel Loading Dye (6X)

Bromophenol Blue 0.25%
Xylene Cyanol 0.25%
Ficoll (Type 400) 15%

Made in dHO and stored at 4°C.
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» TFB1 Buffer for Competent Cells

RbCl 100 mM
MnCl, 50 mM
Potassium Acetate 30 mM
CaCb 10 mM
Glycerol 15% viv
pH 5.8

The pH of the solution was adjusted with HCI beftire MnC} was added. The solution

was then sterilised through a Qui sterile filter and stored af@.

» TFB2 Buffer for Competent Cells

MOPS 10 mM
RbCl 10 mM
CaCb 75 mM
Glycerol 15% viv
pH 6.8

The pH of the solution was adjusted with KOH. Tbh&gon was then sterilised through a
0.2 um sterile filter and stored af@.

» Lysis Buffer:

NaHPO, 6.99
NaCl 1754 ¢
Imidazole 0.68¢g

Adjusted to pH = 8.0 with NaOH and the volume bifoiuip 1 L with dHO. The solution
was then sterilised by autoclaving and stored amrtemperature. Before use the solution

was filtered through a 0.45 um filter.
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Running Buffer for SDS-PAGE (5x)
Trizma Base
Glycine
SDS
dH,O

The solution was stored at 4°C.

Sample Buffer for SDS-PAGE (5x)
Tris-HCI pH 6.8 [0.5 M]
Glycerol
SDS [10% wi/v]

Bromophenol blue [0.5% w/v]
Beta-Mercaptoethanol

Coomassie Blue stain for SDS-PAGE
Coomassie Blue
Methanol
dH,O
Acetic Acid

Destain Solution for SDS-PAGE
Methanol
dH,O
Acetic Acid

Stop Solution:
Trizma base
Acetic Acid
dH,O
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1.25 mi
5 mi
2ml
0.25 ml
0.5ml

lg
180 ml
180 ml

40 ml

180 ml
180 ml
40 ml
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» Transfer Buffer for Western Blots

Tris-HCI 25 mM
Glycine 192 mM
Methanol 20% (v/v)

» Tris Buffered Saline (TBS) — Tween (10x)

Tris-HCI 250 mM

NacCl 15M

KCI 30 mM

Tween-20 1%  (added from 20% (v/v) stock)
pH 8.0

» Blocking Buffer for Western Blots

Tris-HCI 25 mM
NacCl 150 mM
KCI 3mM
Tween-20 0.1% (added from 20% (v/v) stock)
Milk powder 5% (w/v)
pH 8.0

« TBST:
Tris-HCI 20 mM
NacCl 150 mM
Triton X-100 0.1% (v/v)
CaCb 1 mM
MnCl; 1 mM
MgCl, 1mM
pH=7.6

The buffer was prepared as a 5x stock (withoutomriX-100 which was added directly
before use) and kept at 4°C. The Mn@hs added after the pH was brought to 7.6 with
HCI.
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* TMB solution:
Two mg of TMB (3,3",5,5 -tetramethyl benzidine) watissolved in 20@l of DMSO and
added to 9.8 ml of 50 mM citrate buffer pH 5.5. ®Bwdution was mixed thoroughly and 3

ul of H,O, were added directly before use. The fresh solutvas prepared before each
use.

« HBS buffer:

HEPES 10 mM

EDTA 3 mM

NacCl 150 mM

Tween 20 0.005% (added from 20% (v/v) stock)
pH 7.4

Before Tween 20 addition the solution was filteti@dugh a 0.2 um filter. The fresh
solution was prepared before each use.

2.2 Methods

2.2.1 Polymerase chain reaction (PCR)
This technique was used to amplify genes in ometdne them into plasmids.

» Standard PCR Reaction Mixtures
o With Phusion DNA Polymerase (Sigma):

dNTP [10 mM] mix ul

5x Phusion Reaction Buffer containing 7.5 mM MgClI 10u
Template DNA (varying concentration) pll
Forward primer [1QuM] 1.5ul
Reverse primer [1QM] 1.5ul
Phusion DNA polymerase [2 ul] 0.3ul
Sterile dHO to 5Qu
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o With Red Taqg Polymerase (Sigma):

dNTP [10mM] mix ul
10x Red Taq PCR Buffer containing 500mM MgCl Sul
Forward primer [1QuM] 1l
Reverse primer [1QM] 1yl
Red Taqg DNA polymerase [5u] 1
Sterile dHO to 5Qu

* PCR Program Cycles
o with Phusion DNA Polymerase:

Stage 1: Step 1: 95°C for 10 sec
Stage 2: Step 1: 95°C for 10 sec
Step 2: Annealing Temperature for 15 sec
Step 3: 72°C for 0.5 minute for every Kb to be &sized

Stage 2 was usually repeated for 30 cycles

Stage 3: Step 1: 72°C for 10 minutes.
o with Red Taq DNA Polymerase:

Stage 1: Step 1: 95°C for 10 minutes

Stage 2: Step 1: 95°C for 1 minute

Step 2: Annealing Temperature for 30 sec
Step 3: 72°C for 1 minute for every Kb to be systhed.
Stage 2 was usually repeated for 30 cycles
Stage 3: Step 1: 72°C for 10 minutes.

2.2.2 Plasmid Preparation by the 1,2,3 Method
This method was used for the isolation of plasniu® were then used for analysis by

agarose gel electrophoresis and restriction arsalisir ligation the gel extraction kit (RBC
Bioscience). The principle of this method is selectalkaline denaturation of high
molecular mass chromosomal DNA while covalentlyselb circular DNA remains double-
stranded (Birnboinet al., 1979). A 1.5 ml aliquot of a bacterial cultureogn in selective

media was pelleted by centrifugation at 12,000xgaimicrofuge. The supernatant was
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removed and the pellet was resuspended inu2@® solution 1 (section 2.3) by vortexing.
Then 200ul of solution 2 was added and mixed by inversionsieveral seconds. The tube
was left at room temperature for 5 min. Then 200f solution 3 was added and the tube
was gently mixed by inversion for several secofid®e tube was then left for 10 min at
room temperature. A clot of chromosomal DNA fornzed was pelleted by centrifugation
at 12,000xg for 10 min in a microfuge. The supanttvas transferred to a fresh tube and
450l of phenol: chloroform: isoamylalcohol (25:24:1asvadded and mixed by vortexing.
After centrifugation at 12,000xg for 5 min the uppeaqueous layer was carefully
transferred to a fresh tube. An equal volume opriepanol was added. After mixing by
inversion for several seconds, the tube was ceged at 12,000xg for 30 min to pellet the
plasmid DNA. The isopropanol was removed and tHietp@ashed with 75@l1 70% (v/v)
ethanol and centrifuged at 12,000xg for 4 min. €hwanol was removed and the plasmid
DNA was dried in a vacuum dryer for 1 minute. Thasmid DNA was resuspended in 50
ul of TE buffer and stored af@.

2.2.3 Agarose Gel Electrophoresis for DNA Characterization
DNA was analysed by separation on agarose gelshioriaontal gel apparatus. Gels were

prepared by dissolving agarose in 1XTAE bufferhi tequired concentration (typically 0.7
— 1.2% [w/v]) and heating in the microwave oveniluhte agarose was fully melted. The
1XTAE buffer was also used as the running buffetrakker dye (1kb Molecular Marker
[Invitrogen]) was incorporated into DNA samplesy(2to 7 ul of the sample) to facilitate
loading. Gels were frequently run at 140 V for 2idumes. Gels were stained by immersing
in a bath with ethidium bromide for 10-20 minut&els were then visualized on a UV

transilluminator and photographed using a UV imagalyser.

2.2.4 Ethidium Bromide Stain
A 10 mg/ml stock solution in di® was stored at 4°C in the dark. For the stainihg o

agarose gels, 1Q4 of the stock solution was mixed with 1 | of @Bl The staining solution
was kept in a plastic tray and covered to protgairest light. Used ethidium bromide stain

was collected and disposed of according to manufactnstruction.
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2.2.5 Isolation of DNA from Agarose Gels
The DNA sample was separated using agarose getaghoresis on a 0.7 % agarose gel

containing SYBR Safe™ DNA gel stain (Invitrogen)iYktld Gel/PCR DNA Fragment
Extraction Kit (RBC Bioscience) was used to extrat¢vant DNA fragments from the gel

according to manufacturer’s instructions.

2.2.6 DNA Restriction
This technique was used on DNA after PCR and pl&MNA to clone the PCR product

into a plasmid or in order to degrade the temdlat after site directed mutagenesis (use
of Kpnl enzyme restricting methylated DNA). The ymes and buffers were from New

England Biolabs (NEB) and were used according toufacturer’s instruction.

2.2.7 Ligation

This technique was used to ligate DNA fragmenterallNA restriction with restriction
enzymes. The DNA ligase and buffer were from NERI amere used according to
manufacturer’s instructions. Typical ligation mix:

Fresh PCR product/ DNA restriction fragment  pl2

Vector DNA 2ul
10X Ligation Buffer lul
T4 DNA Ligase Jul
Sterile dH20 to 10l

The reaction was performed at room temperatureniglar.

2.2.8 TA Cloning of PCR Products
Polymerase chain reaction (PCR) products, afterliiogion with Red Taq polymerase

(Sigma), were cloned using the TA Cloning Kit frdnvitrogen into the pCR2.1 vector
supplied. The diagram below shows the concept betiie TA Cloning method (Figure
2.1).
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PCR
A Product

5 37

Figure 2.1.Principle of TA Cloning.

This method is based on the fact that thermostadlgmerases like Red Taq lacks-35
exonuclease activity and because of that they leZivé&-overhangs. PCR products
generated by Taq polymerases are subsequentledigeith the pCR2.1 vector which is

linearized with 3T-overhangs. The ligation mix consisted of théoiwing:

Fresh PCR product ull
pCR2.1 Vector (25 ngll) 2 ul
10x Ligation Buffer lul
Sterile d5O Sul
T4 DNA Ligase lul

The reaction was performed at room temperaturenaylerr The reaction mix was then

used to transform the competent cells.

2.2.9 Preparation of Competent Cells by RbCIl Treatment
A glycerol stock of anE. coli strain was streaked on LB agar and incubated &€ 37

overnight. A 10 ml aliquot of LB broth was inocwgdtwith a single colony from this fresh
plate and incubated at &7 overnight. One ml of the overnight culture wadeito 250 ml

of LB broth in a 500 ml flask and incubated at@Gand 220 rpm until an Qfg, of 0.5 was
reached. The flask was then placed on ice for 19 fihe culture was transferred to a
sterile, chilled 250 ml centrifuge tube and cengyéd at 3,500 rpm (Beckman TA-10-250
Rotor) at 4C for 5 min. The cell pellet was carefully resuspeth in 75 ml of ice cold
TFB1 buffer, placed on ice for 90 min and centréd@s before. The cell pellet was gently
resuspended in 10 ml of ice cold TFB2 buffer. Te# suspension was dispensed into 0.6

ml aliquots in microfuge tubes, flash frozen arated at -86C.
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2.2.10 Transformation of Competent Cells Prepared by RbCI
Treatment

A 2 ul aliquot of a ligation mixture was added to 2@0of competent cells that were
thawed on ice and mixed by gentle flicking of thed. The cells were then kept on ice for
30 min and then heat shocked af@Zor 60 s and immediately placed back on ice for 5
min. An 800yl aliquot of LB broth was added to the cells andnthincubated in a 8C
water bath for 60 min. A 200l aliquot of the resulting transformation mixtureasvthen
aseptically spread on the LB agar plates contaiamg@ppropriate antibiotic and incubated
at 37C overnight.

2.2.11 Determining cell efficiency
Competent cell efficiency is defined in terms o thumber of colony forming units (cfu)

obtained per pg of transforming plasmid DNA. A 0428/l stock of pBR322 plasmid
DNA was diluted to 250 pg/ul, 25 pg/ul and 2.5 pgfkhen 2 pl of each of the dilutions
(and a negative control — no DNA) were used todfi@mn competent cells as described
above. The cell efficiency was calculated from rtiienber of colonies obtained, taking into

account the dilution factor and the fraction oftate transferred to the spread plate.

2.2.12 Bacterial storage
Bacterial strains were stored as 40 % (v/v) glycstacks. A 750 pl aliquot of an overnight

culture (37°C in LB broth) was mixed with 750 pl sterile 80 % (v/v) glycerol in a
microfuge tube. If the bacterial strains contain@dsmids, the selective antibiotic was
included in the culture. Duplicate stocks wereeddoat -26C and -76C. Working stocks

streaked on LB agar plates, containing antibiotibgre appropriate, were stored &4

2.2.13 Antibiotic Preparation
Antibiotics used were from Sigma. Antibiotic stockere prepared to a concentration of

100 mg/ml and stored at -20°C.
* Ampicillin was prepared in did and used at a final concentration of 1@0ml in

both solid and liquid media.
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» Tetracycline was prepared in 50% (v/v) ethanol and stored endirk as it is light
sensitive. It was used at a concentration ofig/nl in both solid and liquid media.
» Kanamycin was prepared in did and used at a final concentration ofigml in

both solid and liquid media.

2.2.14 Soluble protein isolation
This technique was used for protein isolation fitwa soluble fraction dE. coli cells. A

100 ml culture okE. coli cells was centrifuged for 10 min at 6,000xg arelpbllet was
resuspended in 10 ml of Lysis Buffer. The cellsevaisrupted on ice with a 3 mm micro-
tip sonicator (Sonics & Materials Inc) using 2.5,540 kHz pulses for 30 sec. The cell
debris was removed by centrifugation at 13 000x@fmin at 4°C. The cell lysate was

subsequently filtered through a 0.45 pm filter.

2.2.15 Inclusion bodies isolation and preparation

This technique was used for the isolation of inidndodies isolation from E. coli in order

to analyse or solubilise HA1 protein. A 100 ml cuét of E. coli cells was centrifuged for
10 minutes at 6,000xg and the pellet was resuspleimd@0 ml of Lysis Buffer (section

2.1.3). The cells were disrupted on ice with a 3 mitro-tip sonicator (Sonics & Materials

Inc) using 2.5 sec, 40 kHz pulses for 30 sec. Hmepde was centrifuged at 13,000xg for 20
minutes at 4°C. The supernatant was removed angelhet was resuspended in 5 ml of
Lysis Buffer (section 2.1.3) containing 1 % (v/wjtdn X-100. The sample was mixed for
5 min at room temperature and centrifuged as puslyo The washing step with 1 % (v/v)
Triton X-100 was repeated once more and subsequirglinclusion bodies were washed
with Lysis Buffer (section 2.1.3) but without Tnito The inclusion bodies were either

solubilised straight after isolation or kept at*20

2.2.16 Sodium Dodecyl Sulfate Polyacrylamide Gel
Electrophoresis (SDS-PAGE)

SDS-PAGE was carried out as described by Laemr@li@)L Briefly, glass plates used for
gel preparation were washed with detergent, ringgd water and wiped with a tissue
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soaked in 70% (v/v) ethanol. Two glass plates vpertetogether, sealed with a gasket and
kept together by two clamps. The matrix was prepasefollows:

12% Resolving gel: 5% Stacking gel:

Acrylamide/bis-acrylamide (30/0.8%) 3.96 ml 0.48b
1 M Tris-HCI pH 8.8 1.945 ml -

1 M Tris-HCI pH 6.8 - 0.312 ml
dH,O 3.83ml 1.71 ml
SDS oQul 25l

APS  (10% [wiv]) 49l 20l
TEMED 20ul 10l

TEMED and freshly prepared APS were added straigiiore pouring the gels. The
resolving gel was poured first up to 2 cm below lthet of the plates. It was layered with
200 pl of isopropanol and left for 10 minutes to polymer After polymerization an
isopropanol layer was removed and the stackingvgslpoured to the top of the cassette. A
comb was inserted and the gel was left for 15 neimtid polymerize. The gels were fitted
into the gel box at an angle so as to minimizectieation of air bubbles between the buffer
and the bottom of the gel. The gel box was fillathvtx Running Buffer (section 2.1.3) for
SDS-PAGE. Prepared samples were loaded into théygeeposition into the gel wells.
Typically the gels were run at 60 mA per two geis 30 min or until the dyefront reached
the end of the gel. Then the gels were immers&tbimmassie Blue stain (section 2.1.3) for
SDS-PAGE and stained for 30 minutes with constagitagon at room temperature.
Subsequently the gels were washed with@ldnd immersed in Destain Solution for SDS-
PAGE (section 2.1.3) for 1 h. The last step wa®sa&d twice and the gels were placed

between two sheets of acetate, scanned and saaesliitable electronic format.

» Sample preparation for SDS-PAGE
Soluble proteins or soluble cellular extracts werepared by mixing 2@l of the sample
with 5 ul of 5x Sample Buffer for SDS-PAGE. Then the saraplere boiled for 5 minutes
in a water bath, chilled at room temperature argdieg on the gel.
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Insoluble cell debris from 1ml of liquid culturetef sonication and centrifugation were
mixed with 60ul of Sample Buffer and boiled for 10 minutes in ater bath. Typically a 5
ul aliquot of the boiled mixture was applied on tbel after cooling down at room

temperature.

» Silver Staining of SDS-PAGE Gels (Merrilet al., 1981)
Silver staining methods are significantly more #éres than various Coomassie Blue
staining techniques (Rabilloud al., 1994). Consequently, they are the method of ehoic
when very low amounts of protein have to be detkote electrophoresis gels. After SDS-
PAGE the gel was stained and destained using CsienB&ue stain in order to maximise
sensitivity. The gel was then subjected to thetidraprocess — 1 h in 100 ml of 30% (v/v)
ethanol and 10% (v/v) acetic acid. Then the gel washed for 15 min in 100 ml of 20%
(v/v) ethanol followed by 15 min wash in water. hrsensitization took place that involved
1 min wash in 100 ml of 0.1% sodium thiosulphat22(gl of 4.5% (w/v) stock). The gel
was then rinsed two times with water for 15 s aunbjexted to silver staining — 30 min
incubation in 100 ml of 0.1% silver nitrate (1 nfl 0% (w/v) stock) and 7@l of 37%
(v/v) formaldehyde. The gel was then rinsed withtevatwice for 20 s. Then the
development process took place — incubation in 1@¥r8% (w/v) Sodium Carbonate, 50
ul of 37% (v/v) formaldehyde and gl of sodium thiosulphate 4.5% (w/v) stock. The
reaction was stopped when the protein bands wdyestained in dark brown colour using
100 ml Stop Solution (section 2.1.3).

2.2.17 Western Blotting
An SDS-PAGE gel was run as described above. Pretinples were loaded along with

prestain molecular weight marker. Four pieces ledrfipaper (Whatman) and one piece of
nitrocellulose membrane were cut to the size ofgitle The pieces of paper and membrane
were soaked in Transfer Buffer (section 2.1.3)%0rmin. The gel was rinsed with water.
Two pieces of filter paper followed by the membratiee gel and another two pieces of
filter paper were placed on the cathode of theZiomtial semi-dry electro-blotter, avoiding
air bubbles. The stack was covered with anode l@dransfer was carried out for 30 min

at 10 V. As optional verification of successfulrtséer, the membrane was incubated for 1
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minute in 0.1% Ponceau S (Sigma), 5% acetic aaidisg solution with gentle agitation in
order to visualize transferred proteins. The membravas subsequently destained by
several washes in dB. The membrane was then blocked using 50 ml ofihg Buffer
(section 2.1.3) for 60 min (or overnight at 4°Cdancubated with 15 ml anti-His HRP-
labeled antibodies [Sigma; 1:5000 in Blocking Buffsection 2.1.3)] for 60 min. The
membrane was then washed several times with TBSiwsection 2.1.3) and developed
using 3, 3-diaminobenzidine tetrahydrochloride (DA#oduct no. d5637, Sigma) tablets.
The DAB tablets were applied as a chromogen subdioa horse radish peroxidase and in
that way they enabled the staining procedure. DA@&lpces a brown colour during the
enzymatic reaction catalysed by horse radish pdase. The tablet container was removed
from the refrigerator and allowed to stand at raemperature for about 15 min. Tablets
were dissolved in 15 ml of di. The solution was then poured on the top of teenbrane
and left to react for 5 min. The membrane was sylsatly washed with water and

photographed. It could also be dried and saved.

DABH, DABH* DABH, DABH*
General process: HRP + H,0,— Compound | — Compound!l —> HRP +2 H,0

DABH* + DABH*—» (DAB),H,) |

((DAB),H,) ,= coloured product of oxidation

2.2.18 Solubilisation of inclusion bodies
e Urea solubilisation:

The inclusion bodies from a 100 ml overnight cudtaf E. coli cells were isolated. The
inclusion bodies were mixed with 10 ml of 8 M Uieé&b0 mM TRIS buffer pH 8.0, shaken
vigorously for 5 min and split into 3 samples. Eaample was incubated for 1 h under
mild agitation at different temperatures. The terapees were respectively 4°C, 22°C and
37°C. Then, to verify the effectiveness of the bdisation, the samples were split in two
and one half was centrifuged for 10 min at 13,00@gth the supernatant as a soluble
fraction, and the uncentrifuged sample as a comtr@rotein presence, were subjected to
SDS-PAGE analysis and Western blotting.
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* Guanidine Hydrochloride GnHCI solubilisation:
The inclusion bodies from a 100 ml overnight cudtaf E. coli cells were isolated. The
inclusion bodies were mixed with 10 ml of 6 M GnH@I50 mM TRIS buffer pH 8.0,
shaken vigorously for 5 min and split into 3 samspléach sample was incubated for 1 h
under mild agitation at different temperatures. Tamperatures were respectively 4°C,
22°C and 37°C. Then, to verify the effectivenesthefsolublisation, the samples were split
in two and one half was centrifuged for 10 min 80D0xg. Both the supernatant as a
soluble fraction and the uncentrifuged sample asomtrol of protein presence were
subjected to SDS-PAGE analysis and Western blotting

2.2.19 Protein purification
Affinity Chromatography was used to purify recondn proteins containing 6xHis tag

or/and Strep2 tag.

» Standard Immobilised Metal Affinity Chromatography (IMAC) procedure

One ml of nickel-nitrilotriacetic acid agarose regNi-NTA, Qiagen) was poured into a
column (*5" Polypropylene chromatography columntiwia medium [45-90 um] filter
[Evergreen Scientific]). Once the resin settledidis washed with 5 ml of distilled water to
wash off the ethanol and then pre-equilibrated \&itml of Lysis Buffer (section 2.1.3).
Then 10 ml of the protein isolate was applied aandsin and washed with 5 ml of Lysis
Buffer (section 2.1.3). The resin was subsequewdghed with 5 ml of Lysis Buffer
(section 2.1.3) with 20 mM — 120 mM imidazole (centration needs to be optimized
previously for a given protein) and eluted with 288 imidazole in Lysis Buffer (section
2.1.3). Fractions containing purified protein wegyeoled together and desalted using
Amicon columns with 10,000 Da cut off point. Thduwuan after use was washed with 10
column volumes of water followed by 10 column voksrof 20% (v/v) ethanol and stored
filled with 20% (v/v) ethanol at 4°C.
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* IMAC purification under denaturing conditions

Proteins solubilised in either urea or guanidinedrbghloride were applied on pre-
equilibrated columns as described above. Puriboativas performed similarly to the
standard IMAC purification but denaturant (ureagaanidine hydrochloride) was present

in the buffers.

