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Abstract

Prohine holds an important position among twenty naturally occurring amino acids, the bmiding blocks
of pepudes and protems It confers parucular biological properties upon these physiologically
mportant biomolecules due to 1ts umque structural charactenistics There has evolved a specialised
group of enzymes that recogmse this residue and can mtroduce peptide bond cleavage at erther its
carboxyl or ammo terminus within a peptide chain The vanety of these specialised peptidases cover
practically all siuations where a proline residue might occur tn a substrate and thexr action can be of
biological significance, leadmg to the mactivation or biotransformation of peptdes and proteins

Two distinct proline specific peptidases were detected m bovine serum using the substrate Z-Gly-Pro-
MCA, a reportedly specific fluonmetnic substrate for prolyl endopeptidase (PE) One of these acuvities
was mhibited by Z-Pro-Prolinat, a PE specific mhubitor, and was subsequently designated PE  The
second acuvity resisted mhibiion by Z-Pro-Prolnal, even at high concentrations and increased
premcubation imes This activity was subsequently designated Z-Pro-Prolinal msensitive Z-Gly-Pro-
MCA degradmg pepudase (ZIP)

Both PE and ZIP activiues m bovine serum were successfully separated usmg SP-Sepharose cation
exchange chromatography and were subsequently punfied mdependently of each other

PE acuwvity was partially punified, following 1ts separation from ZIP, using Phenyl-Sepharose
hydrophobic mieraction, DEAE-Sepharose anton exchange and Sephacryl S-200 HR gel filtration
chromatographies, with a final yield of 24% and a final punfication factor of 30 achieved. The enzyme
hagd a nauve molecular weight of 70,000 Da, as determined by gel filtration chromatography The
subunit structure of the enzyme could not be determined by SDS PAGE due to the appearance of
multiple bands following visoalisation of the gel by silver stamning

A pH opumum of 8 0, with a preference for phosphate buffer was determuned for the partially punfied
PE. The enzyme was stable over a pH range of 5-9 Opumal activity was obtained from PE at a
temperature of 37°C with hitle activity being detected above or below this temperature

The enzyme was mhibited by AEBSF mdicating that the enzyme 1s a member of the serine protease
family The enzyme was also mhibited by PCMB and acuvated by DTT, indicating the possible
presence of an essential cysteine residue, close to the active site

PE hydrolysed the substrates Z-Gly-Pro-MCA and pGlu-His-Pro-MCA, with Ky values of 94uM and

62uM respecuvely The enzyme also cleaved a vartety of proline contamung bioactive peptides
mncluding LHRH, bradykinm, substance P and angiotensin I These pepudes also competitively

X



inhibited PE acuvity towards Z-Gly-Pro-MCA PE demonstrated relatively high specificities towards
bradykinin and angiotensin II with K, values of 136uM and 113puM respectively

The enzyme was inhibited by a range of PE specific inhibitors with the ghest imhibitory acuvity
being observed for a-ketobenzothazole (ICs( = 41 picomolar) and Z-Indohnyl Prolinal (IC5q = 45

picomolar)

Z-Pro-Prolinal msensitive Z-Gly-Pro-MCA degrading peptidase (ZIP) acuvity was punfied, followmg
its separation from PE, usmg Phenyl-Sepharose bydrophobic mteraction , Calcium Phosphate
Cellulose and Sephacryl S-200 HR gel filtrauon chromatographies, with a final yield of 14% and a
final punfication factor of 2250 achieved The enzyme had a native molecular weight of 185,000 Da,
as determuned by gel filtration chromatography The subumt structure of ZIP was determined to be
tetrameric, based on the identficaton of a major band of 50,000Da by SDS PAGE following
visualisauon of the gel by silver stainmg

The enzyme exhibited a pH opumum of 8 5, and was stable over a pH range of 4-95 Optmal
actvity was obtamed from ZIP at a temperature of 37°C- 40°C wath sigmficant activities bemg
observed at 4°C and 20°C

The enzyme was inhibited by AEBSF indicating that it i1s probably a member of the senne protease
family

ZIP hydrolysed the substrate Z-Gly-Pro-MCA, with a K, value of 267uM  The enzyme also cleaved
prolme contamnng broactive peptides mcluding LHRH, bradykuun and substance P These peptides
also inhibited ZIP acuvity towards Z-Gly-Pro-MCA with bradykinmn and LHRH demonstrating
competiive K; values of 2 SmM and 475uM respectively

The enzyme was nhibited by some of the PE specific inhibitors tested. Highest mhibitory activity
was observed for a-ketobenzothmazole (IC5( = 15 prcomolar)

Bovine serum PE activity, punfied and charactenised duning this mvestigation, 1s similar to PE 1solated
from other sources with regard to its biophysical and biochemical charactenistics, and its substrate
specificity  Its locahsation 1n serum, and 1t activity towards prolme containmng bioactive peptides
mndrcates that it may play and important physiological role 1n the metabolism of such peptides

ZIP acuvity may represent a novel prolne specific peptidase localised in serum which mught also play
arole m the degradation of proline containing bioactive peptides