* IMAC purification using FPLC

The purification was performed using HisTrap FF Toolum prepacked with precharged
NiSepharose™ 6 Fast Flow (GE Healthcare). The fleas 0.5 — 1 ml/minute and the
maximum bar pressure was 0.5 bar. After column chftent according to the

manufacturer’s instructions it was washed with 5ahiwater to remove the 20% (v/v)
ethanol used for storage and then washed with 1@fnhlysis Buffer (section 2.1.3) to

equilibrate the resin. Then 50 ml of protein iselatere applied from the injection loop.
The column was washed using buffers A and B (varieolumes — in order to achieve
various concentrations of imidazole) containingisyBuffer (section 2.1.3) and 250 mM
imidazole in Lysis Buffer (section 2.1.3) respeetiv The buffers were mixed

automatically by the pumping and mixing machine®AKTAxpress) in order to achieve

desired imidazole concentration. The step gradofénimidazole was applied to remove
unspecifically bound contaminants from the colunmad subsequently to elute the His-
tagged protein of interest. Protein elutions wemnitored at 280 nm and the resulting
fractions were analyzed by SDS-PAGE. Fractionsaiomtg purified protein were pooled
together and desalted using Amicon columns witlha®@ Da cut off point. After the run the
column was washed with 10 ml of water followed Wyl of 20% ethanol and stored at

room temperature, filled with 20% (v/v) ethanol.

» Affinity chromatography using StrepTrap column and Strep2 tag

StrepTrap HP 1 ml columns (GE Healthcare) contgirstrepTactin Sepharose™ were
used for Strep2-tagged protein purification. Theiffpation was done according to the

manufacturer’s instructions. Briefly, the cell eadt of E. coli after protein isolation in a
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binding buffer was applied on the pre-equilibragepTrap HP 1 ml column and washed
with binding buffer to remove contaminants. Theef#-tagged protein of interest was
eluted using desthiobiotin. The protein was thershed with water using ultrafiltration

columns (Amicon) with a 10,000 Da cut off point.

2.2.20 Enzyme Linked Lectin Assay (ELLA)
The assay was performed on NUNC MaxiSorp 96 weltgsl. Fiftypul of 1-10 pg/ml

glycoprotein was applied in PBS buffer on the platel incubated overnight at 4°C to
immobilise it. Then an excess of the glycoproteeswemoved and 15 of 2.5% (w/v)
BSA in TBST (section 2.1.3) was applied on theelatblock it. After one hour incubation
at 4°C 2.5% (w/v) BSA in TBST was removed and tledl wf the plate was rinsed three
times with 300ul of TBST (section 2.1.3). Then 50 of 1-10 ug/ml lectin was applied in
2.5% BSA-TBST and incubated for 1 hour at room terafure. Next the lectin was
removed and the well of the plate was rinsed thirees with 300ul of TBST (section
2.1.3). A 50ul aliquot of 1:10 000 diluted anti-lectin, HRP-liedk antibodies in 2.5% BSA-
TBST were applied to react for 1 hour. Then thebacly was removed and the well of the
plate was rinsed three times with 3d0f TBST (section 2.1.3). A 10@ aliquot of TMB
solution (section 2.1.3) was applied and left fombutes at room temperature and the
reaction was stopped by addition of pl0of 10% (v/v)HCI. The absorbance was read at

450 nm. Each sample was tested in triplicate.

2.2.21 Mass Spectrometry (MS)
Protein solutions were desalted (Amicon Ultra-15t@#ugal Filter, 10,000 Da cut-off),

reconstituted into MS grade water and diluted vtithmM ammonium formate (pH 4) to
obtain appropriate concentrations (5-20 pmol/{Buffered solutions were directly infused
into the quadrupole time-of-fligf®TOF mass spectrometer (Waters QToF Ultima Global)
using a standard electrospray interface (ESI). ddision gas was Argon. Spectra were
manually deconvoluted to obtain the molecular ntdske analytes. The software used for
data analysis and processing was MassLynx versibnThe following parameters were

used and were found to be critical for the analymiselerating voltage 3.25 kV, extraction
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cone voltage (Vc) 40V declustering potential (DB)\3 collision energy (CE) 10 V, Pi 5.2
mbar, ST 65°C, and desolvation temperature (DTL65°

2.2.22 Surface plasmon resonance using a Biacore biosensor
Binding analysis of the SiaP protein with Sia wadgertaken by surface plasmon resonance

using a biosensor (Biacore 3000; Biacore). Covdiekage of the protein of interest to the
dextran matrix was achieved by amine coupling (Aer@oupling kit, Biacore). Activation
of the carboxyl groups on the matrix was perforrbgdnjection of 70 pl of the 1:1 mixture
of N-hydroxysuccinimide (NHS, 11.5 mg/ml in deionizedater) and ethyl-N-(3-
diethylaminopropyl) carbodiimide (EDC, 75 mg/ml deionized water) at 10 pl/min to
form active esters that react spontaneously witmamroups on the protein. The protein of
interest (usually at concentration of 100 pg/miswamobilised onto a CM5 sensor chip in
10 mM acetic acid. The pH was previously optimizkding pre-concentration studies
where 5 pul of the protein of interest was injectada range of pH (3.6 - 5.0). All
subsequent binding experiments were performed i1$ BBffer (section 2.1.3). Samples
were applied to the sensor chip at a flow rate @fuImin. The remaining active esters
were subsequently deactivated by injection ofuB@f ethanolamine-HCI (1 M, pH 8.5).
Unspecifically bound material was removed by regaten with 10 mM NaOH (three 5 pl

flushes). All monosaccharides tested were injertddBS buffer (section 2.1.3).

2.2.23 In silico analysis of DNA and protein sequences
In silico analysis of DNA and protein was performed usimggpammes listed in Table 2.4.

Table 2.4. Programs used for DNA and protein analysis.

Name Features Application Source
Basic Local Finds regions of local (Altschul et al., 1990);
Alignment T 9 Used to compare DNA available at
similarity between sequences . . .
Search Tool deposited in GenBank sequences. http://blast.ncbi.nim.nih.goy
(BLAST) P ' /Blast.cgi
. Used to create and (Thompsoret al., 1994);
General purpose multiple : ; .
. manipulate multiple available at
ClustalWw | sequence alignment program . i )
for DNA or proteins sequence ahgnm_ents of http.//www.e@.ac.uk/TooIs
' DNA and proteins. clustalw2/index.html
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Name

Features

Application

Source

GeneDoc

Full Featured Multiple
Sequence Alignment Editor,
Analyser and Shading Utility|

Used to edit multiple
sequence alignments of
DNA and proteins.

Karl Nicholas; available at
http://www.nrbsc.org/gfx/ge
nedoc

Webcutter
2.0

Restriction analysis

Used to perfornin silico
restriction analysis of
DNA sequences.

Max Heiman; available at
http://rna.lundberg.gu.se/cy
ter2/

Oligo Calc

Oligonucleotide Properties
Calculator

Used during primer
design.

(Kibbe, 2007); available at
http://www.basic.northwest
rn.edu/biotools/oligocalc.ht

ml

—

1%}

Protein
Workshop

3D protein structure viewer

Used to create 3D protein

images.

(Morelandet al., 2005);
available at www.rscb.org

MassLynx
version 4.1

MS data processing and
analysis.

The software was used fq
data analysis and

r
www.waters.com

processing.
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Chapter 3
Results



3 Results

3.1 Overview

The application of Sia-binding proteins in vari@rglytical platforms for Sia detection
Is inevitably dependent on production of such pnstéy methods that are reproducible
with respect to the protein properties, as welb@isg cost efficient. The utilization of a
prokaryotic system for protein expression is gehereonsidered to be the most
effective in terms of both cost and time. Furthemmdhe well defined genetics and
physiology ofEscherichia coli makes it the host of choice for protein productaom
also enables relatively easy and fast modificatiohshe expressed protein to be
undertaken by application of different vectorsaists and conditions. Additionally, the
production of functional, non-glycosylated mammaligrotein inE. coli would be
advantageous, resulting in homogenous productpmirast to protein product obtained
from mammalian systems (Castilho, 2008). Thus attterity of the product would not
be subjected to variations in the glycan comporménhe glycoprotein, which often
happens with such proteins like mammalian enzymis. avoid drawbacks of
glycosylation and to achieve the benefit of cost ame effectiveness, thie coli based
system of expression was applied for production pobteins in this project.
Subsequently, several analytical platforms werdizati for characterization of the
produced protein and ultimately the applicabilifyppoduced Sia-binding protein was
tested for Sia detection and quantification.
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3.2 Production of haemagglutinin protein (HA) from Influenza A
virus

The goal of this part of the project was to prodtlee globular domain (HA1) of the
haemagglutinin protein (HA) from Influenza A virusE. coli cells and to characterize
it.

3.2.1 Initial cloning of the hal gene
The Influenza A virus (A/Sichuan/2/87(H3N2)) gernw thaemagglutinin (HA) was

obtained on a plasmid from Dr. Patricia JohnsonDeland). On the basis of tiha
gene sequence (PubMed accession nuibBéd 73 Neromeet al., 1995) primers were

designed in order to amplify &al sequence for the globular domain of the

CAAAAACT TCCCGGAAAT GACAACAGCACAGCAACGCT GT GCCTGGGACAT CATGCAGT GCCAAACG
GAACGCTAGT GAAAACAAT CACGAATGATCAGATTGAAGT GACTAATGCTACTGAGCTGGTTCAGAG
TTCCTCAACAGGTAGAATAT GCGACAGT CCTCACCGAAT CCTTGATGGAAAAAACTGCACACTGATA
GATGCTCTATTGCGGAGACCCTCATTGTGATGGECT TCCAAAAT GAGAAATGGCGACCTTTTTGITGAAC
GCAGCAAAGCTTACAGCAACTGI TACCCTTATGATGT GCCGGATTATGCCTCCCTTAGGT CACTAGT
TGCCTCATCAGGCACCCTGGAGT TTATCAATGAAGACT TCAATTGGATTGGAGT CACTCAGAGT GGG
GGAAGCT GT GCTTGCAAAAGGGGATCTGT TAACAGT TTCTTCAGTAGATTGAATTGGT TGCACAAAT
CAGAATACAAATATCCAGCCCTGAACGT GACTATGCCAAACAATGCCAAATTTGACAAATTGTACAT
TTGEEEEGET TCACCACCCGAGCACGGACAGAGAACAAACCAACCTATATGT TCGAGCAT CAGGGAGA
GTI CACAGT CTCTACCAAGAGAAGCCGECAAACT GTAATCCCGAATATCGGGT CTAGACCCT GGGTAA
GGCGTCTGTCCAGTAGAATAAGCAT CTATTGGACAATAGT AAAACCGGGAGACATACTGI TGATTAA
TAGCACCGGGAACCTAATTGCTCCTCGEGGT TACT TCAAAATACGCCACT GGGAAAACGCTCAATAATG
AGGTCAGATGCACCTATTGGCACCTGCATTTCT GAATGCAT CACTCCAAATGGAAGCATTCCCAATG
ACAAACCCTTTCAAAATGT AAACAAGAT CACATAT GCGGCATGCCCCAGGTATGTTAAGCAAAACAC
TCTGAAATTGGCAACAGCGAT GCGGAAT GTACCAGAGAAACAAACT AGAGGCATATTCGGCGCAATA
GCAGGT TTCATAGAAAAT GGT TCGGAGGGAATGGT AGACGGT TGGTACGGT TTCAGGCATCAAAATT
CTGAGGGCACAGGACAAGCAGCAGATCTTAAAAGCACT CAAGCAGCAAT CGACCAAATCAACGGGAA
ACTGAATAGGT TAATCGAGAAAACGAACGAGAAATTCCATCAAATCGAAAAGGAATTCTCAGAAGT A
GAAGGGAGAATTCAGGACCT CGAGAAATAT GT TGAAGACACTAAAATAGATCTCTGGTCTTACAACG
CGGAGCTTCTTGT CGCCCTGGAGAACCAACATACAATTGAT CTGACT GACT CAGAAATGAACAAACT
GITTGAAAAAACAAGGAAGCAACT GAGGGAAAAT CCT GAGGACAT GCGCAATGGT TGCTTCAAGATA
TACCACAAAT GT GACAAT GCCTGCATAGGGT CACTCAGAAATGGAACT TATGACCATGATGTATACA
GAGACGAAGCATTAAACAACCGGT TCCAGATCAAAGGT GTTGAGCT GAAGT CAGGATACAAAGACT G
GATACTGTGGATTTCCATTGCCATATCATCCTTTTTGCTTTGTGTTGTTTTGCTGGGEGT TCATCATG
TGGGECCTGCCAAAAAGGCAACATTAGGT GCAACATTTGCATTA

Figure 3.1. A sequence of thba gene. The globular domain is underlined and prénfi@rhal

amplification marked in red.

The primer’s sequences (Table 3.1) contained arl Nstriction site (forward primer)
and a Bglll restriction site (reverse primer) table further cloning of the gene into an
expression vector. THel gene was initially cloned into the pPCR2.1 vettoavail of
the TA cloning and enable the amplified sequencehef gene to be verified. PCR

reactions were carried out using RedTaq DNA Polgserwith both HA1F1 and
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HA1R1 primers. The optimised annealing temperaivae 54°C, annealing time 1 min

and extension time 2 min.

Table 3.1. PCR primers used in the amplification of tiel gene of the Influenza A virus
(A/Sichuan/2/87(H3N2)). Restrictions sites are hgjited and described

Ncol
HA1F1: 5 CC ATG GCAATG CAAAAA CTT CCC GGA AAT GAC AAC AGC3
Ala
Balll
HA1R1: 5 AGATCTAGTTTG TTT CTC TGG TAC ATT CCG C’'3

Products of the PCR reaction were verified by agmrgel electrophoresis. DNA
fragments of ~ 1kb in size, which correspond to & gene (990 bp), were gel
extracted and used for a ligation reaction witlnadrized PCR2.1 vector from the TA
cloning kit (Invitrogen). The ligation mixture wased to transforrik. coli XL10-Gold
competent cells by heat shock. The resulting pldswas named pPCRHA1 (Figure
3.2). As the MCS of the PCR2.1 vector is situateside the lacd gene the initial
screening of the transformants was done on thes lmddacZo-complementation test.
The insert is flanked on both sides by EcoRI sitethe PCR2.1 vector and there is no
EcoRl site in théhal gene (Neromet al., 1995). The successful cloning of the gene
was further confirmed by restriction analysis wi#boR1 enzyme. A 1 kb fragment was
generated which corresponds to the size oh#fiegene (Figure 3.2). Subsequently the
hal gene was sequenced (MWG-Biotech Ltd). The reswkse aligned with the

expected sequence of the gene (Figure 3.3).

Thb DRlA, EcoR1
Ladder — treated

Figure 3.2. An EcoRI restrictiol
analysis of the pPCRHA1l plasr
after an agarose gel electrophoresis.
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F|gure3;3 Sequence allgnment h&llgene (PubMed accession number D21173 = “expected”
thehal gene in pPCRHAL plasmid = “sequenced”.

The sequencing confirmed the sequence oh#iegene in the TA clone; however few
mismatches were found. The changes in the geneseguorrespond to changes in the
amino acid sequence of the HA1 protein. Six altenatwere found in the amino acid
sequence of the TA clone (Figure 3.4). In ordeatoid the immune response of the
host the surface of influenza virus changes rapidiich involve random mutations in
both haemagglutinin and neuraminidase proteinsri§Pei al., 2007). The difference
between the expected and the obtained amino agicesee of the HAL protein may be
attributed to such spontaneous changes. As thengefithme as well as amino acids
involved in ligand binding were unchanged furtheorkvwas undertaken using the
pPCRHAL plasmid.
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Figure 34 Amino acid sequence alignment of HAL1 protein (PudMecession number D21173
“expected”) and HAL protein encoded in pPCRHA1 piaks= “sequenced”. The amino acids/olvec
in ligand binding are marked with red rectangles.

In order to facilitate efficient expression of thal gene IinE. coli the gene was
subcloned into the pLecB3 (Figure 3.5) expressiectar (pKK233 derived), replacing
thelecB gene. To facilitate further purification of the HAprotein the gene was cloned
in frame with a vector borne 6x histidine tag. Angacillin resistance gene encoded on
the plasmid enabled plasmid selection. The expessi thehal gene was facilitated
by the vector borne Ptac promoter and replicatiprihe ColE1 origin of replication.
Thehal gene in the pPCRHAL plasmid is flanked by Ncol Bgtll sites introduced in
the primer sequences during PCR (Table 3.1). Silyithe lecB gene in the pLecB3
plasmid is flanked by Ncol and Bglll sites. ThisGiRHAL and pLecB3 plasnsdvere
restricted with Ncol and Bglll enzymes. DNA fragnemwere separated by agarose gel
electrophoresis. A 1 kb DNA fragment, correspondimghehal gene, was extracted
from the gel where the pPCRHA1L plasmid restrictoix was separated and a 4.6 kb
DNA fragment corresponding to an empty pLecB3 vewatas gel extracted from the gel
where the pLecB3 plasmid restriction mix was sejgaraSubsequently, thel gene
and the vector were ligated resulting in formatajrthe pJS102 plasmid (Figure 3.6).
pJS102 has a relatively small size (5.6 kb) whigmmtes successful transformation of
competent cells (Hanahan, 1983). The sequence efptasmid was verified by

restriction analysis and subsequent sequencing (MB\&ech Ltd) (not shown).
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ptac, ) O LecE
His-tag
pBR3Z2 oni
Figure 3.5. A map of the pLecB3 plasmid
Armigicillin [Creavinet al (in prep)].
His-tag
pBR3Z2 oni

Figure 3.6. A map of the pJS102 plasmid.

Armipicillin
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3.2.2 Initial expression of the haemagglutinin globular subunit

Expression in BL 21 and Rosetta strains of E. coli

The heterogenic proteins expresseckEircoli cells are often subjected to proteolytic
degradation by the host proteases, especiallgiptbtein comes from an evolutionarily
distinct organism. Taking into consideration thet fdnat the HAL protein is native for
mammalian expression systems the initial expresgias performed using protease
deficient strains oE. coli to prevent the possible protein degradation. Th BE. coli
strain and its derivatives harbour mutations of fnetease genes that make them
protease deficient. It is also widely known thapmssion of a mammalian protein in a
prokaryotic system may result in lower yield or evack of expression caused by
different codon distribution in bacterial and mantiaragenes (Bonekamgi al., 1988).
The bioinformatics analysis of tH&l gene sequence revealed 15 rare Arg codons, 5
rare Leu codons, 7 rare lle codons and 5 rare ¢ttores (Figure 3.7). These rare codons

in hal gene might interfere with expressionancoli.

atg gca atg caa aaa ctt gga aat gac aac agc aca gca acg ctg tgc ctg gga cat cat
gca gtg cca aac gga acg CTA gtg aaa aca atc acg aat gat cag att gaa gtg act aat gct
act gag ctg gtt cag agt tcc tca aca ggt AGA ATA tgc gac agt cct cac CGA atc ctt gat
gga aaa aac tgc aca ctg ATA gat gct CTA ttg gga gac cct cat tgt gat ggc ttc caa aat
gag aaa tgg gac ctt ttt gtt gaa cgc agc aaa gct tac agc aac tgt tac cct tat gat gtg
ccg gat tat gcc tcc ctt AGG tca CTA gtt gcc tca tca ggc acc ctg gag ttt atc aat gaa
gac ttc aat tgg att gga gtc act cag agt ggg gga agc tgt gct tgc aaa AGG gga tct gtt
aac agt ttc ttc agt AGA ttg aat tgg ttg cac aaa tca gaa tac aaa tat cca gcg ctg aac
gtg act atg cca aac aat ggc aaa ttt gac aaa ttg tac att tgg ggg gtt cac cac ccg agc
acg gac AGA gaa caa acc aac CTA tat gtt CGA gca tca ggg AGA gtc aca gtc tct acc aag

AGA agc cgg caa act gta atc ccg aat atc ggg tct AGA tgg gta AGG ggt ctg tcc agt

AGA ATA agc atc tat tgg aca ATA gta aaa ccg gga gac ATA ctg ttg att aat agc acc ggg

aac CTA att gct cct cgg ggt tac ttc aaa ATA cgc act ggg aaa agc tca ATA atg AGG tca
gat gca cct att ggc acc tgc att tct gaa tgc atc act cca aat gga agc att aat gac
aaa ttt caa aat gta aac aag atc aca tat ggg gca tgc AGG tat gtt aag caa aac
act ctg aaa ttg gca aca ggg atg cgg aat gta cca gag aaa caa act AGA tct cat cac cat

cac cat cac taa
Figure 3.7: Bioinformatic analysis of rare codon distributimrhal gene by Rare Codon Calculator —

RaCC. Red = rare Arg codons AGG, AGA, CGA, Greeaare Leu codon CTA, Blue =rare lle
codon ATA, Orange = rare Pro codon CCC.
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The Rosetta strain dE. coli was utilized to express the HAL protein, as thigis
contains a pRARE plasmid harbouring tRNAs for maremacodons that rarely occur
in E. coli (Novagen). The HA1 protein was successfully exméss both BL21 and
Rosetta strains d. coli (Figure 3.8). However the HA1 protein was fountesoin an
insoluble form (Figure 3.8 lanes 3 and 4). Thisaates that the expression of HA1L is

successful in this system, hovewer it is not optima

1 2 3 4 L 1. 2 3 4 L
B — clLDs —— 75kDa
50 —50
| i | sy & L — 37
R

o, — 25
— 20

— 20

Figure 3.8: SDS-PAGE (left) analysis and the correspondingstéf@a blot (right)analysis of the prote
isolates from BL 21 and Rossetta straing&ofoli used to overexpress the Haéggged HA1 protein. Lan
were loaded as follows: (1) - soluble fraction, BL22) - soluble fraction, Rosetta; (3) - insolubiaction,
BL21; (4) - insoluble fraction, Rosetta, (L) - BiRad prestained protein ladder. Red arrows indickde
tagged HAL protein detected by Western BlottingngsantiHis antibodies. The calculated molec
weight of the HAL protein is 38918.89 Da.ngades were collected after overnight culturing @@ in
100ml LB amp broth.

Overexpression of the proteins often leads to dapnsf extensively produced protein
in the form of inclusion bodies (Vallejet al., 2004). One of the possible ways to
prevent aggregation of the product is to lower #éxpression rate of the protein.
Reduced rate of expression promotes correct foldfrthe protein and thus promotes its
solubility (Dysonet al., 2004). A widely applied method to slow down thx@ression is
to lower the concentration of inducing agent (Wirsmh et al., 1993).
As the initial expression of the HA1 protein wasfpemed in BL21 and Rossetta,
which offer no induction regulation, other stragf€. coli were used.

Expression in XL 10 Gold strain of E. coli
In order to obtain control over protein expressilba XL10-Gold strain oE. coli was

used. The lalmutation is responsible for overproduction of the repressor protein
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(Lacl) in this strain which facilitates efficienbitrol over the expression of the genes
that are undetac (or lac derived) promoter in the absence of the IPTG. HAd
protein was successfully expressed in XL10-Gold #mel expression was tightly
regulated as there was no expression of the HAteipran uninduced cultures (Figure
3.9).

31 —37

2

Figure 3.9. SDS-PAGE (left) analysis and the correspondingt@asblot (right)analysis of th
protein isolates from XL 10 Gold strain Bf coli used to overexpress the Hagged HAlproteil
Lanes were loaded as follows: (1) soluble fractianjnduced culture, §2soluble fractior
induced culture, (3) insoluble fraction, uninduerdture, (4) insoluble fraction, induced cultt
(L) Bio-Rad prestained protein ladder. Cultures everduced with 5uM IPTG at OD=0.€
Samples were collected after overnight culturin@?tC in 100ml LB amp brothilhe Wester
Blot was probed with anti-His antibodies

Expression conditions optimization

Utilization of the XL 10 Gold strain enabled corled expression of the HA1 protein;
however, the HA1 protein was exclusively expregedtie inclusion bodies. In order to
down-regulate the expression of HA1 protein, anastpromote its solubility, lower

concentrations of IPTG were used for induction.ifestigate the influence of IPTG
level on the expression of a soluble HA1 proteim ¥L.10-Gold pJS102 cultures were
induced with different concentrations of IPTG. TIREG concentrations applied were
as follows: 0.5uM, 1 uM, 5 puM, 50 uM, 100pM, 250 M, 500uM and 100QuM. SDS-

PAGE and Western blotting were used to analysadihgples. The HAL protein was not
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detected in the soluble fraction of the cells whictiicates that the application of the

lower concentrations of IPTG was not a successkthod for soluble HA1 expression

(Figure 3.10). The expression of an insoluble fofflAl protein (Figure 3.11 A lane 5

and Figure 3.11 B lanes 1-5) indicates correctucumg conditions and successful
induction with IPTG. The minimum level of IPTG rerpd to induce the HAL protein

expression was 50M (lane 5 Figure 3.11 A).

75 kDa
50 kDa
37 kDa

25 kD4

—20kDa

1 2 3 4 5 1LC
. 75kDa

——50kDa
——37kDa

—25kDa
—20kDa

— 75 kDa
— 50 kD4

e — 37 kD4
—25kDa

~20kDa

C 1+ 2 3 4 5 L

— 75 kDa

— 50 kDa
—37kDa

— 25 kD4

Figure 3.10. Expression of soluble HA1 protein using varionaaentrations of IPTG. SDS-PAGE analysis
(bottom part of the images) and the correspondirgté/n blot analysis (top part of the images) ef th
soluble protein isolates. Cultures were inducedhvdifferent concentration of IPTG at OD=0.6. The
Western Blot was probed with anti-His antibodi€se concentration of IPTG used for induction was as

follows:

A:

1-0

2-0.5uM

3- 1uM

4- 5uM

5- 50uM

L - Bio-Rad prestained protein ladder.

C — positive control (insoluble fraction with HA1

protein)

B:

C — positive control (insoluble fraction with HA1
protein)

1-50uM

2 - 100uM

3 - 250uM

4 - 500uM

5 - 1000uM

L - Bio-Rad prestained protein ladder
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A
1 2 3 45 L 12345 L
L 75 kD3 —T75 kDa
—&0 kDa —50 kDa
- | o/kba —37 kDa
1 2 34 5 1L 1 2 34 5L
— a0 kDa
-50 kDa
—2327 kDa
=27 kDa
—25 kDa

Figure 3.11. Expression of insoluble HA1 protein using varioumeentrations of IPTG.. SDBAGE
analysis (bottom part of the images) and the cpmeding Western blot analysis (top part of the iesg)gf
the insoluble protein isolates. Cultures were irdlwith different concentrations of IPTG at OD=0l&¢
Western Blot was probed with anti-His dttdies. The concentrations of IPTG used for indurctvere a

follows:

A: B:

1-0 1-5@M
2-0.5uM 2 -100uM
3-1uM 3- 25uM
4- 5uM 4 - 500uM
5- 50uM 5- 100QuM

L - Bio-Rad prestained protein ladder.

L - Bio-Rad prestained protein ladder.

As the optimisation of IPTG concentration aimedskiwing down expression and
promote soluble HA1 production failed, another roetlof expression down regulation
was applied. Aggregation of heterologous protemsa@combinant systems is often
minimized through the reduction of the growth tenapére (Sgrenseet al., 2005) . In

order to investigate the impact of lowered tempgeabn soluble HA1 expression the
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cells were grown up to the density of OD = 0.6 &tQ Then, after 15 min adaptation
period at 30°C, the expression was induced withg0IPTG. The expression of HAL

protein at 30°C was monitored over a period of bireolt has been found that the
expression of HA1 is clearly detectable in all skap There was no HA1 protein
detected in the soluble fraction of the cells (Fgy3.12, part A); however, the HA1
protein was only present in the insoluble fractdithe cells (Figure 3.12, part B).

o 75 in
- 50/Da
A - 37 kDa
B 5iDa
20 kDa

Figure 3.12. SDSPAGE analysis and the corresponding Western blalyais of the soluble (4
and insoluble (B) protein isolates from culturesvgn at 30°C Samples were collected over
period of 5 hours in one hour intervals. Hourlylecled samples are presented in lands 1-
Number of the lane corresponds to the number ohthe after which the sample was collec
(L) Bio-Rad prestained protein ladder. (C) positive confiridoluble fraction with HAL proteir
The red arrow indicates the HA1 protein. Culturesravgrown in 100ml LB amp brotfihe
Western Blot was probed with anti-His antibodies.
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3.2.3 Two approachesto produce soluble HA1 protein

As the initial expression resulted in insoluble tpho production, two separate
approaches for the solubilisation of the expregs®dein were undertaken. The first
approach focused on cloning thal gene into various expression vectors in order to
achieve the expression of the soluble HA1 protéhe second approach was aimed at
extraction of the HAL protein from the inclusiondoes, its further solubilisation by
various denaturing agents followed by purificatiand finally, the refolding of the

active HA1 protein.

3.2.3.1 Expression of the soluble HA1 protein in E. coli

There are several widely applied methods that ifatl expression of soluble
heterologous proteins iB. coli (reviewed in Sgrenseet al., 2005). Several of them
involve modification of the expression conditionscls as the coexpression with
molecular chaperones or the periplasmic targetihghe polypeptide (reviewed in
Jonassoret al., 2002). There are also methods that are aimedheatpbst- or co-

translational alteration of the expressed proteinereby the solubility is increased by
fusion to another more soluble protein domain saglmaltose binding protein (MBP),
thioredoxin (Trx) and glutathione-S-transferase TE@®ysonet al., 2004).

Periplasmic targeting of theHA1 protein

Secretion of heterologous proteins expressel. icoli into the periplasm is a widely
applied practice in molecular biology as it hasesal advantages over cytoplasmic
expression (Soares al., 2003; Harveet al., 2004; Takayamand Akutsu, 2007). The
most important feature of this periplasmic compariinn terms of mammalian protein
production, is its more oxidative environment theamotes disulphide bond formation
and facilitates correct heterologous protein fajd{Gasseet al., 2008). Furthermore,
due to the fact that the concentration of othetging in the periplasm is much lower
than that in the cytosaihe purification of overexpressed protein is sifigal. There are
three major pathways for the translocation of peptles across the cytoplasmic
membrane into the periplasm of Gram-negative bact@) the Sec pathway (Fekkes
al., 1999), (ii) the signal recognition particle (SRfathway (Koclet al., 2003)and (iii)
the Tat pathway (Fishest al., 2004). The Sec and SRP translocation systems are

responsible for transmembrane transport of unfolztedeins whereas the Tat system is
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used by folded proteins. The translocation of tfagin through the inner membrane of
E. coli cell can be either post-translational (Sec) orawtlational (SRP) (Fekketal.,
1999; Kochet al., 2003).Recognition of the protein targets by the Sec, $RHat
translocation system is facilitated by the specMigerminal signal sequence of the
nascently produced polypeptide (Fiskbeal., 2004). Whether a signal targets its protein
to SRP or to SecA depends on the relative degrégdrophobicity of the core region
of the signal rather than its amino acid sequefteirferet al., 2006). While the more
hydrophobic protein signals associate with the SREhway, the less hydrophobic
signals of secretory proteins utilize the SecA waiy (Fekkeset al., 1999; Steineet

al., 2006).

Utilization of the Sec systemsfor HA1 expression

The Sec based system was chosen to target thentigspeoduced, unfolded HAl
protein into the periplasmic space Bfcoli cells. As the aggregation of HA1 protein
expressed irkE. coli is most likely caused by its misfolding, the p&gmic targeting
has been applied in order to potentially produae $bluble, correctly folded HAl
protein. Thehal gene was cloned into the pQE-60-PelB expressiotovén frame with
an N-terminal PelB signal sequence (PelBss) rezegnby the Sec system (Steirger
al., 2006). Thehal gene was amplified by PCR. The primer’s sequeroasained a
Notl restriction site (forward primer) and a Bghéstriction site (reverse primer) to
enable further directional cloning of the PCR pretdato the expression vector (Figure
3.13). Additional nucleotides were included at &end of both primers to facilitate

PCR product restriction with respective enzymes.
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Nt | Bl I
G GCC GCC ATG CRA ACT A
CGG TAC GTT TGA TCT AG

HA1
HNoco I
Mot Balll
ATG GCC GC GA TCT ,
TAC CGG CGC CGG A

His Tag

MNat| Bal Il
ATG GCC GCG GCC GCC ATG CAA-RCT AGA TCT l:)_
TAC CGE CBC CGG CGE TAC GIT TGRA TCT AGA
Fromoter  RBS PelB HA1 His Tag
Figure 3.13. Ligation ofhal gene with the pQE-60-PelB plasmigelevant restriction sit
are marked.

Fromater  RBS Peld

PCR reactions were optimized for the hal gene dicgiion with FIHA1Notl and
R1HA1Bglll primers

Table 3.2) using Phusion DNA Polymerase. The optimised P@fealing temperature
was 60°C, annealing time 15 s and extension time& 45

Notl
F1HA1Not!: 5 ATCG GCG GCC GCC ATG CAA AAA CTT CCC GGA AAT GAC
AAC AGC 3’
Balll
R1IHA1BglII: 5 GAAGA TCT AGT TTG TTT CTC TGG TAC ATT CCG C 3

Table 3.2. PCR primers used in the cloning of thel gene of the Influenza A virus
A/Sichuan/2/87(H3N2)) into the pQE60-PelB vectogsRiction sites are highlighted.

The 3518 bp pQE60-PelB expression vector is derfvaich pQE-60 (Qiagen) which
had been engineered to incorporate the PelB lesmtprence (Figure 3.14) that directs
expressed protein to the periplasm via the Seesysthehal gene was Notl and Bglll
restricted and ligated into the pQE60-PelB vedorfacilitate further purification of the
HAL1 protein the gene was cloned in frame with atmeborne 6x histidine tag. The
selection of plasmids was facilitated by fliactamase gene and their replication by the
ColE1 origin of replication. Protein expression whg/en by the IPTG inducible T5
promoter. Ligation of théal gene with the pQE60-PelB vector resulted in foramaof
pJS103 plasmid (Figure 3.15). The sequence of ldmpd was verified by restriction
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analysis and subsequent sequencing (MWG-Biotech (btat shown). Competent cells
(E. coli XL10-Gold) were transformed with ligation mix anged to propagate the
pJS103 plasmid which was subsequently isolatedvanidied by restriction analysis

(not shown).

Ampr

ColE1

pQES0-PelB
3421 bp

Figure 3.14. A map of the pQE60-PelB
plasmid (Ryan Ph.D Thesis).

TS promoter
ER= FelB

et I

Bgl I

Ampr

ColE] ,
Hiz-tag

pIsS103

Bgl Il

hal

Figure 3.15. A map of the pJS103 plasmid.

T5 t
promoter RBS Pep  Motl
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Expression of the HA1 protein with the PelB signal sequence

The XL10-Gold strain oE. coli was chosen as a host for the HAL protein expressio
with the PelB signal sequence. The samples of Botuble and insoluble fractions
isolated from the cells were analysed by SDS-PAGE \Western blotting (Figure 3.16
andFigure 3.17). No HAL protein was detected in $sbible fraction of the cells
(Figure 3.16 lane 2). However the PelB-HALl fusiorotpin was detected in the
insoluble fraction of the cells (Figure 3.17 lane Bhe shift in the position of PelB-
HAl fusion protein versus the control HA1 protem the acrylamide gel can be
attributed to the difference in calculated molecwlaights of these two proteins: HAL
protein with PelB signal sequence - 40076.6 Da¢aiyh appears to be about 50 kDa
on SDS-PAGE gels — Figure 3.17), HA1l without sigsalquence - 38918.9 Da
(although appears to be about 45 kDa on SDS-PA®GE-gEigure 3.17). This indicates
that the HAL1 protein was successfully expressed witdesired signal sequence.

However it does not promote solubility of the prote
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75 kDa
50 kDa
37 kDe

To kDa
50 kCa
AT kD

Figure 3.16. Soluble PelB-HA1 expressioSDS-PAGE analysis and (letf)e corresponding Weste
blot analysis (right) of the soluble protein isekt Lanes were loaded as follows: (1) —

protein, uninduced culture; (2) — PelB-HAL proteimjuced culture; (C1) — control HA1 protelr
from insoluble fraction; (L) BidRad prestained protein ladder. Cultures were graw8i°C in 100n
LB amp broth. Samples were collected after overnigkturing following induction with 5@M IPTG.
The Western Blot was probed with anti-His antibedie

L1 2 C

TEkDa
S0 kDa

37 kDa-
25 kDa

75kDa
50 kDa
37 kDe

25 kDa

Figure 3.17. Insoluble PelB-HA1 expression. SDS-PAGE analysdt)(land the corresponding West
blot analysis (right) of the insoluble protein st@s. Lanes were loaded as follows: (1) — Ré/R-
protein, uninduced culture; (2) — PelB-HA1 proteimjuced culture; (C1) — control HAL protein fron
insoluble fraction; (L) Bio-Rad prestained protéandder. Cultures were grown at 37°C in 10QBl amg
broth. Samples were collected after overnight cudtufollowing induction with 5QuM IPTG. The Wester
Blot was probed with anti-His antibodies.
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Utilization of the fusion proteinsto enhance HA1 solubility

The application of fusion proteins for heterologqustein offers several advantages
including simplified and efficient purification, eneased expression rates and increased
solubility of the product (Pryoet al., 1997; Dysonret al., 2004 ). Therefore, another
approach for soluble HA1 protein expression represk co-expression with maltose
binding protein (MBP). The tagging promotes soliypilby the intrinsic soluble
properties of the MBP. Furthermore, as the MBR iha@ N-terminus of the construct it
undergoes translation and correct folding befoeeHih\1 protein is translated and thus
additionally promotes proper folding of the HAL ifus partner. Maltose binding protein
was chosen as a fusion partner for the HAL prasiit has consistently proven to be
the most efficient solubility promoting tag for maralian protein expression B coli
(Dysonet al., 2004).

Cloning of the HA1 geneinto the pM AL p2e expression vector

In order to express the MBP-fused HAL protein, g gene was cloned in frame with
malE gene encoding MBP in the pMALp2E expression vefitin NEB (Figure 3.18).
The above vector was selected as it containsriE gene and, furthermore, upstream
from the malE gene there is a signal sequence edctmddirect the polypeptide to the
periplasm. An ampicillin resistance gene encodedtlen plasmid enables plasmid
selection. The expression is facilitated by thetwmeborne Ptac promoter. The

replication of the vector is driven by the ColEigor of replication.

Ampr

PMAL-p2E
ColEl 6724 bp

lac-Z-alpha

Ptac promoter
EEZ
mald
signal sequence Epnl Figure 3.18. A map of the pMALp2E plasmid
(NEB).



To clone the HAL1 gene into the pMALp2E vector K@amd BamHI sites were used.
Primers that were used to amplify thel gene with Kpnl and BamHI sites are
presented in Figure 3.19. The PCR amplificatiorhwdtA1KpnlF1 and HA1BamHIR1

primers and pJS102 as a template. The optimisedating temperature was 65°C,

annealing time 15 s and extension time 45 s.

Kpnl
HA1KpnIFl: 5 GACAG GTACCG ATG CAAAAA CTT CCC GGAAAT GAC AAC AGC 3

BamHlI
HA1BamHIR1: 5' ACT GGA TCC TTAAGT TTG TTT CTC TGG TAC ATT CCG C 3'

Figure 3.19. PCR primers for the amplification of hal genewKipnl and BamHI restriction sites.
Restriction sites are highlighted and overhangsired by restriction enzymes are underlined.

The PCR product was extracted from the reaction ama restricted with Kpnl and
BamHI enzymes. The pMALpZ2E vector was also regtdavith Kpnl and BamH1. The
restricted fragments of thieal gene and the vector were purified and subjected to
overnight ligation. The ligation mix was later ugedransform competent cellg.(coli
XL10-Gold). No colonies were found on the plate whehe transformation mix was
spread which indicates that either ligation or $fammation was unsuccessful. The
experiment was repeated twice with same relt. Rroblwith ligation may be attributed
to the distance between the Kpnl site and the Basitellin the pMALp2E vector which

is only 7 bp and this may hamper the double rdgiricusing these enzymes (Figure
3.20).

Sae | Bua |
5 adfE, | TCH AGC TCH AAC AAC AAC AAC AAT AAC AAT AAC AAC CTC GGG

Kpn | EcaFil EBamH | shal Sal | Fstl Hindll
GAT GAC GAT GALC AAGYGTA CCG GAA TTC GGEA TCC TCT AGA GTC GAC CTH CAG GCA AGC TTH. .. Sood
Azp Azp Azp Aszp Lwsg

enterokinase =ite
Figure 3.20. A fragment of pMALp2E NEB) sequence containing the polylinker. Restrittgites ar
marked as well as an enterokinase site for fuffirgon tag cleavage.
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Modification of the pM AL p2E plasmid to facilitate Kpnl/Bglll doublerestriction

In order to facilitate successful restriction oé tbMALp2E plasmid by both Kpnl and
BamHI enzymes the distance between Kpnl and Banté was increased by insertion
of a DNA fragment in between them. The EcoRI siteiclv is between Kpnl and
BamHI sites (Figure 3.20) was utilized. An EcoRktrieted random ~1kb DNA
fragment was incorporated in the EcoRI site ofgMALp2E plasmid. The ligation mix
was used to transform competent cels ¢€oli XL10-Gold). The plasmid was
subsequently isolated, verified by restriction gsisl (results not shown) and named
PMALp2Ef.

Cloning of the hal gene into the modified pM AL p2E vector

The hal gene amplified by PCR with Kpnl and BamH1 sitegaduced in primer
sequences as presented in Figure 3.19 was KprBamdH1 cloned into the pMALp2Ef
vector. The DNA fragments dfal gene and the vector were subjected to an overnight
ligation and the ligation mix was used to transfocompetent cellsH coli XL10-
Gold). The plasmid was then isolated, verified bgtriction analysis and sequencing
(MWG) (results not shown) and named pJS104 (Fig.2#).

Ampr

BamH1I

pIS104
ColEl 7.7 kb

Figure 3.21. A map of the pJS104 plasmid.

Epnl

sighal sequence
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Once the clone was confirmed by sequencing theesgmn was performed in the
XL10-Gold strain oft. coli (using LB broth, induced with 0.1 mM IPTG). Samptds
both soluble and insoluble fractions isolated frdm cells were analysed by SDS-
PAGE (Figure 3.22). Over-expression of the MBP-Hpgrbtein was not detected as
there was no distinct band found on the SDS-PAGEhélane representing induced
culture at the expected hight of 60 kDa — 80 kDgyfe 3.22 A lane 2).

A B
L 1 2 L 1 2

175 kDa—1 175 kDa—
80 kDa 80 kDa—
58 kDa—= 58 kDa—
46 KDa— 46 kDa—
30 kDa - 30 kDa—
25 kDa 25 kDa—

17 kKDa— 17 kDa—

7 kDa—
7 kDa—»

Figure 3.22. SDS PAGE analysis of the soluble (A) and insoldBlefractions of protein isolates from
E. coli XL10-Gold pJS104 cultures. Lanes were loadedHlsws: (L) —Wide Range Protein Mark
(Sigma); (1) — uninduced culture; (2)rduced culture. Cultures were grown at 37°C i6riDLB amg
broth. Samples were collected after overnight cirlgufollowing induction with 5QuM IPTG.
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3.2.3.2 Solublisation of the HA1 protein produced in the form of inclusion

bodies

It was observed previously that the host cell hagteat influence on the quality and
quantity of the produced recombinant protein (rereié in Vallejoet al. [2004]). The
yields of soluble, active, mammalian (non-nativejtgins expressed i&. coli are often
highly affected by the lack of required post-tramisinal modifications. Under such
circumstances the protein of interest is often poed in the form of inclusion bodies.
There are several advantages of inclusion bodmsdion. Proteins that are normally
toxic for bacterial cell; can be expressed andestam an inactive form. Inclusion bodies
deposition is also a way to avoid or reduce the ddtproteolytic degradation of the
heterologous proteins. Furthermore, the concentratf an overexpressed protein in
inclusion bodies exceeds significantly the conadidn of protein that can be
overexpressed in the cytosol. Finally, if it is pibée to ultimately obtain an active
product, the application of a prokaryotic expresssgstem is much more cost effective
as the microbial media are much cheaper than maiammeg!l culture media, the time
and equipment requirements are lower, and the wetiuenyields are greatly higher
(Vallejo et al., 2004). However, the additional processing thaedgiired to render such
protein soluble and active is a drawback if thetgirois produced in inclusion bodies.
Nevertheless, successful solubilisation and refigidof such protein aggregates has
been reported (Carri@nd Villaverde, 2001). The initial step in inclusidodies
processing is solubilisation of the protein aggteg®y use of chaotropic agents such as

urea and guanidine HCI.

Urea treatment of inclusion bodies

The HA1 protein aggregates were treated with useia chaotropic agent is one of the
most effective (Vallejaet al., 2004) and is relatively cheap and available. iflckision
bodies from 100 ml culture d&. coli XL10-Gold pJS102 cells were isolated, washed,
split into 3 samples and subjected to 8 M ureatrreat for protein solubilisation (for
one hour). Three different incubation temperatwese used, namely 4°C, 22°C and
37°C. The samples were then analybgdSDS-PAGE and Western blotting (Figure ).
The HA1 protein was detected after 8 M urea treatrnsing Western blotting (lanes 1,

3 and 5 in Figure ). The position of the HAL1 proten the Western blot and the fact
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that no fragmented proteins were detected indictiats the primary structure of the
HAL protein was intact during the urea treatmerdwever, the HA1 protein was not
detected in the soluble fraction (Figure 3.23 la@esd and 6). This indicates that
solubilisation of HA1 with 8M urea under the apglieonditions was unsuccessful.

A L 1 2 3 a4 5 & B

75 kDase o
S0 kDas 50 kD
37 kDa— A
25 kD~

—— -

Figure 3.23. SDS-PAGE Commassie Blue stained @& corresponding Western blot @)alysis of th
HAL protein samples subjected to solubilisationhwdt M urea at different temperatures.nea are ¢
follows: (L) Bio-Rad prestained protein ladder; (Lproteins incubated at 4°C, not centrifuged; {2)
soluble proteins after incubation at 4°C and cérgdtion; (3) - proteins incubated at 22°C,
centrifuged; (4) - soluble proteins after incubatat 22°C and centrifugation; (5)pfoteins incubated
37°C, not centrifuged; (6) - soluble proteins afteubation at 37°C and centrifugatiofhe red arro
indicates the HA1 protein. The Western Blot wasbpbwith anti-His antibodies.