1. Introduction




1 1. Proline

More than two billhion years ago, as part of the evolutionary development of protein and pepude
structure, 20 discrete building blocks emerged as the optimal components of the biosynthetic chain
Among these 20 a-amuno acids a umque posttion s beld by the mnino acid proline  Amino acids are
constructed around a single carbon atom, the a-carbon Formng the centre of a tetrahedral array, the
o-carbon 1s bound to an ammno group (NH3), a hydrogen atom, a carboxyl group (COOH) and a side
chain R group (Figure 11a) Prolne differs from other amuno acids 1 that 1ts side chain R group (-
CH?2-CH2-CH3) 1s bonded to both the amino group and a-carbon, resulting 1n a cyclic structure

(Figure 11b)

Chemucal modification of the nitrogen atom m this manner, affects its basicity, and the overall polarity
of the probne residue Furthermore, the cyclic nature of thss amno acid places major constraints on

structural aspects of the polypeptide backbone

1.2. Biological Significance of Proline

1.2.1. Structural Aspects

Due to 1ts umque structural properties, important conformational attributes are observed when proline
1s mtroduced 1nto a pepuide sequence Its cyche structure lunits the angle of rotation about the o-
carbon and nitrogen withm a pepude bond, (¢, Figure 11 ¢ ), normally only affected by steanc
hindrance or electrostatic repulsion between the R groups of adjacent residues  Consequentially, prolme
introduces a fixed bend mio the peptide cham which has been found to be a potent repeated structure
breaker It tends to change the directzon of peptide chans, resultmg m the spherical or globular shape
of protemns This important structural event, a reverse tarn or hawrpin bend at the surface of protems, 1s
the most common occurrence of prolmne within proteins (Yaron and Naider, 1993, Anfinsen and
Scheraga, 1975, Crawford et al., 1973) A second consequence of prolines’ cyclic nature 1s that 1t
possesses no funcuonal groups This prevents 1t from participating i hydrogen bonding or resonance
stabilisation of a peptide bond Proline 1s, therefore, the only amuno acid that 1s not compatible with
a-hehix or B-sheet secondary structures It can form a left handed helical structure when multiple
proline restdues occur sequentially i a protem  This 1s not a common occurrence, but has been reported
for residues 5 - 7 1n bovine pancreas trypsm mhibitor A second helical structure that depends
specifically on the structural attnbutes of prolme 1s collagen, the mam constiuent of bone, tendons and
supporting membranous tissue (Bornstein, 1974)

Steanc hindrance and electrostatic repulsion effects, cansed by mnteractions between the R groups of
adjacent residues, energeucally favour frans 1somers of peptide bonds However, due to the close
association of the R group of proline and the mstrogen atom of the peptide bond, cis 1somers of proline
and adjoimng residues are common (Figure 1 1d and 1 1e) Ths allows rotaton around the bond
between the nitrogen and carbonyl groups to occur (@), reducmg the structural mtegnity conferred to



brosynthetic chains by the normally fixed planar peptide bond (Figure 1 1¢) The sigmficance of
prohines’ ability to form cis peptide bonds 1s illustrated by the fact that only four examples of cis
peptide bonds, not 1nvolving a proline residue, have been reliably reported in protemns Three n
carboxypepudase A and one i dihydrofolate reductase (Creighton, 1984, Rees, 1981, Kolaskar and
Ramabrahman, 1982)

12.2 Physiwological Aspects

A key physiological role played by proline 1s the protection of biologically active peptides against
enzymatic degradation This 1s clearly evident in the regulation of post-translatonal modificanons of
pepude or protem precursors  The biosynthesis and degradaton of peptudes, such as hormonal peptides
and neurotransmitters, 1s recognised to be a lghly ordered senes of events Generauon of an active
polypeptide mvolves the action of an endopeptidase(s), which cleaves its precursor at a speafic site(s),
followed by proteotytc "trimming" by exopeptidases to reduce the polypeptide chain to 1ts correct size

The peptide chain must possess some structural element to prevent excessive hydrolysis and sabsequeat
loss of biological acuvity Enzymatic modification of the peptide cham termins by acetylabon, or, by
the formation of a pyroglutamyl residue at the amino terminus and an amide at the carboxyl termunus,
can regulate modification of pepudes by exopeptidases However, this type of processing oocurs after
proteolytic tnmmung ts complete Proline residues situated within polypeptde precursors act as
structural elemeats hmuting the susceptibality of the polypeptide cham to proteolysis They are also
present at the modification site prior to enzymatc processing of the precarsor  This has been revealed
by mvestigations mto the specificity of exopeptidases mvolved 10 post transiational modificanon of
peptdes and 1s confirmed by the observation that prolme appears near the amino termim of many
biologically active peptides (Persson et al , 1985, Bradbury ef al , 1982, Yaron, 1987)