Guanidine hydrochloride treatment of inclusion bodies

Following the unsuccessful solubilisation of the HArotein aggregates with urea, a
more potent denaturant was applied. Although mepeesive, guanidine hydrochloride
(GnHCI) is superior to urea in terms of its chapicoproperties (Vallejeet al., 2004).
The inclusion bodies from 100 ml culture of pJSX22A0-Gold culture ofE. coli cells
were isolated, washed and treated with 6 M GnH&l¢he hour). This concentration is
the most widely used in such experiments (Vallejoal., 2004). Three different
temperatures of incubation were used, namely 420C Zand 37°C. The samples were
then analysed by SDS-PAGE and Western blottinguf€ig3.24). Although it was
possible to detect the HA1 protein on the SDS-PAG#E Western blot (single bands on
the gel indicates that the primary structure of phatein was intact and not trunkated)
(Figure 3.24 lanes 1, 3 and 5) the HA1 protein naisdetected in the soluble fraction
(Figure 3.24 lanes 2, 4 and 6). This indicates #wtibilisation of HA1 with 6 M
GnHCI under the applied conditions was unsuccessful
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subjected to solubilisation with 6 M GnHCI at difat temperatures. Lanes are as follows: (L) Baz-
prestained protein ladder; (1) - proteins incubatd°C, not centrifuged; (2)soluble proteins aft
incubation at 4°C and centrifugation; (3) - proteincubated at 22°C, not centrifuged; (43oluble
proteins after incubation at 22°C and centrifuga(®) - proteins incubated at 37°C, not centrifug
(6) - soluble proteins after incubation at 37°C aedtrifugation. The Western Blot was probedhwi
anti-His antibodies.

In order to solubilise the HA1 protein a higher cemtration of GnHCI| was used,
namely 8 M. After utilization of 8 M GnHCI the HAdrotein was detected by Western-
blotting and SDS-PAGE Commassie Blue stained gdhesoluble fraction (Figure

3.25 lane 2).
L 1 2

58 kDa

S8 kDa— s
a
46 kDa—=S. 30 kDa
25 kDa

Figure 3.25. SDS-PAGE (left) and Westen-blot (right) analysistod HAL proteirsamples subjected
solubilisation with 8 M GnHCI at different tempeuets. Lanes are as follows: (L) BiRad prestaine
protein ladder;s (1) - protein sample not centifdig(2) - protein sample centrifugethe Western Blc
was probed with anti-His antibodies.
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58 kDa
46 kDa

3.2.4 Purification of theHAL1 protein under denaturing conditions

The ultimate goal of the utilization of inclusiorodies for protein production is to
obtain a soluble and active final product. The @rotaggregates are firstly solubilised
and the protein of interest is finally refolded. wiver, it is essential that prior to the
refolding process the polypeptide of interest isep@s any contaminatants present in
the sample often hamper proper protein folding @éiberg, 2002). The HAL protein
(after solubilisation with 8 M GnHCI) was subjectéal IMAC purification under
denaturing conditions (8 M GnHCI). There was no H#itein detected in both wash
and elution fractions which indicates that the H#atein did not bind the resin (Figure
3.26 lanes 3 and 4). It was concluded that theltresithe HAL protein purification
under denaturing conditions (8 M GnHCI) does notkyevhich may be attributed to
the fact that such a high concentration of GnHQhas compatibile with the Ni-NTA
resin (Qiagen).

- 58 kDa
46 1Da

. 30kDa

30kDa - N | 25 1Da
25 Ds g

Figure 3.26. SDS-PAGE (left) and corresponding Western blottfright) analysis of the HA1 samg
subjected to purification under denaturing condiid8 M GnHCI) at room temperature. riss wer
loaded as follows: (L) - Prestained Protein Marl@gmad Range (NEB); (1) solubilised HAL in 8 v
GnHCI before application on the column; (2) — flowough; (3) — wash with 8 M GnHCI buffer; (4)
elution with 8 M GnHCI buffer containing 300 mM idsdzole.Each sample comes from 10 ml fract
The Western Blot was probed with anti-His antibsdie
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3.3 Production, characterisation and application ofSiaP protein for

Sia detection and quantification

The goal of this section of the project was to pical the SiaP protein frorl.
influenzae utilizing an E. coli-based expression system and characterize the girodu
with regards to molecular weight, purity and homuogty. Results described in this
section include also testing of the SiaP proteipliegbility for Sia detection and

quantification.

3.3.1 Cloning of thesiaP gene with a His-tag

The siaP gene was obtained on a plasmid from Dr. Emman8eleeri (University of
York, UK). The pET21b derived pGTY3 plasmid (Figu8e27), has a STOP codon
directly downstream from th&aP gene (Severé al., 2005) and a vector-borne STOP

codon following the His-tag coding sequence.

RELC '

pIT. siaP

/’Q STOP

/ His-tag
./ S STOP
pBR322 on I gﬁg kb
/

_ g

%,
~ : e Figure 3.27.A map of the pGTY3 plasmid.

Armpicillin

To facilitate further purification of the express8@P protein the pGTY3 plamid was
modified in order to utilize the 6xHis tag. Tk@P native STOP codon was removed.
Originally thesiaP gene, including the signal sequence, was clonadthe pGTY3

vector using Xhol and Ndel restriction sites. Hernceremove the STOP codon from
the end of thesiaP gene, this gene was PCR amplified without the STHO&on.

Forward and reverse primers for PCR, containingldde Xhol sites, respectively, are
presented in Figure 3.28. The PCR amplification wadormed using Phusion DNA
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Polymerase. The optmised annealing temperature 688€, annealing time 15 s,

extension time 45 s.

Ndel
F1SiaPNdel: 5 GGGAATTCCATATGATGAAATTGACAAAACTTTTCC 3’
Xhol
R1SiaPXhol: 5 CCGCTCGAG TGGATT GAT TGC TTCAATTTG TTT TAAAGC 3

Figure 3.28.The primers used for PCR amplificationstdP gene with Ndel and Xhol sites.

After PCR the DNA fragments were extracted from ftieaction mix (RBC gel

extraction kit). Then the PCR products and the pG@Pptasmid were restricted with
Ndel and Xhol enzymes. The PCR products were exitildcom the reaction mix (RBC
gel extraction kit) and the vector was separatedyélyelectrophoresis in SYBR Safe
agarose. Subsequently, the 5.3 kb DNA fragmentesponding to the empty pGTY3
vector was extracted from the electrophoresis BBIG gel extraction kit). Then the
PCR products and the plasmid were ligated togefhiee. ligation mix was used to
transformE. coli XL10 Gold competent cells. Plasmids were thenatsal and the

sequence of the clone was confirmed by restriciinalysis (results not shown) and

sequencing (MWG,; Figure 3.29).
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Siapwr 103
siaPHis 103
S1aPWT_ 206
siaPHis 206
* * 240 * 260 * ZBD * 300
S1laPWT_ 3 ( 2 308
siaPHis 309
SiapWr 412
slaPHis_ 412
SiaBWT 515
siaPHis 015
520 i 540 > Sa0 i 580 > A0 i ja
S1labPWT_ AGCAACAA CTAAA 56 A C 618
siaPHis_ 618
20 * 640 * g * * 700 * 720

SilaPwWT_ 2 3 T A 721
siaPHis 721
3iaBWT B24
slaPHis_ 824
SiapwT 927
siaPHis 927
SlabWr_ : & A A T A A - - - E

siaPHis \ \ FAGCACCACCACCACCACCACTGA|: 1014

GTAAAACAAACT GETCAAAAAGGT GAAT CAGCTTTAAAACAAAT T GARGCAATCAATCCA

Figure 3.29.Nucleotide sequence alignment @4P gene fromHaemophilus influenzae and th
siaP gene present in the pJS201 plasmid sequenced b.MWe sequence encoding the 6Hig-
and STOP codon are marked in red.

The plasmid was named pJS201 (Figure 3.30). ddf@ gene was placed in frame,
directly upstream of the vector-borne His-tag whieas followed by a vector borne
STOP codon. The pJS201 plasmid includes a strongrdmoter driving the expression
of thesiaP gene. An ampicillin resistance gene encoded omldmmid enables plasmid

selection and a pBR322-derived ColE1 origin of icgtlon drives its replication.
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pT7 REC siaP

pBR322 ori

Figure 3.30.A map of the pJS201 plasmid.

Armipicillin

3.3.2 Cloning of thesiaP gene with a Strep2-tag

In order to facilitate orientated immobilization thfe SiaP protein on various surfaces
using amine coupling a C-terminal 6xLys-tagged «give of SiaP was engineered.
The string of six lysines (Figure 3.31) on the @wimus increases the possibility for
immobilization of the SiaP protein via lysine’s amigroup. C-terminal orientated
immobilization is advantageous for SiaP applicate@sna Sia sensor because the Sia-
binding site is on the opposite side of the proteinich increases the ability of
immobilised protein to capture the ligand. Simyado facilitate further purification
over streptactin-coated resins and orientated inilieabon of the SiaP protein on
streptactin and analogous surfaces, a C-termimap3tagged derivative of SiaP was
engineered. The Strep2-tag is a string of ten aragids which shares high homology
with biotin with regards to its recognition by gitavidin (Caiet al., 2001) (Figure
3.32). Thus, the tag has high affinity towards g#eidin and other proteins with
similar specificity. The tag sequence was introduicg PCR amplification of the entire
pJS201 plasmid using phosphorylated primers. Thiengged annealing temperature for
the PCR was 60°C, annealing time 15 s and extergian45 s. The primers used are

presented in Figure 3.31 and Figure 3.32.
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A 6Lys-tag:
Amino acid sequence: Lys Lys Lys Lys Lys Lys
Nuceotide sequence: 5 CTCCTCCTC CTCCTCCTCZ

B Primer sequences:
Forward primer (FSiaLYS): 5 CTCCTCCTCTGAGATCCGGCTGCTAACAAAGCCC 3
Reverse primer (RSiaPLYS): 5 GAGGAGGAGGTGGTGGTGGTGGTGGTGCTCGAG 3’

Figure 3.31.Sequences of a 6Lys-tag and primers used to intethe tag(A)Amino acid and correspondi
nucleotide sequences of the 6Lys-tag at the C-tersnof the SiaP protein. (B) Primeeguences used
amplify the pJS202 plasmid. The part of the 6Lygitatroduced in the forward primer is markiedgreen an
the part of the linker introduced in the reversinpr is marked in brownThe sequences shown in black
derived from the pJS201 plasmid used as a template.

A Strep2-tag:
Amino acid sequence: Ser Asn Trp Ser His Pro GIn Phe Glu Lys
Nuceotide sequence: 5 AGTAAC TGG TCT CAC CCACAATTC GAG AAA T

B  Primer sequences:
Forward primer (FSiaPCS): 5 CCACAATTCGAGAAATGAGATCCGGCTGCTAACAAAGCCC 3
Reverse primer (RSiaPCS): 5° GTGAGACCAGTTACTGTGGTGGTGGTGGTGGTGCTCGAG 3’

Figure 3.32. Sequences of a Strep2-tag and primers used todimte the tag(A)Amino acid an
corresponding nucleotide sequences of the Strapatahe C-terminus of the SiaP protein. (Bjnfer
sequences used to amplify the pJS203 plasmid. alieopthe Strep2-tag introduced in theeward primer i
marked in green and the part of the linker intraduim the reverse primer is marked in browhe sequenc
shown in black are derived from the pJS201 plagm@t as a template.

After PCR the DNA fragments were extracted from ftieaction mix (RBC gel
extraction kit) and subjected to Dpnl digestiont ttl@aves only methylated DNA, and
thus the original plasmid (pJS201 used as a tesjpleds eliminated. Then the products
were separated by gel electrophoresis in SYBR Sa&farose, gel extracted and
subjected to ligation with T4 DNA ligase. Subsedlyetie ligation mixes were used to
transformE. coli KRX competent cells. The plasmids were named pd$2Qure 3.33)
and pJS203 (Figure 3.34). Isolated plasmids wenéirooed by restriction analysis (not
shown) and sequencing (MWG; Figure 3.35 and Fi§usé).
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pBR322 ori

Figure 3.33.A map of the pJS202 plasmid.

Ampicillin

pBR322 ori

Figure 3.34.A map of the pJS203 plasmid.

Ampicillin
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=1aP202_ : ke e X C ~TiT"‘TT"‘T ‘T‘ZTT"‘TTG‘_ = A AT 5 105

siaPz0l_ 105
siapP202_ 210
siap20l_ 210
2iap202_ 315
=ziap201_ 315
=iaP2Z02_ 4z0
=i1aP201 4z0
siaPz0z_ 525
siaP201_ 525
siab202_ 630
ziap20l_ 630
640 X, 660 # 680 & 700 # 720 &
=2iaP202_ A 735
=2iaP201 735
siaPz0z_ 840
siaPz0l_ 540
siap202_ 945
siap20l_ 945
1000 TO=Z0
5iapP202_ 1032
siapP201_ s 1014
ARAGETGAAT CAGCTTTAAAACAAATT GAAGCAAT CAATCCACTCGAGCACCACCACCACCACCA
Figure 3.35.Nucleotide sequence alignment of #aP gene frompJS201 plasmid and trssaP
gene present in the pJS202 plasmid sequenced by .MW&sequence coding for 6Lys-tag and
the STOP codon are marked in red.
=21ap203_ 105
=2iap201_ 105
=21ap203_ 210
=2iap201_ 210
=21ap203_ 315
=2iap201_ 315
=iaP203_ : “TTATGTTATT : 420
=iaP201  : T TATGT TATT : o 420
TTACCTTATGTTATTAGCAACTACAATGTTGCACAARAAAGCCTTAT TCCGATACAGAAT TCGETAAAGATTTAAT TAAAARAAT GECATAARAGAT CTT GGCGTGACT
460 520
=21ap203_ 525
=2iap201_ 525
=21ap203_ 630
=2iap201_ 630
21ap203_ 735
=2iap201 735
=21ap203_ 840
=2iap201 840
=21ap203_ 945
=2iap201 945
1020 = 1040
SiSP2037 BACTGGTCTCACCCACAATTCGAGARATGA| : 1044
=iaP201  : 2 5 e A e e e s : 1014
AARAGGT GAATCAGCTTTAARACAAAT TGAAGCAAT CAATCCACTCGAGCACCACCACCACCACCA

Figure 3.36.Nucleotide sequence alignment of #aP gene frompJS201 plasmid and ttssaP
gene present in the pJS203 plasmid sequenced by .MW&Ssequence coding for the Streép@-
and STOP codon are marked in red.
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3.3.3 Expression of the His-tagged SiaP protein

The expression of the His-tagged SiaP protein (2@P was optimized in terms of
expression time, concentration of inducing agend @&ulture cell density at the
induction time. As the transcription of te@aP gene in the pJS201 plasmid is driven by
the T7 promoter the vector was transformed intoKReX strain of E.coli (Promega).
The genotype of the KRX strain contains a T7 polsase gene under the control of a

rhmnose promoter which prevents “leaky” expressibtine target protein (Promega).

Optimisation of the harvesting time and cell concemation at the point of induction

In order to establish an optimal post-inductionvieating time as well as optimise the
cell concentration during the induction that leaalshighest yield of SiaP protein, the
cultures ofE. coli KRX pJS201 were induced at various stages of dramd sampled
every hour afterwards. The cultures were incubated@7°C and induced with 0.1%
rhamnose. The optical densities when the indud¢tok place were 0.5 (midlog phase),
1.0 and 1.2 (staionary phase) respectively. Boliod® (Figure 3.37, 3.38 and 3.39) and
insoluble (Figure 3.40, 3.41 and 3.42) fractionghs cells were analysed over time.
Overexpression of the SiaP protein was visualize8@DS-PAGE. The concentration of
expressed SiaP protein was increasing over tintearsoluble fraction and reached its
maximum after 6 hours following induction when icdd at OQy=0.5 (Figure 3.37)
and after 5 hours following induction when inducad ODsp=1.0 and Olg=1.2
(Figure 3.38 and 3.39 respectively). The concentrabf soluble SiaP protein in the
cells after overnight culturing was lower then afseor 6 hours following induction
(Figure 3.37, 3.38 and 3.39). The concentratio®iaP in insoluble fractions was also
increasing over time, it was found to be highesth@a samples taken after overnight
culturing regardless of the OD during the inducteomd did not decrease overnight
(Figure 3.40, 3.41 and 3.42). The concentratiorsalfible protein was found to be
highest when subjected to induction at P1.2 and harvested after 6 hours (Figure
3.37, 3.38 and 3.39). Conversely, the concentraifansoluble SiaP protein was higher
in cultures induced in the earlier stage of cuitgri The highest concentration of
insoluble SiaP protein was found in cultures induaeORQyx=0.5 and harvested after 6
hours (Figure 3.40, 3.41 and 3.42).
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Figure 3.37.SDSPAGE gels showing soluble fractions from cultumreguiced at OD=0.5. Samples fr
uninduced (un) cultures presented along with sasnfilem induced (in) cultures. Samples w
collected every hour for 6 hours (1h, 2h, ... , 6h)l éhe last sample was collected afterogarnigh
culturing. WR-Sigma Wide Range protein ladder. phedicted molecular weight of SiaP is 35.5 kDa.

Oh 1ih 2h 3h . 4h 5h overnight
WR un in un inun in un in W WR un in un in un in un in WR

3 Bicba
15klm
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Figure 3.38.SDSPAGE gels showing soluble fractions from cultuneduiced at OD=1.0. Samples fr
uninduced (un) cultures presented along with sasnflem induced (in) cultures. Samples v
collected every hour for 5 hours (1h, 2h, ... , 5h{l ghe last sample was collected afteroaernigh
culturing. WR-Sigma Wide Range protein ladder. phedicted molecular weight of SiaP is 35.5 kDa.

Oh 1h 2h 3h . 4h 5h overnight
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Figure 3.39.SDS-PAGE gels showing kible fractions from cultures induced at OD=1.2mp&s fron
uninduced (un) cultures presented along with sasnflem induced (in) cultures. Samples v
collected every hour for 5 hours (1h, 2h, ... , 5h)l ¢he last sample was collected after an ogéaini
culturing. WR-Sigma Wide Range protein ladder. phedicted molecular weight of SiaP is 35.5 kDa.
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Figure 3.40.SDS-PAGE gels showingisoluble fractions from cultures induced at OD=®ample
from uninduced (un) cultures presented along wéimes from induced (in) cultures. Samples !
collected every hour for 6 hours (1h, 2h, ... , 6hjl ghe last sample was collected afteroaernigh
culturing. WR-Sigma Wide Range protein ladder. phedicted molecular weight of SiaP is 35.5 kDa.
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Figure 3.41.SDS-PAGE gels showing insoluble fractions from wds induced a®D=1.0. Sample
from uninduced (un) cultures presented along wéimes from induced (in) cultures. Samples !
collected every hour for 5 hours (1h, 2h, ... , 5hjl ghe last sample was collected afteroaernigh
culturing. WR-Sigma Wide Range protein ladder. phedicted molecular weight of SiaP is 35.5 kDa.
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Figure 3.42.SDS-PAGE gels showingisoluble fractions from cultures induced at OD=1Sample
from uninduced (un) cultures presented along withpdasnfrom induced (in) cultures. Samples v
collected every hour for 5 hours (1h, 2h, ... , 5h{l ghe last sample was collected afteroaernigh
culturing. WR-Sigma Wide Range protein ladder. phedicted molecular weight of SiaP is 35.5 kDa.
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Investigation of the optimal concentration of the mducing agent

To investigate the impact of the inducing agentufmhose) concentration on the SiaP
protein expression the cultures were incubated7&€C 3and induced at OD=0.5. The
final concentrations of rhamnose used to induceresgion were 0.001%, 0.005%,
0.01%, 0.05%, 0.1%, 0.2% and 0.5% (w/v) respectivBbth soluble (Figure 3.43
3.48) and insoluble (Figure 3.49 — 3.54) fractiofshe cells were analysed over time.
Higher concentration of rhamnose resulted in simgaels of SiaP concentration as
0.01% rhamnose in samples taken one and two hdwrsimduction (Figure 3.4and
3.44). However, in samples taken in later stagesutitiring the concentration of SiaP
was lower if induced with more than 0.01% rhamn@Sgure 3.45— 3.48). This
indicates that the optimal concentration of rhamenésr the induction of soluble
expression of the SiaP protein is 0.01%.

In the insoluble fractions the concentration offFSpotein was constant if induced with
rhamnose in the concentration range between 0.0P0 &% (Figure 3.493.54). The
insoluble SiaP protein was also found in samplé&ertafrom cultures induced with
0.001% and 0.005%, albeit, at lower concentrattbas in cultures induced with higher

levels of rhamnose (Figure 3.53).
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Figure 3.43.SDS-PAGE analysis of soluble protein fraction isatafrom samples taken one haftel
induction with different rhamnose concentrationsRW-Sigma Wide Range protein ladder; un —
uninduced; 0.001-culture induced with 0.001% rhasen®.005-culture induced with 0.005% rhamnc
0.01-culture induced with 0.01% rhamnose; 0.05traltinduced with 0.05% rhamnose; @ulture
induced with 0.1% rhamnose; 0.2- culture induceth Wi2% rhamnose; 0.5-cute induced with 0.5'
rhamnose. The predicted molecular weight of Sie8%is kDa.
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Figure 3.44.SDS-PAGE analysis of soluble protein fraction isedafrom samples taken two hours
after induction with different rhamnose concentmas. WR —Sigma Wide Range protein ladder; un —
uninduced; 0.001-culture induced with 0.001% rhaseno0.005-culture induced with 0.005
rhamnose; 0.01-culture induced with 0.01% rhamn@s@5culture induced with 0.05% rhamna
0.1-culture induced with 0.1% rhamnose; 0.2- celtimduced with 0.2% rhamnose; @&Hure
induced with 0.5% rhamnose. The predicted molecutght of SiaP is 35.5 kDa.
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Figure 3.45.SDS-PAGE analysis of soluble protein fraction isedafrom samples taken three hours
after induction with different rhamnose concentmasi. WR —Sigma Wide Range protein ladder; un —
uninduced; 0.001-culture induced with 0.001% rhaseno0.005-culture induced with 0.005
rhamnose; 0.01-culture induced with 0.01% rhamn@s@5<culture induced with 0.05% rhamna
0.1-culture induced with 0.1% rhamnose; 0.2- celtimduced with 0.2% rhamnose; @®&Hure
induced with 0.5% rhamnose. The predicted molecmtaght of SiaP is 35.5 kDa.
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Figure 3.46.SDS-PAGE analysis of soluble protein fraction isedafrom samples taken four hours
after induction with different rhamnose concentmas. WR —Sigma Wide Range protein ladder; un —
uninduced; 0.001-culture induced with 0.001% rhaseno0.005-culture induced with 0.005
rhamnose; 0.01-culture induced with 0.01% rhamn@s@5<culture induced with 0.05% rhamna
0.1-culture induced with 0.1% rhamnose; 0.2- celtimduced with 0.2% rhamnose; @B&kure
induced with 0.5% rhamnose. The predicted molecuight of SiaP is 35.5 kDa.
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Figure 3.47. SDS-PAGE analysis of soluble protein fraction isedafrom samples taken five howfe!
induction with different rhamnose concentrationsRW-Sigma Wide Range protein ladder; un —
uninduced; 0.001-culture induced with 0.001% rhasen®.005culture induced with 0.005% rhamnc
0.01-culture induced with 0.01% rhamnose; 0.05uealtinduced with 0.05% rhamnose; @ulture
induced with 0.1% rhamnose; 0.2- culture inducetth Wi2% rhamnose; 0&ulture induced with 0.5
rhamnose. The predicted molecular weight of Sigd5i5 kDa.
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Figure 3.48. SDSPAGE analysis of soluble protein fraction isolatedm samples taken af
overnight culturing following induction with diffent concentrations of rhamnose. WRigme
Wide Range protein ladder; un — uninduced; 0.0Qfieinduced with 0.001% rhamnose; 0.005-
culture induced with 0.005% rhamnose; 0.01-cultmduced with 0.01% rhamnose; 0.08lMture
induced with 0.05% rhamnose; 0.1-culture inducetth Wi1% rhamnose; 0.2Zulture induced wit
0.2% rhamnose; 0.5-culture induced with 0.5% rhaserithe predicted molecular weight of Sia
35.5 kDa.
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Figure 3.49.SDS-PAGE analysis of insoluble protein fractionlased from samples taken one hour
after induction with different rhamnose concentmas. WR —Sigma Wide Range protein ladder; un —
uninduced; 0.001-culture induced with 0.001% rhaseno0.005-culture induced with 0.005
rhamnose; 0.01-culture induced with 0.01% rhamn@$¥5-culture induced with 0.05% rhamnose; 0.1-
culture induced with 0.1% rhamnose; 0.2- culturduoed with 0.2% rhamnose; Ocbiture induce
with 0.5% rhamnose. The predicted molecular weidt8iaP is 35.5 kDa.
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Figure 3.50.SDS-PAGE analysis of insoluble protein fractionlased from samples taken two hours
after induction with different rhamnose concentas. WR —Sigma Wide Range protein ladder; un —
uninduced; 0.001-culture induced with 0.001% rhasen®.005-culture induced with 0.005% rhamnc
0.01-culture induced with 0.01% rhamnose; 0.05traltinduced with 0.05% rhamnose; @ulture
induced with 0.1% rhamnose; 0.2- culture induceth Wi2% rhamnose; 0.&ilture induced with 0.5
rhamnose. The predicted molecular weight of Sigd5i5 kDa.
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Figure 3.51. SDS-PAGE analysis of insoluble protein fractionlased from samples taken three hours
after induction with different rhamnose concentias. WR —Sigma Wide Range protein ladder;-un
uninduced; 0.001-culture induced with 0.001% rhasend®.005-<culture induced with 0.005% rhamnc
0.01-culture induced with 0.01% rhamnose; 0.05wraltinduced with 0.05% rhamnose; @ulture
induced with 0.1% rhamnose; 0.2- culture inducethWi2% rhamnose; 0&uilture induced with 0.5
rhamnose. The predicted molecular weight of Siéd5i8§ kDa.
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Figure 3.52.SDS-PAGE analysis of insoluble protein fractionlased from samples taken four hours
after induction with different rhamnose concentias. WR —Sigma Wide Range protein ladder; un —
uninduced; 0.001-culture induced with 0.001% rhasen®.005culture induced with 0.005% rhamnc
0.01-culture induced with 0.01% rhamnose; 0.05uealtinduced with 0.05% rhamnose; @ulture
induced with 0.1% rhamnose; 0.2- culture inducetth Wi2% rhamnose; 0&ulture induced with 0.5
rhamnose. The predicted molecular weight of Sigd5i5 kDa.
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Figure 3.53.SDS-PAGE analysis of insoluble proteln fractionlased from samples taken five hours
after induction with different rhamnose concentias. WR —Sigma Wide Range protein ladder; un —
uninduced; 0.001-culture induced with 0.001% rhasen®.005- culture inducesith 0.005% rhamnos
0.01-culture induced with 0.01% rhamnose; 0.05uealtinduced with 0.05% rhamnose; @ulture
induced with 0.1% rhamnose; 0.2- culture inducetth Wi2% rhamnose; 0&ulture induced with 0.5
rhamnose. The predicted molecular weight of Sigd5i5 kDa.

un  0.001 0.005 | WwR un 0.01 0.05 0.1 0.2 0.5

Figure 3.54 SDSPAGE analysis of insoluble protein fraction isothtt'om samples taken af
overnight culturing following induction with diffent concentrations of rhamnose. WRigma Widi
Range protein ladder; un — uninduced; 0.001-culindeiced with 0.001% rhamnose; 0.0@%Hture
induced with 0.005% rhamnose; 0.01-culture indueitd 0.01% rhamnose; 0.0&4ture induced wit
0.05% rhamnose; 0.1-culture induced with 0.1% rhasan0.2-culture induced with 0.2% rhamna
0.5-culture induced with 0.5% rhamnose. The predicholecular weight of SiaP is 35.5 kDa.
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Initial purification of the His-tagged SiaP protein over Ni-NTA agarose

Immobilised nitriloacetic acid nickel ion (Ni-NTAJyesin was used to purify the
expressed His-tagged SiaP protein expressed fr&RQ4J The stringency of imidazole
washes was optimized. Soluble SiaP protein waatslfrom 100 ml overnight culture
induced with 0.01% (w/v) rhamnose at OD=1.2, gra37°C and harvested after six
hours. The isolated protein was applied on prelibgaied Ni-NTA column and washed
with 20 ml of lysis buffer, followed by 4 ml washegth 20 mM, 40 mM, 60 mM,
80mM, 120mM and 300mM imidazole. Each of the 4 mkhes was collected in 1 ml
aliquots and analysed by SDS-PAGE and Westernifgo{Figure 5.56 -3.59). Most
contaminants were removed during the washes wisiis [puffer and the 20 mM
imidazole (Figure 3.55). The lowest concentratibnnodazole causing elution of the
SiaP protein was found to be 40 mM (Figure 3.56 a&®), which indicates that the
SiaP protein is not binding strongly to the redihe most effective elution of the SiaP
protein (assessed by comparison of lanes in SDSEPAEIs) was observed after
application of 60 mM imidazole (visible in Figure58 and Figure 3.59 lane “Il 607).
The elution of SiaP protein was also observed inn@d, 120 mM and 300 mM
imidazole fractions although the concentration @PSprotein in these fractions was
lower (Figure 3.57, 3.58 and 3.59). However, thaPSprotein was also detected by
Western blotting in the flow through fraction (Frgu3.59) which may indicate low
affinity of the protein’s His tag towards the Ni-NTesin. The SiaP protein yield using
this purification was estimated to be 1.6 mg frod® Bnl culture (purification fractions

40 mM — 300 mM imidazole were pooled together).
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Figure 3.55.SiaP protein manual IMAC purification, part 1. Qoassie stained (left) and corresgling
silver stained (right) SDS-PAGHel with the samples of the following purificati@tages of the Si
protein: crude — soluble fraction of the cell egtrdlow — flow through; 1st 10mM imidazole was
(lysis buffer); I 20mM — 1st ml of the 4ml fractiarf 20mM imidazole wash; 11 20mM 2nd ml of thi
4ml fraction of 20mM imidazole wash; Il 20mM3¢d ml of the 4ml fraction of 20mM imidazole wa
IV 20mM — 4th ml of the 4ml fraction of 20mM imidale wash. L - Sigma Wide Range protein ladder.

The predicted molecular weight of SiaP is 35.5 kDa
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Figure 3.56. SiaP protein manual IMAC purification, part 2. Camsrie stained (left) and
corresponding silver stained (right) SIPBGE gel with the samples of the following purifioam stage
of the SiaP protein: | 40mM —'Iml of the 4ml fraction of 40mM imidazole wash;40mM — 29ml of
the 4ml fraction of 40mM imidazole wash; Il 40mM3< ml of the 4ml fraction of 40mM imidazc
wash; IV 40mM — ¥ ml of the 4ml fraction of 40mM imidazole wash; 0r8M — ' ml of the 4m
fraction of 60mM imidazole wash; Il 60mM “ml of the 4ml fraction of 60mM imidazole wash;
60mM — 3% ml of the 4ml fraction of 60mM imidazole wash; BOmM — 4" ml of the 4mifraction o
60mM imidazole wash. L - Sigma Wide Range protaddker. The predicted molecularigiat of SiaP i

35.5 kDa
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Figure 3.57. SiaP protein manual IMAC purification part 3. Comsi@ stained (left) and
corresponding silver stained (right) SPBGE gel with the samples of the following purifica stage
of the SiaP protein: | 80mM — 1st ml of the 4mictian of 80mM imidazole wash; 1l 80mM2nd ml o
the 4ml fraction of 80mM imidazole wash; IIl 80mM3rd ml of the 4ml fraction of 80mM imidaz¢
wash; IV 80mM — 4th ml of the 4ml fraction of 80midhidazole wash; | 120mM 4st ml of the 4n
fraction of 120mM imidazole wash; Il 1220mM2nd ml of the 4ml fraction of 120mM imidazole wz
Il 1220mM — 3rd ml of the 4ml fraction of 120mM iddzole wash; IV 120mM 4th ml of the 4n
fraction of 120mM imidazole wash. L - Sigma Widenga protein ladder. Thpredicted molecul;
weight of SiaP is 35.5 kDa
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Figure 3.58.SiaP protein manual IMAC purification part 4. Coasia stained (left) and @rrespondin
silver stained (right) SDS-PAGE gel with the sarsptd the following pufication stages of the Sii
protein: 1 300mM — T ml of the 4ml fraction of 300mM imidazole wash;300mM — 2° ml of the 4m
fraction of 300mM imidazole wash; 11l 300mM X“3nl of the 4ml fraction of 300mM imidazole wash;
300mM — 4" ml of the 4ml fraction of 300mM imidazole wash- Bigma Wide Range protein ladd&he
predicted molecular weight of SiaP is 35.5 kDa.
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Figure 3.59.SiaP protein manual IMAC purification, summary. SBPAGE coomassie blue stained (left)
and corresponding Western blot (right) analysithef samples of the following purification stagéshe
SiaP protein: C — crude, soluble cell extract;flow through; 20 — 2nd ml of the 4ml fraction of M
imidazole wash; 40 —"2ml of the 4ml fraction of 40 mM imidazole wash; 602" ml of the 4m
fraction of 60 mM imidazole wash; 80 22l of the 4ml fraction of 80 mM imidazole wash;012 2

ml of the 4ml fraction of 120 mM imidazole wash:80 2'“ ml of the 4ml fraction of 30&nM imidazole
wash. L — NEB Prestained Protein Marker, Broad Rahge predicted molecular weight of SiaP is .
kDa.
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Linker introduction

The inefficient binding of the His-tagged SiaP pintexpressed from pJS201 to the Ni-
NTA resin (as the protein is present in a flow tlgl fraction) may be attributed to low
accessibility of the tag. In order to increase dbeessibility of the tag the SiaP protein
was modified. An eight amino acid linker was intmodd to separate the protein and the
6His-tag. The (Gly Gly Gly Ser)inker is a straight flexible string of amino asithat
extends the His tag from the protein and thus m#keHis-tag more accessible. The
linker sequence (Figure A) was introduced by PCRldiwation of the entire pJS201
plasmid using phosphorylated primers. The optimiB&IR annealing temperature was
60°C, annealing time was 15 s and extension time.Z86e primers containing liker

sequence are presented in Figure 3.60.

A linker sequence:
Amino acid sequence: Gly Gly Gly Ser Gly Gly Gly Ser
Nucleotide sequence: GGT GGC GGAAGT GGC GGA GGA AGT

B primer sequences:
forward primer (JS2011F): 5 GGCGGAGGAAGTCTCGAGCACCACCACCACCACCAC 3

reverse primer (JS2012R): 5 ACTTCCGCCACCTGGATTGATTGCTTCAATTTGTTTTA 3

Figure 3.60.Primers for linker introduction into the SiaP pilinte(A)Amino acid and correspondi
nucleotide sequences of the linker introduced tmasse the SiaPrptein and the His tag. (B) prin
sequences used to amplify the pJS2011 plasmidp@heof the linker introduced in tHerward prime
is marked in brown and the part of the linker idwoed in the reverse primer is marked in gréédre
sequences in black correspond to the pJS201 plasseid as a templatén order to avoid secondz
structures formation of the primers various altémgacodons for Gly were used: GGT, GGC and GGA.

After PCR the DNA fragments were extracted from ftieaction mix (RBC gel
extraction kit) and subjected to Dpnl digestionttickeaves only methylated DNA
(NEB) and thus the original plasmid (pJS201 used smmnplate) was eliminated. Then
the product was separated by gel electrophores®YiBR Safe agarose, gel extracted
and subjected to ligation with T4 DNA Ligase. Sufsently the ligation mix was used
to transformE. coli KRX competent cells. The plasmid was isolated,|ysea by
restriction and sequencing (Figure 3.61) and napd&2011 (Figure 3.62).
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Figure 3.61.Nucleotide sequence alignmentstdP gene fronpJS201 plasmid ardlaP gene prese
in the pJS2011 plasmid sequenced by MWG. The segumsding for the linker is marked in red.
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Figure 3.62.A map of the pJS2011 plasmid.
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A similar procedure for linker introduction was &pd for pJS202 and pJS203
plasmids. The linker was introduced between théeprand the His-tag using JS2011F
and JS2011R primers (Figure 3.60). The PCR comditas well as further cloning steps
were identical to these described above with theegtion of the template used.
Plasmids pJS202 and pJS203 were used as tempildates PCR step. The sequences of
newly created plasmids were confirmed by restnctnalysis and sequencing (MWG)
(data not shown) and the plasmids were named plS@gure 3.63) and pJS2031
(Figure 3.64).

The nomenclature for modified SiaP proteins in sgbgnt sections is as follows:
* SiaP 201 - SiaP-6His, expressed from pJS201,
e SiaP 202 — SiaP-6Lys, expressed from pJS202,
e SiaP 203 - SiaP-Strep2, expressed from pJS203,
* SiaP 2011 - SiaP-linker-6His, expressed from pJ§201
» SiaP 2021 - SiaP-linker-6His-6Lys, expressed frd®2021,

e SiaP 2031 - SiaP-linker-6His-Strep2, expressed fsd82031.
RBC

linker

His-tag
pJS2021 ‘

pBR322 ori
6.3 kb BLys-tag

Ampicillin Figure 3.63.A map of the pJS2021 plasmid.

RBC

linker

pJS2031 |
6.3 kb Strep2-tag

Ampicillin Figure 3.64.A map of the pJS2031 plasmid.
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Purification of the His-tagged SiaP protein with the linker

The His-tagged SiaP protein with the linker (SidA 1) was expressed in the KRX
strain of E. coli and purified overmmobilised nitriloacetic acid nickel ion resin. The
stringency of imidazole washes was optimized. Sel@iaP 2011 was isolated from
100 ml overnight culture induced with 0.01% (w/N@jamnose at OD=1.2 (stationary
phase), grown at 37°C and harvested after six hdtwesisolated protein was applied on
pre equilibrated Ni-NTA column and purified in tsame way as previously described
for the SiaP 201 protein. It was found that in cenge to the SiaP 201 protein the SiaP
2011 was not present in the flow through fractidgiiggre ) which sugests that
introduction of the linker altered the behaviourtbé protein increasing its affinity
towards the Ni-NTA resin. Furthermore, the SiaP12pfotein was not detected in the
40 mM imidazole wash (Figure 3.65), as the linkexefSiaP had been (Figure 3.59),
and the lowest concentration causing SiaP 201ioalwtas 60 mM. The SiaP 2011
protein yield using this purification was estimatede 6 mg/500 ml culture, which also

indicates higher efficiency of the procedure (sambefore).

L ¢ F W 20 40 60 L ¢ F W 20 40 60
T — >
175 kDa =+ 175 kDa
04D priem o 20 kDa
TS R e 58 kDa

58 kDa—-‘ = 46 kDa

46 kDa—J-" ﬁ ﬂ

30 kDa— . - -
e :
231@3—’

s S - ——

30kDa

23kDa

Figure 3.65SDS-PAGE and corresponding Western blot analydis thie samples dbiaP 2011 prote
purification stages. C — crude, soluble cell extr&c flow through; W — wash with lysis buffer; 202"
ml of the 4ml fraction of 20mM imidazole wash; 402™ ml of the 4ml fraction of 40mM imidazc
wash; 60 — % ml of the 4ml fraction of 60mM imidazole wash; ANEB Prestained Protein Mark
Broad Range. The predicted molecular weight of &&35.5 kDa.
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Purification of SiaP 201 and SiaP 2011 proteins usy IMAC on FPLC

The His-tagged proteins, both with the linker anthaut the linker, were purified by
IMAC using FPLC. Step gradient of imidazole in ttege between 10 mM (lysis
buffer) and 250 mM was used for purification, 0.5 samples were collected and
analysed by SDS-PAGE. During the purification cdF5R01 protein a minor increase in
absorbance at 280 nm was observed which correletedhe change (increase) in the
imidazole concentration. The wash with 20 mM imalazresulted in a slight, flat peak
which may be attributed to contaminant elution fritra column but also a SiaP elution
as the protein was detected in this fraction by $FID&E analysis (Figure 3.66 C lane
“207). This indicates that SiaP 201 binding to tlesin is weak and this result supports
the findings from the manual IMAC purification debed in sections above. The peak
at 40 mM imidazole may be a result of both contamias and SiaP elution as both of
them can be found in Figure 3.66 C lane “40”. Tharpest peak was observed after 85
mM imidazole application and may be attributed lgote SiaP protein elution as no
contaminants were detected in lane “85” in FiguBb3C. The second band on the SDS-
PAGE gel visualisation of this fraction may be iatited to the SiaP protein with a
partially degraded N-terminus; hovewer this was motestigated. The 250 mM
imidazole application resulted in an increase isoabance but no peak was formed
which indicates lack or very low amounts of proteontribution in this fraction. Low
amounts of SiaP 2011 protein present in the 250 fraktion were confirmed by SDS-
PAGE analysis (lane “250” in Figure 3.66 C).
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Figure 3.66.SiaP 201 protein purification by IMAC using FPL@)(— Aygo reading of the owvall
purification including the initial sample injecticand lysis buffer wash. (B) —# reading of the 2
mM — 250 mM imidazole washes. (C) — SPAGE analysis of the SiaP 201 purification fracsi
Lanes were loaded as follows: L — Prestained Rrdtedder, Broad Range (NEB); Ccrude ce
extract; F — flow through; W — wash with lysis karff 20 — 20 mM imidazole wash; 4040 mM
imidazole wash; 85 — 85 mM imidazole wash; 250 & 2B/ imidazole washThe predicted molecul

weight of SiaP is 35.5 kDa.
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Similarly, during the IMAC FPLC purification of Sfa2011 protein a minor increase in
absorbance at 280 nm was observed which correlatbdhe change (increase) of the
imidazole concentration (Figure 3.67). The 20 mMdiazole wash resulted in a slight,
flat peak which may be attributed to contaminanitieh from the column. The
contaminants present in the 20 mM imidazole fractéwe observed by SDS-PAGE
analysis (Figure 3.67 C lane “20”). No SiaP wasdietd in this fraction by SDS-PAGE
analysis which indicates that the modified verbthe protein with the linker interacts
with the resin with higher affinity. This result eso in concert with findings from
manual IMAC purification studies of these two pinge The peak at 40 mM imidazole
may be a result of both contaminant and SiaP elud® both of them can be found in
Figure 3.67 C lane “40”. Similarly to the SiaP 2@he sharpest peak was observed
after 85 mM imidazole application and may be attiéol solely to SiaP protein elution
as no contaminants were detected in Figure 3.6an€ 185”. The 250 mM imidazole
application resulted in an increase of absorbangeno peak was formed which
indicates lack or very low amounts of protein irsthiaction. Lack of any protein in this
fraction was also confirmed by SDS-PAGE analysigyfe 3.67 C lane “2507).
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Figure 3.67. SiaP 2011 protein purification by IMAC using FPL@) — A,go reading of the ovall
purification including the initial sample injecticand lysis buffer wash. (B) —# reading of the 2
mM — 250 mM imidazole washes. (C) — SDS-PAGE arislgéthe SiaP 201 purification fractions
Lanes were loaded as follows: L — Prestained Rrdtedder, Broad Range (NEB); Ccrude ce
extract; F — flow through; W — wash with lysis arff 20 — 20 mM imidazole wash; 4040 mM
imidazole wash; 85 — 85 mM imidazole wash; 250 -© 2BM imidazole washThe predicte

molecular weight of SiaP is 35.5 kDa.
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Purification of the Strep2-tagged SiaP protein usig StrepTactin sepharose

StrepTactin is a modified version of straptavidiffeong high affinity and high
specificity binding to the Strep2-tag. The competitelution of the target Strep2-tagged
protein with desthiobiotin (reversibly binding hiot analogue) adds additional
specificity to the system. In order to confirm theactionality of the introduced C-
terminal, Strep2-tag the StrepTactin sepharosenumduwere used to purify the SiaP
protein. Additionally, to study the impact of thalder addition on the protein features,
two derivatives of Strep2-tag SiaP proteins weralymed, namely SiaP 203 (Strep2-
tagged without the linker) and SiaP 2031 (Strepg@i¢a with the linker). Both proteins
were found in the elution fractions (Figure andufe ), which indicates that the
Strep2-tag in these proteins is functional. Theoohiction of the linker was found to
influence the protein affinity for the StrepTactesin. The SiaP 203 protein, in converse
to the SiaP 2031 protein, was detected in the Vir@shion (Figure ), which indicates
low affinity of the protein for the resin. The ladf SiaP 2031 in the wash fraction

(Figure ) indicates that the linker introductiorcri@ased the affinity of the Strep2-tagged

SiaP protein for the StrepTactin resin used inpingfication protocol.

Figure 3.68.Purification of the Strep2-tagged SiaP 2031 protmier StrepTrap HP column. SDS-
PAGE analysis (left) and corresponding Western jtaght) analysis. Samples legted in 1
fractions. Lanes: L — Prestained Protein MarkerBNE — Crude cell extract; F — flow through; W —
wash; 1 — elution fraction, first ml; 2 — elution.The Western Blot was probed with ahtis
antibodies. The predicted molecular weight of S&85.5 kDa
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Figure 3.69.SDS-PAGE (left) analysis and corresponding Wedbéwh (right) analysisof
the purification of the Strep2-tagged SiaP 2031tgimoover StrepTrap HP cohn.
Samples colected in 1 ml fractions. Lanes: L — faieed Protein Marker, NEB; €
Crude cell extract; F — flow through; W — wash; &ution fractionThe Western Blot w
probed with anti-His antibodies.
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3.3.4 Characterisation of the SiaP protein expresdan E. coli

Determination of molecular weight and homogeneity fothe His-tagged SiaP

protein using MS

The homogeneity and molecular weight of the Higg&gaySiaP 201 protein expressed in
E. coli was determined using electrospray ionization (BBss spectrometry. The
sample was prepared and analysed using standarocpirdsee section 2.23). Two
protein components were identified during this gsial The revealed molecular mass
of the major component was 35238.41 + 0.66 whichnsost identical to the predicted
(35229.97) of the mature protein after cleavagéhef23 amino acid signal sequence
(Figure 3.70). The revealed molecular weight ofsheond component was 35538.41 +
2.35 which corresponds to the 35539.67 predictedsmaf the mature protein
substituted with Neu5Ac.
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Figure 3.70.The EI-MS analysis of the His-tagged SiaP 201 pmagepressed ik. coli. The molecule
masses corresponding to pe2kd1.59, 2937.50 and 3204.44 corresponds to urisubdtSiaP proteir
ions (molecular mass 35238.410.66 Da) and peaks 2735.38, 2953.28 and 3232.5&spunds to
substituted SiaP ions (molecular mass 35538.413%).2The concentration of the Sia® the injecte
sample was 285 nM.
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3.3.5 Production of the sialic acid free form of SiaP

The application of the SiaP protein as an analytmal in various platforms requires a
diverse, in-depth functional analysis. As presgimeprevious sections of this thesis the
isolated and purified SiaP protein froa coli cells was partially saturated with Sia
which would limit further studies of the proteinoperties. Therefore, a production
method of Sia-free SiaP protein had to be developedrder to produce Sia-free SiaP

protein two separate approaches were undertaken.

3.3.5.1 Post-induction culturing time extension

The first approach to produce Sia-free SiaP wagdas the fact thakE.coli cells

metabolize Sia and are able to use it a sole safrcarbon (Vimr and Troy, 1985).
Culture ofE. coli KRX pJS201 were induced at OD=0.5 (midlog phas#) vinamnose

0.01% (w/v). Post induction culturing time was exted in order to allow cells to
metabolize Sia present in the expression mediun) (h&t would otherwise be bound
by the SiaP protein. The cultures were grown aC3ér 4 and 24 hours after inductio.
Isolated proteins from both cultures were analysed/S. There were both Sia bound
and Sia free fractions of SiaP detected in the &ansplated from the culture after 4
hours post induction (Figure 3.71). The SiaP sangakated 24 hours after induction
was composed solely of Sia free molecules (Figuf)3This indicates that production

of Sia free SiaP protein is possible by extensiotutiuring time.
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Figure 3.71.MS analysis of the SiaP protein isolated frentoli KRX 4 hours following inductionThe
peaks corresponding to both Sia free and Sia béoamas of SiaP are marked. The concentration of the
SiaP in the injected sample was 285 nM.
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3.3.5.2 Sialic acid removal by SiaP protein denaturatin

In order to produce the Sia-free form of SiaP,gh&ein was immobilised on a NiNTA
agarose column and subjected to strong chaotray@ata (urea or GnHCI) and after
denaturation the Sia was washed off. As the nattivee-dimensional structure of
ligand-binding pocket of the protein is required $a binding, the denaturation of the
protein leads to Sia release. Initially, SiaP (2migt 567.7uM in lysis buffer) was
saturated with Neu5Ac (11354M) and after 10 min incubation the free Sia was
removed by washing with molecular grade water @dgifi kDa cut off point Amicon
columns). The saturation of SiaP with Sia was cordd by MS analysis (Figure 3.73
A). Then the SiaP protein was immobilised via this-tdg on Ni-NTA agarose beads
and the column was washed with 10 ml of 8 M ure& & GnHCI (in lysis buffer) to
remove the Sia. The protein was then washed withl 2f lysis buffer to remove the
denaturants, eluted with 3 ml of 300 mM imidazoldfér and washed with water. The
SiaP protein after denaturation was analysed bytd/&nfirm the effectiveness of the
procedure. There was no Sia bound SiaP detecteahiples treated with either GnHCI
or urea (Figure 3.73 B and C respectively) whictligates that the Sia was removed
from the protein during the denaturation step. fideo to confirm that the removal of
Sia is due to denaturant application, and notriegact of the wash, the control sample
of SiaP was treated with lysis buffer instead afatarant. After the procedure the SiaP
protein was still saturated with Sia (Figure 3.7dich indicates that it was not
removed by the lysis buffer wash.

The efficient removal of Sia from the SiaP protkinding site requires denaturation of
the protein; conversely the binding of Sia occundyof the SiaP protein is correctly
folded. Hence, after Sia removal by denaturantiegipbn it is crucial to make certain
that the protein refolds and regains its nativef@anation in order to be fully active.
After denaturation the SiaP protein immobilisedtib@ Ni-NTA resin was washed with
lysis buffer to remove urea or GnHCI. To verify thetivity of the SiaP protein the
sample was re-saturated with Sia and analysed M#h It was found that only Sia
bound molecules were present (Figure 3.73 D) wihnchcates full activity of the
protein.
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Figure 3.74.MS analysisof the SiaP activity after 8 M Urea tneant.
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Investigation of SiaP protein specificity using ELLA

The specificity of the SiaP protein for sialylatglycans was investigated using the
ELLA. Immobilised glycoproteins carrying terminalaSvere used as targets for SiaP
and two commercially available Sia binders, wheatng agglutinin (WGA) and
Sambuccus nigra agglutinin (SNA) used as positive contro&alylated glycoproteins
fetuin and transferin, along with asialofetuin useda negative control, were probed
with 6His-tagged SiaP protein and biotinylated W&# SNA. It was found that SiaP
did not bind to either of the sialylated glycopiotetested (Figure 3.75). The presence
of glycoproteins on the surface of the well wasfecored by positive results of WGA
and SNA tests. The His-tagged SiaP immobilisedctlyeon the surface as a positive
control for anti-His antibodies gave a positiveutesn the test (anti-His Abs positive
control, Figure 3.75) which confirms that SiaP t&ndetected in a given concentration
(5ug/ml). The negative controls for both anti-Hrelaanti-biotin antibodies were tested

negatively which confirms the antibodies’ spectfes.

I O WGA [5 pg/mi]

B SNA [1 pg/ml]

O SiaP [5 pg/ml]

O SiaP [10 pg/mi]

B negative for anti-biotin Abs
O negative for anti-His Abs
B SiaP [5 pg/ml]

N
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PBS Fetuin Asialofetuin Transferin anti-His Abs
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Figure 3.75. ELLA analysis of the SiaP specificity for sialyldt@glycoproteins. SiaP protein at two
different concentrations was tested against Fefisiglofetuin and Transferin immobilised directly the
plate. The PBS buffer was used as a negative ddotr&ia-binding proteins. The negative contrius
antibodies consisted of glycoproteins (or PBS)eattrd with Sia-binding proteins. The positive cohtr
for anti-His antibodies was a SiaP proteing@ml] immobilised directly on the plate. As consdiwo
other Sia-binding proteins were tested: WGA and SNA
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The negative result of SiaP protein in the ELLA&gssvith glycoproteins may be

attributed to either inability of the protein tanbithe terminal Sia of the glycoprotein or
inability to bind Sia in any conjugate. It is pddsithat the lack of interaction of SiaP
with glycoproteins is due to steric constraintsthe SiaPs conformational change
during ligand accommodation may be prohibited by ghycan structure to which the

Sia is attached.

The SiaP’s deep binding pocket may limit the ranf@ossible ligands to free Sia or
Sia coupled with much less complex structure thglyean tree. The ability of the SiaP
protein to bind such structures was tested usibg@nylated form of Sia. A flexible
linker (polyacrylamide [PAA]) between Sia and biotshould decrease the steric
constraints and allow ligand accommodation. Immséiion of various concentrations
of biotinylated Sia was achieved by utilizationtlbé biotin-specific neutravidin protein
which was initially immobilised on NUNC MaxiSorp %ell plates. Subsequently, the
surface was incubated with 0.5 mM biotin to capatmsated neutravidin binding sites
and finally tested with SiaP protein and commerigetins (WGA and SNA). The result
of this test for the SiaP protein was negative Whidicates that SiaP does not bind to
biotinylated Sia (Figure 3.76). No signal increases also detected for WGA and SNA
when applied on the surface treated with 1 pg/wiifylated Sia (Sia-biot [1 pug/ml] in
Figure 3.76). The signal for WGA and SNA doubledcomparison to the negative
control (PBS) when applied on the surface treatéth WO pg/ml biotinylated Sia.
However, the same surface tested with anti-biatiibadies yielded also twice as much
signal as a reference surface (PBS). This indicttas the biotinylated Sia at the
concentration of 10 pg/ml was successfully immebili on the surface; however, SiaP
showed no specificity for this conjugate. The resof ELLA experiments suggest that
SiaP protein does not bind to conjugated Sia, eetdrminal Sia of glycans nor PAA-
linked Sia.
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Figure 3.76. ELLA analysis of the SiaP specificity for sialydat conjugates. SiaP protein was tested
against biotinylated Neu5Ac immobilised on the @lata neutravidin. The PBS buffer was used as a
negative control for Sia binding proteins. The atég controls for antibodies consisted of
neutravidin/biot-Neu5Ac (or PBS) untreated with Biading proteins. The positive controls for antsH
and anti-biotin antibodies were SiaP proteiny@ml] and WGA [5ug/ml] respectively immobilised
directly on the plate. As controls, two other Siading proteins were tested: WGA and SNA.
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3.3.6 Utilization of SiaP protein for sialic acid determnation

In order to utilize the SiaP protein for detectiand quantification of free Sia, the
activity of the protein was tested with various Igtieal platforms. Results described in
this section involve experiments performed usings$l&pectrometry and surface

plasmon resonance.

3.3.6.1 Mass Spectrometry based free sialic acid quanittfation using SiaP

It was previously found (section 3.3.4) that thelenalar mass of the SiaP protein can
be precisely measured using MS. The Sia-free aneb®@ind species of SiaP can be
distinguished on the basis of their mass to chaagjes. It was also found that after
addition of the free Sia to the SiaP sample, thg epecies detected was the ligand-
bound SiaP (Figure 3.75). The aim of this sectibthe study was to find a range of Sia
concentrations in which the changes of Sia conagalr linearly correlates with

changes of ligand-free and ligand-bound conceotati of SiaP. This would

subsequently lead to the development of Sia queatibn method based on MS and

SiaP protein.

The sample of SiaP was incubated with differentceotrations of Sia and as the
concentration of Sia was gradually increasing tleerelse of Sia-free SiaP was
observed using MS (Figure 3.77). At the same tihee $ia-bound SiaP fraction was
increasing.

MNeubAc bound SiaP
2737 _—"

MNeuSAc free_SiaP

Relative intensity

2840 2860

Figure 3.77. MS analysis of SiaP samples perincubated with wdiffe levels of Neu5Ac.The
concentration of SiaP was the same in all sam@@85 (M) and theoncentration of NeuS5Ac was
follows: A— 0, B—-10 nM, C—100 nM, D — 285 nK 400 nM, F - 1000 nM.
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It was found that although the decrease in the atotithe ligand free protein and
increase in the ligand bound protein correlatesh wiite increase in the Neu5As
concentration, the correlation is not linear. Tbaaentration of SiaP in all samples was
285nM. The control sample with no external Sia addas composed of mostly Sia
free SiaP protein. In the sample with a 10 nM cotregion of Sia a significant drop in
Sia free SiaP and increase in Sia bound SiaP wasngd (Figure 3.77 B) in
comparison to the control sample with no additio®s added (Figure 3.77 A).
However, in the sample with a ten times higher eotration of Sia no further changes
were observed (Figure 3.77 C). The addition of gmraolar amount of Sia to the SiaP
sample caused larger changes in Sia free and Smdtoactions of SiaP; nonetheless,
the Sia free compounds were still detectable. leurdaldition of Sia caused only slight
changes to the ratio of ligandfree and ligand-boGmaP protein concentrations. The
lack of linearity in the SiaP response to various Bvels may be attributed to the
intrinsic features of the protein. The SiaP protdfution may interact in a non-linear
way with increasing level of Sia. It is also possithat the insufficient resolution of the
available MS equipment influenced the results asdifference in m/z values between
unsubstituted and substituted forms of SiaP is mi(2937 and 2953 respecively — see
Figure 3.70).
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3.3.6.2 Surface plasmon resonance-based free sialic agjdantification
using SiaP
Neutravidin and biotinylated sialic acid tests

In order to test usability of aurface plasmon resonaniue free Sia detection and
quantification using the SiaP protein various faisnaere used initially. One approach
involved immobilisation of neutravidin, addition bfotinylated Sia and probing with
SiaP (Figure 3.78). The SiaP protein was showrave ELLA experiments not to bind
conjugated Sia; hovewer, in the below presentes geslifferent analytical platform is
used (surface plasmon resonance). This test wagnees for development of a
competitive assay for free Sia where the SiaP wbaldixed with Sia and then applied
on the chip. As the SiaP has a relatively largesn{d5.5 kDa) its interaction with the

surface would be clearly detectable, increasingéresitivity of the assay.

-1 l
Al M
LL N ! - 1 &
. , .
Neutravidin Bidtindaed Salic Add His-tagged SiaP

Figure 3.78.Immobilisation of biotinylated Simn CM5 chip via Neutravidin and subsequent treat
with SiaP.
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Preconcentration of 50 pg/ml protein was performeohg a standard procedure (see
section 2.24 above). It was found that the optiptdlof the sodium acetate buffer was
pH 4.4, as the response indicating protein intevacwvith the dextran surface is the

highest when sodium acetate buffer at this pH eéected Figure 3.79).
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Figure 3.79.BIACORE 3000 sensogram representing the precoraténirof neutravidin protein5p
pg/ml] on the biacore CM5 chip. The pH of the smdiacetate buffersised for each injection ¢
marked over each peak.

The neutravidin was then successfully immobilised a CM5 chip via standard
EDC/NHS coupling. After application of 200 ul of $@/ml neutravidin the chip was
capped with ethhanoane and unspecifically boundemahtwas removed by four
injections of sodium hydroxide. The baseline waanfb to be stable after NaOH
injections (Figure 3.80).

55000 7

ethanolamine

50000 neutravidin
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40000
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Figure 3.80.BIACORE 3000sensogram representing neutravidin immobilisatiorthe CM5 chip. Tt
asterisks indicate the beginning and eol injections. The injections of EDC/NHS, neutidin,
ethanolamine and NaOH are marked over the areasspmnding to each injection.

The neutravidin surface was subsequently used fuea biotinylated Sia. The
biotinylated Sia was successfully captured on araeigdin-coated CM5 chip (Figure

3.78). It was observed that 791 RU of biotinylagid were captured on this surface
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Resp. Diff.

after 150 pl of 50 pg/ml sample was injected (cotra¢ion previously optimised, data
not shown, Biacore, 2003). Binding was represeigd typical increase in RU, as

illustrated in Figure 3.81.
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Ti

Figure 3.81. BIACORE 3000 sensorgram demonstrating binding iofifylated Siato a neutravidi
coated CM5 chip. The asterisks indicate the begmaind end of injection of bidteu5Ac (150 pl of 5
pa/ml).

Finally, the SiaP protein was passed over the serfa 50 pl sample of 50 pg/ml was
selected and the response was monitored on thergeas presented in Figure . No
stable change in response was observed in the ggansoA rise of response straight
after the start of the injection was detected bdeclined afterwards resulting in overall
baseline drift of 35 RU (Figure 3.82). The molecutzass of SiaP is 35.5 kDa and, if
bound to the CM5 chip, it would clearly be detectath the biacore system. Lack of a
stable signal on the sensorgam indicates that tisergo true binding between the
neutravidin/biot-Neu5Ac CM5 chip and the SiaP. sTkiiminates the possibility of
utilisation of this particular format and confirnesirlier ELLA-based analysis, which
shows that SiaP can only bind to a free (and nojugated) Sia.
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Figure 3.82 BIACORE 3000 sensorgram demonstrating injection tbé SiaP protein on
neutravidin/biot-Neu5Ac-coated CM5 chip. Pointsntl 2 indicate respéwgely start and stop of the Si

(50 pl of 50 pg/ml) injection.

Immobilisation of and Strep2-tagged SiaP protein \a neutravidin

In the subsequently tested formats the SiaP pret@m immobilised on CM5 biacore
chips and used to detect free Sia. Two of the fesnapplied involved indirect
immobilisation of SiaP on the biacore CM5 chip gither a deglycosylated version of
avidin, neutravidin or antibodies. These would Wierfeom orientated immobilisation
and enable regeneration of the surface as theawditr (or antibody)/SiaP interaction
Is not covalent. In the first format the SiaP 2d8terminally Strep2 tagged with a
linker) was immobilised on a neutravidin-coated Cbtbp via the Strep2 tag (Figure
3.83). Sia was subsequently passed over the ssudace at varying concentrations

and the changes in signal were monitored.

0 I ‘ ° :' ° = -' @
Neutravidin Strep2 tagged SiaP Sialic Acid
> > [E—

Figure 3.83.Immobilisation of Strep2-tagged SiaP via Neutravidhd subsequent treatment with free Sia.

CM5 chip

The neutravidin was successfully immobilised on BI5Cchip via standard
EDC/NHS coupling. Application of 200 pl of 50 pg/meutravidin yielded a stable
baseline (baseline did not shift ater regeneratuith NaOH) at 39.400 response
units (RU) (Figure 3.84).
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Figure 3.84.BIACORE 3000 sensogram representing neutravidinabitisation on the CM5 chiplhe
astersks indicate the beginning and eofd injections. The injections of EDC/NHS, neutidini
ethanolamine and NaOH are marked over the areasspanding to each injection.

The neutravidin surface was used to immoblise 3@8 protein (Strep2-tagged with a
linker). The injection of 50 pl of 50 pg/ml of Sigiotein resulted in an increase of 121
RU of the baseline (Figure 3.85). However, as thsebne was not stable after the
injection and significant drift was observed, timgection of SiaP was repeated. An
additional injection of 150 ul of 50 pg/ml of Siagsulted in an overall increase of 275
RU. The baseline after SiaP immobilisation was tbtm be unstable and significant
baseline drift was observed over time in the abserf@any analyte (Figure 3.85). This
baseline drift is attributed to the decrease ofrtfass of the molecules present on the
surface of the chip. As the neutravidin was cowlydimked to the dextran layer of the
chip the mass change may be attributed to the ilegd the SiaP protein from the chip
under the flow of the buffer (10 pl/min), which iarns indicates low affinity of the

SiaP for the neutravidin surface.
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Figure 3.85.BIACORE 3000 sensorgram demonstrating bindinghef $iaP protein to a neutravidin-
coated CM5 chip. The astersks indicate the beg@and end of injection®uring the first injection ¢
SiaP 50 pl of 50 pug/ml protein was applied; durihg second injection of SiaP 150 pl of g@/mi
protein was applied. The HBS buffer flow was morgtbafter each protein injection.

Application of various concentrations of Sia over rutravidin-SiaP surface

In order to test the surface response to Sia, waroncentrations of Sia were selected.
Application of various concentrations of Sia (1 M1 mM) did not result in a
noticeable increase in RU, or did not stabiliselibseline. The injection of a 5mM Sia
sample resulted in a temporarily-increased sighajufe 3.86). This phenomenon is
caused by change of refractive index (RI) as th#ebunjected had a different
composition (higher Sia concentration in comparigon“pure” HBS buffer used
between injections). The lack of a stable respaifis Sia injection may be attributed

to insufficient quantities of SiaP on the sensofasie.
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Figure 3.86. BIACORE 3000 sensorgram demonstrating injectionSiaft various concentrations
the SiaP coated surface. The astersks indicatbegimning and end of injectionShe concentratiol
of Sia used are indicated above the parts of seasogorresponding to them. Between the Sia
injections the HBS buffer flow was monitored.

Immobilisation of the Strep2-tagged SiaP protein \a Anti-Strep2 tag antibodies

In order to increase the SiaP protein concentraiiothe CM5 biacore chip the protein
was immobilised via antibodies. Additionally, tHfermat potentially allows for chip
regeneration as the secondary antibodies couldrippexd down. Goat anti-mouse 1gG
was immobilised directly on the CM5 chip and usedcapture anti-Strep2 antibody
(StrepMAB-Immo). Subsequently, the SiaP proteirs wamobilised on the chip via its

Strep2 tag and used to capture free Sia Figure 3.87

Goat arti Mouse IgG StrepMAB-Immo
| — >

I
ﬁsnepz tagged SiaP
@ ;. @

Sialﬂilc Acid
<—

Figure 3.87.Immobilization of Strep2 tagged SiaP via a Goat-amouse IgG and a StrepMABRmMao
antibody, and subsequent treatment with free Sia.

CM5 chip
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The immobilisation of goat anti-mouse antibodies @anCM5 biacore chip was
optimised. Preconcentration of 50 pg/ml proteina(®ire, 2003) was performed using
standard procedure. It was found that the optinfkhbpthe sodium acetate buffer was
4.6 (Figure 3.88).
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Figure 3.88. BIACORE 3000 sensogram representing the precoratérir of neutravidin protein5p
png/ml] on the biacore CM5 chip. The pH of the swdliacetate buffer used for each injectiomiarkec
over each peak.

The goat anti-mouse antibody was then successiultgobilised on a CM5 chip via
standard EDC/NHS coupling. Application of 200 pbé&f pug/ml of the antibody yielded
a stable baseline (baseline did not shift afteremegation with NaOH) at 36.400
response units (RU) (Figure 3.89).
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Figure 3.89. BIACORE 3000 sensogram represémrelting goat matitse antibodies immobilisation on
CMS5 chip. The asterisks indicate the beginning end of injections. The injectisnof EDC/NHS, go:
anti-mouse antibodies, ethanolamine and NaOH are maoked the areas corresponding to ¢
injection.



The goat anti-mouse antibody surface was used tooinlise mouse anti-Strep2
antibodies (StrepMAB-Immo). The injection of 200qfl50 pg/ml of StrepMAB-Immo
resulted in an increase of 2391 RU over the basé¢kigure 3.90).
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Figure 3.90.BIACORE 3000 sensogram representing mouse Stngip2 antibodies immobilisation *
the goat anti-mouse antibodies coated CM5 chip. asierisks indicate the beginning and esfd
injections. The injection of mouse airep2 antibodies is marked over the area correlipgrio eac
injection.

Subsequently the SiaP protein was immobilised enattitibody surface. The injection
of 200 pl of 300 pug/ml of SiaP 2031 protein redlilie an increase of 207 RU in the
baseline (Figure 3.91). After the injection thedda® was not stable and a drift of the
baseline was observed; however, the drift was soslaarp as when the SiaP was
immobilised on the neutravidin surface, indicatihgt the antibody surface has a higher
affinity for SiaP than neutravidin. The immediatdéftdof the baseline after the start of
injection and sharp rise at the end of the injecisoattributed to the buffer compaosition
change. The sample of SiaP had a relatively higitceotration (300 pg/ml of protein)
in comparison to the HBS buffer that flows througle flowcell before and after the
injection. The unstable interaction between SiaRgum and the surface was not optimal
for the development of a quantitative test; howetlez surface was tested with Sia in

order to investigate the responsiveness of thepequent.
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Figure 3.91.BIACORE 3000 sensogram represelmr;ting SiaP immobtdisan the anbodies coated Clv E
chip. The asterisks indicate the beginning andaridjections. The injection of SiaP is marked otle
area corresponding to the injection.

Application of various concentrations of sialic aal over StrepMAB antibodies-SiaP

surface

The antibody/SiaP surface was ultimately testedh \®ita. The initial application of 5
mM Sia was found to cause a stable rise of an dwagmal of 432 RU (Figure 3.92).
The sharp increase of the signal after the stati@Sia injections and drift of the signal
at the end of the injections were attributed to ¢hange of the refractive index of the
buffer caused by different buffer compositions dgrthe injections. The active surface
was subsequently treated with 210mM NaOH (reger@ratiep). An incline of the signal
of 512 RU indicates that Sia was washed off the @lsi the baseline returned almost to
the state before Sia application. The sudden dfithe baseline at the beginning of the
10 mM NaOH application and sharp increase of tgeaiat the end on the injection
were attributed to the buffer composition changdse application of 5 mM Sia was
repeated two more times. After each Sia applicati@nincrease in response units was
observed which indicates that Sia was capturedu(gi$.92). However, injection of 1
mM Sia did not yield a stable increase of the digifiis indicates that the lower
detection limit of this surface for Sia is betweemM and 5 mM. More importantly
this indicates that it is possible to detect Siagithe SiaP protein and Biacore systems.
Nonetheless, it is crucial for further tests toimje SiaP immobilisation in order to
have a stable baseline before Sia injections.
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Figure 3.92.BIACORE 3000 sensorgram demonstrating injectionSiaf at various concentrati®ror
the SiaP coated surface. The asterisks indicatbahmning and end of injectionEhe concentrations
Sia used are indicated above the parts of sensogpamsponding to them. Between the Bijaction:
the HBS buffer flow was monitored.

Direct immobilisation of the 6xLys tagged SiaP pratin on the CM5 chip

Another format tested in order to maximize the iitgbof SiaP on the CM5 biacore
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Response

chip surface involved direct immobilisation of tBeys-tagged SiaP (SiaP 2021) protein
on the active surface. This simplified format offérigher stability of the immobilised

SiaP protein as the protein is covalently immobdi®n the dextran surface of the chip.
The 6Lys-tagged SiaP protein was selected forgtosess as the C-terminally located
lysine tag used for EDC/NHS standard amine coupiimgyeases the possibility of

orientated immobilisation (Allarét al., 2001). Preconcentration of 100 pg/ml protein
was performed using the standard procedure (s¢iers@c2.4 above). It was found that
the SiaP protein unspecifically binds to the swféEigure 3.93) as the signal was

gradually increasing after each protein samplectige.
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Figure 3.93.BIACORE 3000 sensogram representing the precoratant of SiaP 2021 protein [100
pag/ml] on the biacore CM5 chip. The pH valugghe sodium acetate buffer used for each irgacire
marked over each peak.

The preconcentraion procedure was modified by addifNaOH regeneration step after
each SiaP injection in order to remove the unspeadly bound SiaP molecules. The
regeneration involved injection of 5 pl of 10 mM ©ld at 10 pl/min. Using this
modified preconcentration procedure the immobilssatonditions for SiaP 2021 were
optimised. It was found that the optimal pH of suelium acetate buffer was 5.0 (Figure
3.94).
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Figure 3.94.BIACORE 3000 sensogramepresenting the modified preconcentration of tle?02:
protein [100 pg/ml] on the biacore CM5 chip. Tis¢eaisks indicate the beginning and end of injetio
The pH of the sodium acetate buffer used for eajgtiion are marked over each peak.

The SiaP 2021 protein was then successfully imrnsauoilon a CM5 chip via standard
EDC/NHS coupling. Application of 200 pl of 100 ud/of the protein yielded a stable

baseline at 24,007 RU (Figure 3.95). After subtaacof the baseline before the process
only 4657 RU of SiaP was immobilised.
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Fiogure 3.95.Bff&CORE 3000sensogram representing SiaP 2021 immobilisatiothmngMS chip. Th
asterisks indicate the beginning and @fdnjections. The injections of EDC/NHS, SiaFyatolamin
and NaOH are marked over the areas correspondiegcto injection.
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In order to confirm the activity of the immobilisediaP in this format the chip was
tested with 5 mM Sia. This concentration of Sia wesviously found to be detectable
with SiaP protein using biacore system (SiaP pmotenmobilised on StrepMAB
antibodies). Injection of 5 mM Sia resulted in aftdof 5 RU (Figure 3.96) which
indicates that there was no true binding betweana8d SiaP on the chip. This may be
attributed to either the protein being inactiveeafirect immobilisation or the amount

of protein immobilised on the chip being too lowdetect the Sia.
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Figure 3.96.Activity test of SiaP directly immobilised on theM5 chip with Sia.Points 1 to 2: injection
50 pl of 5 mM Sia.

To increase the concentration of SiaP 2021 on tMb Chip the immobilisation
procedure was modified. A higher concentrationha protein was used (200 pg/ml)
and the volume of the injection was increased @30 It was found that a significantly
greater amount of SiaP was immobilised using tresalitions: 12336 RU (Figure
3.97). Furthermore the baseline after SiaP immeddilbn was stable. This was achieved
by the application of amine coupling which genesat@able covalent bonds between the

dextran layer and the SiaP protein.
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Figure 3.97.Immoblilisation of theSiaP protein on the Biacore CM5 chip. Points 1:teu2face activatic
with 70 pl of EDC/NHS; points3 to 4 immobilisation of 300 pl of SiaP [200 pgfmpoints 5 to €
blocking with 70 pl of ethanolamind€l (pH 8.5, 1 M); points 7 to 12: regeneration lwthree 5 L

injections of NaOH [5 mM].

In order to confirm the activity of the immobilis&laP the chip was tested with 5 mM
Sia. Injection of the Sia resulted in an increak8103 RU (Figure 3.98); however, on
the reference surface (non activated carboxymettyldextran) a similar increase of

79.4 RU (Figure 3.99) was observed.
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Figure 3.98.Activity test of SiaP directly immobilised on thev chip with SiaPoints 1 to 2: injection
50 ul of 5 mM Sia.
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Figure 3.99. Sensorgam representing the injection of 50 ul ohM Sia onto the reference surfe
during the activity test of immobilised SiaP protei

To eliminate the Sia interaction with the referesaéface, it was blocked by activation
followed by capping. The dextran surface was attvyaby 140 ul injection of

EDC/NHS followed by capping with 70 ul of ethanolam and regeneration with
NaOH (Figure 3.100).
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Figure 3.100.Blocking of the dextran surface by EDC/NHS actiwatiand ethanolamine capp
followed by NaOH removal of unspecifically boundteéal.

After blocking the reference surface, the activigt with 5 mM Sia was repeated.

Injection of the Sia resulted in an increase of. 208U (Figure 3.101). On the reference
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surface an increase of 50.6 RU (Figure 3.102) waserwed. The net increase after
subtraction of the reference surface was 152.5 Riitlwindicates that true binding

between Sia and SiaP immobilised directly on thp tdkes place and that the protein is

active in this format.
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Figure 3.101.Activity test of SiaP directly immobilised on theM5 chip with Sia.Points 1 to :

injection of 50 pl of 5 mM SA.
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Detection of various concentrations of sialic acidsing SiaP on the Biacore chip

The response of SiaP directly immobilised on the5GiMip was studied using various
concentrations of Sia (in triplicates). Initiallyrange of Sia concentrations from 1 mM
to 8 mM was studied. It was found that increasiagoentrations of Sia resulted in the
increasing response of the active surface. Thectioje of HBS buffer yielded 3 RU
(Figure 3.103 and Appendix), 1mM Sia yielded 17 BunM — 20 RU, 5 mM - 24 RU,
7 mM - 34 RU, 8 mM — 40 RU. The injection of 10 ngdlactose used as a specificity
control yielded 7 RU. Furthermore the response givan range was close to linea’’(R
= 0,9283) (Figure 3.103 and Appendix).

Correlation between sialic acid concentration and SiaP response on
Biacore chip.

50

40 o

30

20

-

10

-

Responsein Resonance Units (RU)

o

nM 1mM 3mM 5 mM 7 mM 8 mM Gal 10 mM

-10

Sialic acid concentration

Figure 3.103.Correlation between Sia concentration in the rao§® mM to 8 mMand SiaP prote
response on the biacore chip.

In order to test the upper detection limit of tlystem higher concentrations of Sia were
tested (in triplicates) and the results are plotte&igure 3.104. It was found that the
injection of 10 mM Sia yielded 166 RU (Appendix) iain is unproportionally high in
comparison to 8 mM result of 40 RU. The subsequgattion of 15 mM — resulted in
135 RU, which is a decline in comparison to 10 m&6 RU. The result of injection of
20 mM was again lower than previous — 49 RU. Thievacsurface was ultimately
tested with 8 mM Sia to verifiy its activity. It wafound that injection of 8 mM Sia
resulted in 40 RU (Appendix), which is in concerithwthe first 8 mM test. This

indicates that the active surface was fully funwdiio The specificity of the method was
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tested with 10 mM galactose. It was found thatdhkctose injection resulted in the

increase of the baseline of 7 RU (Appendix), whikimilar to the HBS buffer value

and thus indicates no interaction with the surfafcie chip.
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Correlation between sialic acid concentration and SiaP response on
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Figure 3.104.Correlation between Sia concentration in the rapigé mM to 20 mMand SiaP prote
response on the biacore chip.
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Chapter 4
Discussion



4 Discussion

As the ultimate goal of the project was to applg Binding lectins as an analytical tool
the goal of this section was to produce active Hidtein expressed i. coli. Thehal
gene was initially cloned into the pKK233 derivddepB3 expression vector containing
an additional Ribosome Binding Site and His-tagusege to facilitate efficient
expression and convenient further purification dfe tHA1 protein. Another
advantageous feature of the pLecB3 vector is ttengtIPTG inducible Ptac promoter
which allows for regulated expression of tied gene.

E. coli BL21 and Rosetta strains were initially chosehasts for expression. These are
protease deficient strains that should limit hdteyous protein degradation.
Furthermore the Rosetta strain contains an additigplasmid with tRNAs for
mammalian codons that rarely occur En coli. The initial expression of the HAl
protein in E. coli from the pJS102 plasmid confirmed the successfd af the
expression system utilized. However, the succdgskrpressed HALl protein was
exclusively produced in an insoluble form in inchursbodies. Expression of the protein
in a number oE. coli strains was undertaken under a variety of exprassonditions.
However, the results of these experiments werefulyt successful, regretfullyvith
respect to the production of a soluble HA1 prot&uarthermore, there was no control
over the induction process caused by “leaky” expoes at a substantial level. The
“leaky” expression in thde. coli Bl21 strain is in accordance with previous reports
(Gosseet al., 1993; TougLet al., 1996). Therefore, the XL10-Gold strain was uéitizo
lower the pace of expression by regulated inductibthe hal gene. It is a common
practice in protein expression studies to promatelslity by lowering the growth
temperature and concentration of inducing agentef@enet al., 2005). The culturing
conditions were optimized in order to slow down r@gsion and thus enable correct
folding of the HAL protein that would increase stslubility. Such factors as culturing
temperature and concentration of IPTG used for atida were tested. However, the

HAL protein was expressed exclusively in an insiedbrm.

In order to produce the HAL protein in soluble fotwo separate approaches were
undertaken. One was based on alteration of theesgjgn system in order to obtain a
soluble protein. The second approach was focusedotubilisation of the initially

expressed aggregates of HA1 protein.
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As previously reported, the solubility of heteradoig proteins expressed I coli is
often increased by targeting to the periplasmiccepas well as by fusion protein
utilization (Pryoret al., 1997; Dysonret al., 2004). Both of the above strategies were
used to promote solubility of the HAL1l protein. TBec translocation system was
initially utilized for HA1 targeting into the peifigsmic space. Although successfully
expressed with a signal sequence the HA1 protesmimgoluble. This may be attributed
to the mechanism of transloaction by the Sec systhioh is a posttranslational system
(Fekkeset al., 1999). Thus, nascently produced polypeptideassiocated in this case
after being fully synthesized. The aggregation tpassibly occurred before the

termination of the translation process might harevented subsequent translocation.

Fusion proteins are often used for heterologousepraexpression irk. coli offering
several advantages like increased expression ratesimplified and efficient
purification and also, most importantly for thisdy, increased solubility of the product
(Pryoret al., 1997; Dysoret al., 2004). The maltose binding protein (MBP) was fibun
to be the most effective fusion partner for promgtsolubility (Dysonet al., 2004).
Thus thehal gene was successfully cloned in frame withrtlséE gene encoding MBP
in pPMALp2E vector. The expression of MBP fused HMABs unsuccessful as the
overexpression of the MBP-HA1 was not detected D-$AGE analysis neither in the
soluble nor in the insoluble fractions of the cellie lack of HA1 protein may be
explained by the protease activity, which is préserthe XL10-Gold strain oE. coli
(Stratagene). However, the HA1 protein was sucagsxpressed in this strain before.
The addition of MBP as a fusion partner seems tog®a the production of the protein.
It is possible that the large size of the tranganibich is 2235 bp corresponding to 745
amino acids (including the signal sequence) impaireven makes the production of
such a polypeptide impossible. Such results of l#&fression irE.coli are in concert
with previous reports where the entire influenzausi hemagglutinin protein was
expressed witl-galactosidase as a fusion partner in a soluble faumn a very low
guantity (Daviset al., 1981).

Production of soluble mammalian proteinsincoli by solubilisation and refolding of
polypeptides expressed in the form of inclusion iéeds another widely applied
practice (Vallejoet al., 2004). Such a strategy was applied in paralléh wreviously

discussed expression alterations as the resultgisfpart of the study would be

beneficial in two ways with regards to the ultimgtal of the project. Firstly, optimized
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solubilization conditions would enable efficient BApurification and, as a result,
promote refolding of the soluble active product kikes et al., 1999). Secondly,
effective denaturation followed by successful rdifoy may be utilized for ligand
release to regenerate the ligand free form of théem. Concentrated solutions of urea
as well as guanidine hydrochloride, respectivelgravused in this study as they are
reported to be the most potent chaotropic agemtsdibilisation of protein aggregates
(Vallejo et al., 2004). The solubilisation of the HA1 protein upinrea at various
temperatures of incubation was unsuccessful. ftossible that urea is not a strong
enough chaotropic agent to solubilise this parsicuprotein. The unsuccessful
solubilisation may also be attributed to the repsrimpact of the pH on the
solubilisation process using urea, as urea at waripH values influences the

solubilisation of a given protein differently (Eptet al., 1996).

The application of guanidine hydrochloride as aatierant was initially unsuccessful
with the concentration of the chaotropic agent d#l,6which is the most widely used
concentration reported (Valleg al., 2004). As the unsuccessful solubilisation of HA1
protein by 6 M GnHCI may be attributed to the darat being still too weak to break
the protein aggregates down, a higher concentrabioriSnHClI was applied. The
solubilisation of HA1 protein by 8 M GnHCI was sessful and soluble polypeptide
was obtained.

In order to purify the solubilised HA1 protein, whiwould promote efficient refolding
of the polypeptide, Immobilised Metal Affinity Chratography (IMAC) was used.
However, the solubilised HA1 protein was found twbind to the preequilibrated resin
of Ni-NTA agarose (Qiagen). The lack of binding mbg attributed to the high
concentration of GnHCI (8 M) during the procedu&uch a high concentration may be
incompatible with the resin, as the manufacturggssts using a 6 M concentration of
GnHCI at most; nevertheless, a lower concentrabdbnGnHCI was found to be
ineffective for HAL1 protein solubilisation. Applitan of other resins (Westburg,
Invitrogen) might be more successful. However, has fpoint in the project it was
concluded that HA1 protein is not readily amendblproduction for the purpose of the

project and it was decided to use another sialit Biading protein.

The Sia-binding protein, SiaP, bf. influenzae was modified, produced, characterized
and applied for sialic acid detection. TsiaP gene was initially cloned into a pET-21b

derived expression vector. Efficient expressiothef gene was driven by the strong T7
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promoter. The C-terminal 6His-tag was utilized doilitate further efficient purification

and immobilisation of the SiaP protein. Additioyall-terminal Strep2 and 6Lys tags
were introduced which were subsequently utilized ifomobilisation on the biacore
chips.

As an expression ho&. coli KRX (Promega) cells were chosen. The T7 polymerase
encoded in the genome of KRX cells is under contodl the rhamnose
promoter/operator. This results in not only high blso regulated protein expression
(Guzman et al., 1995). Furthermore the ompTand ompP mutations eliminate
proteolysis of the overexpressed proteins, wheadask of the most common nuclease
that copurifies with plasmid DNA, achieved by endwutation, is an advantage during

cloning steps (Promega).

The expression of the SiaP protein was optimizeth wegards to expression time,
concentration of inducing agent and culture celhsity at the induction time. The

decreased concentration of soluble SiaP protetultures induced with a higher than
optimal level of rhamnose and/or in cultures afterilonged (overnight) expression time
was observed. This can be attributed to the deposif SiaP in inclusion bodies which
is a common phenomenon of overexpressed proteiris ooli (Vallejo and Rinas,

2004). This reasoning is supported by the findioigthe increased concentration of the

SiaP protein present in the insoluble fractionthefrespective cultures.

The optimal conditions were applied for expresxbthe soluble SiaP protein that was
later purified using affinity chromatography. Duginthe initial manual IMAC
purification using NiNTA agarose columns it was riduthat the 6His-tagged SiaP 201
protein has low affinity for the resin and was eficiently captured by the resin. This
may be attributed to the low accessibility of thgitag to the environment as it is
directly at the C-terminus of the 35.5 kDa globybaotein and the steric contraction
may block it from interaction with nickel ions adfé resin. In order to increase the
accessibility of the 6His-tag the SiaP protein wagineered by introduction of the (Gly
Gly Gly Ser) linker/spacer between the globular protein andtéige The introduction
of a flexible peptide linker composed of Gly andr Seas previously reported to
improve immunoreactivity of a fusion peptide by reasing the distance between
domains of the polypeptide (Hat al., 2004). Extending the tag from the globular part
of the SiaP protein by the utilization of the linlkgid indeed improve the purification

efficiency by both nickel and StrepTactin affinitiiromatography. The StrepTactin is a
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streptavidin derivative protein with a high affiitor the biotin mimicking Strep2-tag
(Skerraet al., 2000). Purification over the StrepTactin coatedim also verifed the

functionality of the C-terminal Strep2-tag.

Subsequently the molecular weight of the purifiehPS protein was accurately
determined using MS. The results of these studiese wn concert with theén silico
predicted values. Interestingly, the SiaP proteialgsed, which was isolated from a
total cellular fraction, corresponded in size te thature protein after cleavage of the
initial 23-amino acid leader sequence directing ploé/peptide to the periplasm. No
larger polypeptides, containing leader sequences detected and thus further isolation
of the SiaP was based on the total cell extrastshere was no requirement for more
complicated and time consuming periplasmic proteatation. The highly precise MS
method facilitated the distinction between molesudéth similar molecular masses;
hence, it was found that two - sialic acid-free @mlic acid-bound species of SiaP
protein were present in the analysed material. Slight deviation of the analysed
molecules from the predicted molecular masses magttiibuted to the adducts of both
water and ammonium formate. The presence of twmdoof sialic acid binding SiaP
protein is a result of the complex medium (LB) @ning sialic acid utilized for
expression. The impact of sialic acid present ia thedia on the SiaP protein was
reported previously (Sevee al., 2005). It was found that SiaP protein expressed b

cells grown in LB medium was saturated with Sia.

SiaP with sialic acid bound is undesired for furtapplication and in order to eliminate
it the production process for the SiaP protein waslified. Two separate approaches
were undertaken to obtain a homogenous, sialic fae& population of SiaP. The first
was based on the fact thit coli cells metabolise sialic acid and utilize it asotes
source of carbon (Vimet al., 1985). Post-induction expression time was extdride
order to allow cells to metabolize sialic acid @msin the expression media (LB) which
would otherwise be bound by SiaP protein (Seeeral., 2005). The methodology
involving extension of the culturing time was fouttdbe effective for sialic acid free
production of the SiaP protein. In the second-dgyedl method for sialic acid-free
production of the SiaP protein the ligand was wesloéf from the protein by
denaturation using chemical denaturants. The Siatip after immobilisation on the
NINTA agarose was denatured with urea or GnHCI.tiAes native three dimensional

structure of the ligand binding pocket of the pimotis required for sialic acid binding
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the denaturation of the protein leads to sialicl aelease. The efficiency of this method
was verified by MS. It was found that applicatiohtleis protocol leads to complete
removal of the sialic acid from sialic acid-satedtSiaP sample. The activity of the
sialic acid free molecule was also positively viedfby MS. As the SiaP protein was
found to refold spontaneously in lysis buffer, th@ras no requirement for application
of special refolding methods or conditions, whiclkayrbe time consuming and not
always succesfull (Middleberg, 2002; Vallejo anch&d, 2004; Katoh and Kaoh, 2000).
This suggested the possibility of regenerationiafcsacid-free protein could be reused
in analytical devices after diagnostic tests. Boththe developed methods for sialic
acid-free SiaP protein production were found tosbecessful. The clear advantage of
the first method is its simplicity, as no additibn@eparation steps are required.
However, a limiting factor may be the changeablmpaosition of the complex medium
with regards to sialic acid content if provided bifferent manufacturers or when
different lots of the media are utilised. Elevakexdels of sialic acid in the medium may
lead to decreased efficiency of this method. Téwsd method of sialic acid free SiaP
production based on the utilisation of chaotromerds requires an additional step of
protein denaturation. This method, however, offeduced production time as the post-
expression time is 19 hours shorter in comparisothé alternativ method (5 and 24
hours, respectively). Furthermore, the second pobts much less prone to be affected
by changeable free sialic acid content in the esgpom medium. In large scale
production, the cost effectiveness of relativelgayh urea addition in the second method
would most probably exceed the cost effectivenésauxh longer expression time in
the first method of the sialic acid free SiaP gaten. It is also possible to utilise
minimal medium for the protein expression and thelsninate the sialic acid
contamination (Sevest al., 2005); however, the time and cost effectivendssuch
protocols would be limiting factors. Thus, the denation method is suggested if high
amounts of the SiaP protein are required.

Subsequently, the specificity of the SiaP proteor ferminal sialic acid of
glycoconjugates was tested using ELLA. The sialytabf the glycoproteins used in the
tests was confirmed by positive results of thestegth commercial lectins (WGA and
SNA). It was found that the His-tagged SiaP protean be readily detected using
HRP-conjugated anti-His antibodies when immobilisadthe surface of the plate used

in the tests. Hence, the negative results of thatepr tested against sialylated
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glycoprotein can be attributed to the lack of Sglyan interaction and not to the
detection problems. It was reported previously that SiaP protein during the ligand
accommodation drastically changes its conformatiamying the ligand deep into the
binding pocket (Johnstoet al., 2007). Therefore, it is possible that steric ¢@uss
limit the binding of terminal sialic acid of theroplex glycans by the SiaP, as the ligand
is not accessible for the internally situated hbmgdisite. In order to test the SiaP
specificity for less complex sialic acid conjugatke biotinylated sialic acid was used.
The polyacrylamide linker connecting the two comgas is a much less complex
structure than a glycan chain and thus shouldfereiess with the SiaP at the binding
site. The negative results of ELLA experiments sufgal by similar findings using
surface plasmon resonance, indicates lack of ictierabetween the SiaP protein and
sialic acid conjugates. It is possible that theucttire and mechanism of ligand
accommodation of the SiaP protein limit the scopthe ligand to free entities and not
conjugated ones. The elevated signal for WGA and &dtins observed in the same
experiment may indicate that the biotinylated sialcid was successfully immobilised
using neutravidin coated surface. The increasedabigyas also found in the negative
control for the anti-biotin antibodies. This alsaeggests successful immobilisation of
the biotinylated sialic acid on the surface. Howewhis finding makes it unclear
whether SNA and WGA lectins bound specifically ke tsialic acid or underwent an
unspecific interaction. The SNA and WGA were presly, successfully applied for
detection of Sia in glycoconjugates using Biacorgteam (Kellyet al., 2007). In order
to investigate the specificity of SNA and WGA foiotinylated sialic acid a surface
plasmon resonance analysis with immobilised targempound is suggested.
Nonetheless, the biotinylated sialic acid was ragitered by the SiaP protein and the

interaction with other sialic acid binders is iregtion.

As it was found that the SiaP protein in the abdegscribed tests expressed exclusive
specificity to free sialic acid, further experimgenwvere focused on application of the
protein for free sialic acid detection. The MS fdan was found to efficiently detect
various concentrations of sialic acid. The detecti@as based on the fact that sialic acid
saturated SiaP has a higher molecular mass thawsidlie acid free SiaP. As it is
possible to distinguish between these two spegegyuMS, it was found that addition
of sialic acid to the analysed SiaP protein causéative increase of the concentration

of sialic acid saturated species in comparisonh® gialic acid-free species in the
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sample. By monitoring the relative increase of species and the concomitant decrease
of the second, different responses of SiaP areredddor different concentrations of
sialic acid. Although detection of sialic acid wasind to be possible using SiaP on the
MS platform, the efforts to quantify the ligand wennsuccessful as the correlation
between sialic acid concentration and the respevese not linear. The creation of a
standard curve for sialic acid quantification wagpossible due to the lack of linear
response. This may be attributed to either intrifisatures of the SiaP protein and its
mechanism of binding or to the equipment imperéetdi As the resolution of the MS is
limited the precise differentiation between two swlles with very similar m/z values
may occure difficult. Future advances in MS tecbgglwould certainly improve the
resolution essential for this type of assay andefioee further tests with more advanced

MS devices are suggested.

Further application of the SiaP protein for frealisiacid detection and quantification
involved utilization of the surface plasmon resa®a(SRP) analysis. The SRP platform
has been previously applied for various assay deweént such as telomerase activity
assay (Maesawet al., 2003), DNA-gyrase assay (Maxwetlal., 2006), immunoassay
for nut protein presence (Bremet al., 2009) and the assay to test coliphages
contamination as a fecal pollution in water (Ga#ligro et al., 2008). Both indirect,
with immobilised biotinylated sialic acid, and diteassays for free sialic acid detection
were tested and different formats were employed.tke indirect assay development
neutravidin was immobilised on the CM5 biacore clapd was used to capture
biotinylated sialic acid. Subsequently, the Sia&qin was injected in order to capture
the immobilised ligand. The pre-incubation of th&FS protein with the sample
containing free sialic acid would decrease the arhotiSiaP protein able to bind to the
surface of the chip. This was designed to leachéodevelopment of the competitive
assay for free sialic acid. Furthermore, the reddyi large molecular mass of the SiaP
would increase the precision of the assay as aaggds in the amount of such a large
compound are clearly detectable using the Biacgtemn. The increased signal
baseline after biotinylated sialic acid injectiomdicates successful immobilisation of
the conjugate on the neutravidin coated surfackeothip. However, subsequent testing
with the SiaP protein injection yielded no stablerease of the signal. This indicates
that the SiaP protein was not binding to the sexfadhe baseline drift of 35 RU

observed during the SiaP injection can be attribute the unspecifically bound
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biotinylated compound leaching off the surface.eSénfindings are in concert with the
previously discussed results of ELLA experimentserghno interaction between SiaP
and sialylated conjugates was observed.

In the subsequently-tested formats for direct siatiid detection, the SiaP protein was
immobilised on the CM5 chip and used to captureatiedyte. For the immobilisation of
the SiaP protein on the CM5 chip three differentprapches were utilized:
immobilisation via Strep2-tag and Strep2-tag-specikeutravidin, immobilisation via
Strep2-tag and Strep2-tag-specific antibodies amadbilisation via 6Lys-tag directly
on the dextran surface of the CM5 chip. The imnisdiiion of ligands on the Biacore
chip surfaces using streptavidin-biotin interactamwell as via monoclonal antibodies
has been previously reported ( Kazensteal., 1996; Jensedt al., 1997). This type of
immobilisation offers milder conditions and redube probability of negative effects of
the immobilisation process on the ligand (L\rofaseSal., 1995). The immobilizations
of the ligand via 6xHis or 10xHis tag and iminoditic acid or nitrilotriacetic acid were
also reported; however, the moderate affinity of thelate—Nfi—histidine ternary
interaction means that there is sometimes conditgeralecay in the level of
immobilised ligand (Niebat al., 1997; Cooper M., 2002).

The immobilisation via neutravidin or antibodiessiselected, as these would also offer
the possibility of the regeneration of the detattdevice after the diagnostic test. In
these formats the SiaP protein, degraded over dimgeversibly saturated, would be
replaced with a fresh batch of the protein, hemgemerating the surface. Regeneration
of the Strep2-tag specific StrepTactin, which astraidin, is a streptavidin derivative
can be achieved by the cycle of desthiobiotin adiusn hydroxide washes which was
reported previously (Schmidt al., 2007). The immobilisation of SiaP protein viaiant
Strep2-tag antibodies (StrepMAB-Immo) is irrevelsilin physiological conditions.
However, the regeneration of the surface may beeaetl by utilization of primary
goat/rabbit anti-mouse antibodies as a supportnfouse StrepMAB-Immo. As the
primary/secondary antibody binding is pH dependéns possible to recharge the

surface with StrepMAB-Immo antibodies and subsetjyavith SiaP.

Initial tests with a neutravidin coated CM5 chiggasted the possibility of the Strep2-
tagged SiaP immobilisation. The C-terminal tag wased to promote the orientated

immobilisation of the SiaP protein as the C-terrsimi the protein is located directly
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opposite the binding site of the globular prot&nch orientation would be preferred for
further analyte capture on the surface of the cHipwever, unstable baseline in the
form of significant drift after the SiaP proteinantion on the neutravidin coated surface
was observed. This can be attributed to the ingafit affinity of neutravidin for the
Step2-tag of the SiaP protein in the conditionsliagpand thus under the flow of the
HBS buffer (10 pl/min) the captured SiaP proteirsM@aching off the surface of the
chip. The subsequent injections of sialic acidaious concentrations did not render a
stable increase in the signal which indicated tbafurther development of this type of

assay an efficient immobilisation of SiaP protairciucial.

In order to increase the affinity of the CM5 biaeahip surface for the SiaP protein
primary goat anti-mouse and secondary mouse ampStag antibodies were utilized.
The initial immobilisation of Strep2-tagged SiaPftein on the StrepMAB-Immo coated
surface resulted in an increase in the baselineatt observed that the baseline was
more stable than the previously tested neutravalirface; however, a drift of the
baseline was still observed. This indicates thatahtibody surface has higher affinity
for Strep2-tagged SiaP than neutravidin, whichnisconcert with previous reports
(Schmidtet al., 2007), where it was found that monoclonal antidslare a preferential
surface for Biacore application when targeting [Rreagged proteins. Subsequently,
injection of 5 mM sialic acid resulted in a stablerease in the signal which was the
first indication that it is possible to detect &ahcid using this methodology. The
possibility of chip regeneration was also testedNypH utilization which is commonly
used for analyte removal (Biacore; Karlssanal., 2004). The regeneration scouting
process is commonly used in Biacore applicatioroider to regenerate the active
surface. The concentration of sodium hydroxide d@tmer chemicals) needs to be
optimised. In this study the regeneration of thg chay be attributed to the removal of
only sialic acid from the surface, as after theeregation with NaOH the baseline
returned to the level close to the one beforecsadid injection. This indicates that only
sialic acid was removed and the SiaP protein stayedhe surface of the chip. The
possibility of sialic acid removal by SiaP proteienaturation was previously discussed
and is in concert with this result. The removakm@lic acid was facilitated by the flow
of the NaOH containing HBS buffer that denaturéaxes the SiaP protein. The
subsequent repeated injection of an equal sam@mlot acid rendered a similar effect,
which may indicate that the SiaP protein spontasigotefolds in HBS buffer and
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regains its activity after sialic acid removal bya®H. In order to test different
concentrations of sialic acid a 1 mM sample wadyaed; however, the result was
negative as no stable increase in the baselineobserved. The subsequent tests were
continued with 5 mM sialic acid to verify the reduxibility of the results. As the
subsequent injection resulted in gradually decrgpsalues of RU it was concluded
that, using this format, it would be difficult tdot@in reproducible results. Furthermore,
after a sequence of analyte and NaOH injection \aradl drift of the baseline was
observed. This may be attributed to the surfaggadfation although it is not clear if
the SiaP protein elution off the chip, the elutmnone of the antibodies or maybe the

elution of all of the protein off the chip was reggible for this effect.

The utilization of indirect immobilisation of tha&® protein on the CM5 biacore chip
using neutravidin/antibodies would offer the poi@nfor advantageous regeneration;
however, this approach was found to be unsuccedstito the problems with protein
stability on the surface. In order to immobilise tiaP protein on the CM5 biacore chip
surface and maximise the stability of the binditige SiaP protein was directly
immobilised on the dextran surface. 6Lys-tag Siel®Rgin was covalently bound to the
dextran layer of the chip by primary amine cheryistihe poly lysine tag was selected
as the lysine residue contains a primary aminemiouts side chain. Primary amine
groups were utilized in the immobilisation chemistEDC/NHS coupling). Therefore,
a string of six lysine residues at the C-termintithe SiaP protein would increase the
possibility of the desired, orientated immobilisati Otherwise the protein would be
immobilised using any of the available primary aesion the surface. The utilization of
a poly-lysine tag was previously shown to be areaiffe method of orientated
immobilisation in comparison to the untagged prageilhe studies with modified HIV
proteins demonstrated that an increase of the ehargl amine density in the tag
enhances the coupling yield, the most efficientliaimng a six lysine one (Allaret al.,
2001). Furthermore, it was found to be an effectivethod for increasing the protein
concentration on the surface. It previous studiesleu modified HIV proteins
(Ladaviereet al., 1998) it was found that the maximum loading céyaxf the polymer,
on which the protein was immobilized, depended betiver the protein bore the lysine
tag or not. It was demonstrated that 6xLys tag eased the effectiveness of
immobilisation, which would also be advantageouthis project.

The EDC/NHS chemistry was selected as a methodhofce as it is the most
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widespread method of direct immobilisation on CMBips (Biacore); however,
immobilisation using dimethyl pimelimidate dihydidoride was found to be more
efficient (Catimel B.gt al, 1997).

The application of this format generated the mtable baseline for sialic acid testing
among all of the utilized formats. The activitytbé SiaP protein was confirmed and the
surface was tested with various concentrationsabtsacid. Injections of sialic acid in
the range of concentrations from 1 mM to 8 mM gatest an almost linear response.
This proves that it may be possible to quantifyefi®alic acid using this method;
however, the protocol has to be modified to optandetection of possibly lower
concentrations and also extend the operationalerasfgthe assay. The subsequent
studies aimed at identification of the upper dedeclimit of the system generated
unusual results for 10 mM sialic acid. The unexpéigt high signal generated by the 10
mM sialic acid sample may indicate that at someceatration of the ligand the transfer
of flowing molecules over the chip becomes easnel that the ligand becomes more
accessible for the immobilised protein. The subsaguinjections of higher
concentrations of sialic acid resulted in lowemti® mM signal. This can indicate the
saturation of the surface or the gradual degradaifothe SiaP protein. However, the
ultimate injection of 8 mM sialic acid generatedidantical result to the previous test
with the same concentration, which indicates that response of the surface did not
change.

The specificity of the method was tested with 10 mdlactose. It was found that the 10
mM galactose injection generates a similar resptmtige HBS buffer, which is the first
indication of the specificity of the used methodploThis result is in concert with
previous reports (Sevee al., 2005; Mulleret al., 2006), where the SiaP protein was
found to be highly specific for Neu5Ac, withgkalue of 120 nM in comparison to
Neu5Gc (k=280nM) andu(2—3)sialyl lactose (K=18uM). Unspecific interactions of
other monosaccharides are highly improbable asiob 8ndings have been previously
reported. However, further, in-depth, investigatafrihis matter using various sugars as

well as other substances is needed.

The specificity of the SiaP protein and thus théeptal specificity of the SiaP-based
assay for sialic acid, in conjunction with the shamalysis time, create the possibility
for this method to outclass the existing methodsir(@h, 1959; Svennerholm, 1956,
1957; Sugahara, 1980; Teshirdaal., 1988; Marzouket al., 2007). The SiaP-based

172



assay, because of the intrinsic features of thE Sratein, would be more specific for
Neu5Ac than widely applied colorimetric methods $malic acid quantification which
suffer from interference from other members of skadic acid family (Romeraet al.,
1997). With regards to relatively expensive enzymamethods (Sugahara, 1980;
Teshimaet al., 1988), the assay with immobilised SiaP proteinctvhis capable of
regeneration, and thus multiple use, would be cdithyee especially where the cost is
an issue, such as would be the case for multiplgokaanalysis in medical diagnostics.
The clear advantage of the SiaP-based method lbediPLC method (Morimotet al.,
2001) for sialic acid quantification is the timequéred. The SiaP based assay requires

only five minutes and it may be possible to redilnig time.

The lower detection limit of the sialic acid contation (1 mM) of the SiaP protein
using Biacore technology is unexpectedly high. Ae a&ffinity of the SiaP protein for
Neu5Ac is high (K =28 nM (Johnstoet al., 2007)) the detection limit was expected to
also be in the nano or micro molar range. The ixait high lower detection limit may
be attributed to the SiaP protein behaviour beitigred once immobilised in
comparison to the molecule in the solution. Thisulddoe consistent with the literature
reports of the altered activity and other featuodsproteins after immobilization.
Metapyrocatechase was reported to be only 30% tage dollowing immobilization as

a free enzyme; however its stability was greatlypnoved (lwaki et al., 1982). The
altered activity following immobilization was reged for rabbit muscle pyruvate
kinase, where the pH optimum for catalytic activighiifted into a more alkaline
direction (Simonet al., 1985). Another explanation of the unexpected adite range
may lie in the concentration of the SiaP proteintba surface of the chip. In the
experiments with 6Lys-tagged SiaP immobilized diyean the CM5 chip it was found
that for detection of sialic acid to occur a certamount of SiaP protein is required on
the chip (12336 RU was found to be sufficient).uffisient amount of the protein
results in no response for sialic acid. These figdisuggest the need for investigation
of the optimal concentration of the SiaP proteintbea CM5 surface for precise and

reliable sialic acid detection and quantification.

The research presented in this thesis was aimgelatopment of a sialic acid detection
and quantification method based on sialic acid4$ipegroteins. To an extent this was
successful with the SiaP protein. The SiaP basdbaddor free sialic acid analysis has

the potential to significantly influence medicabgnhostics where the free sialic acid
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level in samples serves as an important indicatgrhgsiological states and diseases
(Salvolini et al., 1998; Diamantopoulowet al., 1999; Paszkowskat al., 2000;
Wongkhamet al., 2003; Marzoulet al., 2007). For the pharma industry the implications
of the SiaP based method may be even greater asgigeanalysis may enable real time
monitoring of production processes, which is ofaglienportance for biopharmaceutical
production in cell culture. As the sialylation ofygoproteins significantly improves
their activity, immunogenetic characteristic andda retention time, it is highly
desirable that this process occurs during theccdtiire based production process (Egrie
and Browne, 2001; Fernandes and Gregoriadis, 20bE).decrease in free sialic acid
level in the medium due to its incorporation in thgcan structures and the subsequent
sialic acid level rise as a result of product ddgteon after reaching a certain stage of
culturing are important indications of the pointest harvesting should occur. For this
the real time, specific and reliable analysis a¢ fhee sialic acid in the production
medium is crucial. Additionally, as presented amtussed above, SiaP is a free sialic
acid binder. For media monitoring this is a seriadsantage, as no interference from
sialylated structures is possible since the proteioes not bind sialylated
glycoconjugates.

Furthermore, the SiaP protein application for siaicid detection may be further
extended for the purpose of sialylation analysisasfous glycoconjugates such as EPO
(Egrie and Browne, 2001) and asparaginase (Fernandes asgbriadis, 2001). The
significance of sialic acid presence in glycans lioman physiology and pathology,
which were described above (see section 1.1.3)li@sp requirement for its in-depth
analysis. Paradoxically, the free sialic acid-sfie@&iaP protein has the potential to be
applied for sialylated structure analyses by wtiian of upstream processing of the
analyte. The sialic acids may be liberated from ghgcoprotein by neuraminidase
treatment and the resulting free sialic acid subeetly captured by SiaP, enabling its
detection and quantification (Figure 4.1 A).

Here it is important to emphasise that the linkbgeveen terminal sialic acid and the
penultimate monosaccharide of human glycans preaamty occurs in two different
conformations, namely(2—3) anda(2—6) (Lehmanret al., 2006). The application of
neuraminidases capable of specific cleavage ofobrtlee linkages would liberate only
one class of sialic acid (Figure 4.1 B and C). Mnaild enable precise measurement of

the sialic acid that is linked in a known conforroat

174



a2- a?2-6 unspecific capture of the liberated
neuraminidase sialic acid by SiaP
treatment -
| ~ | =
= 26 a2-3 SF,'E%iﬁC capture of the liberated “
neuraminidase el . :
treatment sialic acid by SiaP . -
| > | >
a2-3

26 a6 SPE_CdiﬁC capture of the liberated
Lol s sialic acid by S|aF‘

treatment -

| = | “

sialic acid galactose N-acetyloglucosamine QjaP

Figure 4.1. The schematic representation of the neuraminittes¢ment of sialylated glycansnkpecific
neuraminidase treatment (A) liberates all termgialic acids from the glycans, treatment with3 specific
neuraminidase (B) liberate®2-3 linked sialic acids and treatment witB-6 specific neuraminidasgC)
liberateso2-6 linked sialic aids. The liberated sialic acid is subsequently wagat by SiaP and measur
As the SiaP is specific for free sialic acid, thisrao requirement for separation of the neuranaisedreate
products (glycans and sialic acid) as these glyealhsiot interact with SiaP.

Both free sialic acid present in the medium andlitherated sialic acid from sialylated
glycans would be subjected to analysis by the Sraiein immobilised on biacore CM5
chip. The possible methodology would involve samgpland filtering of the production
culture in order to remove cells. The material dobé then directly injected onto the
SiaP covered chip in order to measure the freécssalid content in the expression
medium (Figure 4.1). In order to analyse the saigh, the product would be purified

from the medium, sialic acid liberated from thegarot by neuraminidase treatment and
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the measurement of liberated sialic acid contenildvindicate the sialylation level of

the product.
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Sialic Acid in the Media
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Analysis of Liberated
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Figure 4.2. Sample preparation and detection of free sialid asing the SiaP protein immobilised an
biacore CM5 chip. Preparation of sample for meagurthe free sialic acid in the mediuanc
preparation of the sample for measurement of theoglrotein sialylation is presented. Both sampha:
be subsequently analysed by injection onto the SafedCM5 chip. The cycle of sialic acid capture
SiaP and removal of sialic acid from the surfagerésented.

The sialic acid concentration may be calculatecd@yparison of the signal generated
by the sample on the CM5 chip (in RU) with the dtad curve of chip response to
various sialic acid levels. As presented abovés possible to remove the sialic acid
bound to the chip surface, and thus regeneratsutface. This suggests that the chip
may be reusable, which is advantageous with regrdke cost efficiency of this

method.
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The interaction confirmed in this study, betweealisiacid and SiaP, as well as
development of the methodology for monitoring ofisthinteraction, creates the
possibility for implementation of SiaP based ass&ploiting other analytical
platforms. One of the envisaged applications ofSkeP protein may be a fluorimetric
assay for sialic acid quantification. This assayldde based on the conformational
change that SiaP undergoes after sialic acid acamlation. Such a conformational
change influences the intrinsic fluorescence ofSke® protein, namely the intensity of
emission at 310 nm (Mullest al., 2006). The free sialic acid-containing sample Mou
be applied on the well of a 96-well plate with jpmemobilised SiaP protein (Figure 4.3).
The sialic acid would be captured by the proteid e sample subsequently removed.
The increase of the emission at 310 nm in comparisathe blank sample would be
used to quantify the sialic acid concentratiorhia $ample.
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NSV

300

0 )
P
vV
[V LV
LV
\ 4 |V
“
Application of the free sialic Capture of the free sialic acid Sample removal followed by
acid containing sample on by SiaP with concomitant fluorescence measurement
the well of 96 well plate with conformational change of the
immobilised SiaP. protein.

Figure 4.3. Fluorescence based quantification of sialic acidgSiaP.

Another approach for sialic acid quantificationngsSiaP protein would be exploitation
of the intrinsic features of the ligand. As thdisiacid is highly negatively charged, the
accommodation of such a ligand changes the negelwrthe capturing protein and the
net charge of the surface covered with this protéaturate detection of such changes
would enable precise quantification of the sial@dacaptured by the protein. The
immobilisation of the SiaP protein on monolithiclwons and subsequent capture of

charged sialic acid would change the electricalrattaristics of the column. The
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increase of the charge of the column by boundcsadid would positively impact the
passage of electrons through the column from oeetrelde fixed on one side of the
column to the second electrode fixed on the sesmhel of the column. The ability of
the monolithic column to conduct electrons can beEasared using a method called
capacitively coupled conductivity detection*i (Connollyet al., 2007). The ¢D is a
particular type of conductivity-based detector vehéne electrodes are not in direct
contact with the measured solution. Two tubulacteteles placed over the capillary.
Each of the electrodes forms a capacitor with theb solution inside the capillary
through which the signal can be coupled into articobthe capillary.

Thus the injection of a free sialic containing géanonto the monolithic column with
immobilised SiaP protein would result in ligand wap, change of the column
conductivity and a rise in the signal. Initial sesl aimed at SiaP immobilisation on
monolithic column have been successful and theastighanges after sialic acid
application were also detected (O’Shea, Ph.D ThBisJ 2009).

In conclusion, as the aim of this study was to tigv@ method for sialic acid detection
and quantification based on sialic acid-specifiot@ins, the results of this study show
the possibility for sialic acid detection and quficdtion based on the SiaP protein
immobilised on a Biacore chip. The SiaP protein vgascessfully produced in a
prokaryotic expression system and its purificatias optimised. The secondary goal of
Sia-free SiaP production was also achieved. Thefr&ea SiaP protein was analysed
using MS, ELLA and surface plasmon resonance. TPR $latform was selected for
SiaP protein application for Sia detection and ¢iaation. The methodology requires
further optimisation with regards to specificity,etdction range and protein
concentration on the active surface. There alsovast potential for application of the
SiaP protein on other platforms and preliminaryitssare promising. The successful
evolution of this assay may contribute to developimef similar assays based on
transport proteins for monosaccharides and othdecules, enabling their detection
and quantification.
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