1.3. Proline Speafic Peptidases
As previously discussed, the presence of a prolme residue confers specific properties upon a potypeptide
chain These structural charactenstcs give the molecule particular conformational properties and
nfluence its interaction with other protemns  The mteraction between prolne contaming pepades and
enzymes 1s no exception Restricuon of the suscepubility of polypeptides to proteolytic cleavage
conferred by prohne, offers a mechamsm of protection against degradaon Thus 1s pnmanly true for
the Xaa-Pro peptide bond, but 1s also evident for the Pro-Xaabond These restrictions can also extend
to amino acid residues not directly attached to the proline and are commonly associated with the
1someric configuration of the pepude chain  Lin and Brandts, (1983), reported that the sequence -Lys-
Phe-Pro was only hydrolysed at the Lys-Phe bond by trypsin when the Phe-Pro bond was m frans
configurauon They went on to use this method to determine the ratio of trans-cis proline
1somensation states 1 pentapeptide mixtures Because of the vaned restnctions apphied when dealmg
with proline contamnmg peptides 1t 1s not surpnising that nature saw fit to develop range of enzymes 10
deal specifically with this mino acid. The following pages will endeavour to discuss these enzymes,
with specific reference to those responsible for the degradation of proline containing peptides
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(c) Structure of the pepnde bond between two amuno acids The a-~carbon of each amno acid are
designated C’ and C" Angles of rotation W, @ and ¢ are indicated. The angle of rotation © 15
normally fixed at 180° (trans configuration) resultng n the fixed planar bond” (shaded) In proline,
the angle of rotation @ may be 180 or 0° (trans or cis) and 15 not fixed, but may rotate by -20° or
+10° Furthermore, the angle of rotation ¢ 1n a peptide bond involving proline is constrained, and this
constrant 1S responsible for introducing a fixed bend inio peptide chans
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131. Prolyl Endopeptidase (EC 34 21 26)

Prolyl endopeptidase activity was first observed in homogenates of human uterus by Walter ef al,

(1976) They reported the release of leucylglycinamde from the C-termmus of oxytocn (Cys-Tyr-Ile-
Gln-Asn-Cys-Pro-Leu-Gly-NH)) This activity was referred to as post proline cleaving enzyme by
Koida and Walter later that year when they punfied the activity from lamb kidney and determined that
the enzyme cleaved peptide bonds on the carboxyl side of a prolime ressdue A haghly purified bram
enzyme, which shared sumular specificity to post-proline cleaving enzvine, was reported by Orlowsk et
al, (1978) The enzyme hydrolysed peptidyl prolyl-peptde and pepudyl prolylamino acid bonds, but
was mactive towards substrates with an unsubstituted mmino group of prohine and was therefore
designated prolyl endopeptidase In 1992, 1t was recommended that the enzyme be referred (o as prolyl
oligopepudase, as 1t does not cleave proline boads 1o proteins (Recommendations of the Nomenclature
Commuttee of the Iniemational Umon of Brochemustry and Molecular Biology, 1992)

1.3.1.1. Biophysical and Biochemical Aspects of Prolyl
Endopeptidase

Early reports as to the molecular weight of prolyl endopeptidase (PE) ndicated a duneric subumt
structure, with nauve molecular weights ranging from 115kDa to 140kDa (Mizutam ef al, 1984,
Koida and Walter, 1976) However, 1t 1s generally accepted thai the molecular weight of PE ranges
from 65kDa to 85kDa, with the majority of reports indicating a molecatar weight of 70kDa to 75kDa.
The enzyme 1s monomenic (Goossens et al , 1995, O'Leary and O'Connor, 1995, Kusuhara et al
1993, Yokosawa et al, 1983) In 1990, Rennex et al , reported the cdDNA cloning of porcine brain
PE The deduced molecular weight, based on 710 amino acids sequenced, was 80,751Da. This has
been confirmed recently for buman T-cell PE (Shirasawa er al., 1994) PE from Flavebacterium
meningosepticim has also been cloned and a molecular weight of 78,705Da was deduced for 705 amuno
acid residues sequenced (Yoshimoto er al , 1991) Thus result was also obtained by Chevalher ef al.,
(1992), but these workers 1dentified an N-termunal signatling peptide which, when removed, resulted m
a protemn consisting of 685 amuno acids, the molecular weight of which was 76,784 Da The
1denufication of an N-termmal signalling peptide was confinmed by Kanatam et al , (1993)

Mammalian PE has a pH opumum of 7 S with a pl of 4 8-49 The bactenal enzyme has a ssmiar pH
opumum but its pI 1s higher at 55, with some reports of 65 Both forms have an optumum
temperature of 35°C-40°C (Sharma and Ortwerth, 1994, Makmen et al., 1994, Goossens et al., 1995,
Yoshumoto et al , 1995)

PE has been classified as a serme protease, based on its mhibiton by DFP and to a lesser extent by
PMSF Sequencing of the protein has confirmed this classification, bt 1» tandem with brocherical
charactensation studies, PE bas been identified as a member of a distinct fanmly of serine proteases



The known senine proteases have been classified mnto three distinct families that are named after the
representative enzymes trypsin, subulisin and carboxypeptidase Y (Neurath, 1989, Breddam, 1986)
Primary structures of each family differ though these structures are homologous within each fanmuly
A consensys sequence for mammahan senne proteases was proposed by Brenner (1988), where the
active site senne appears in the sequence Glv-Xaa-Ser-Xaa-Gly This consensus 1s adhered to by
trypsim (Gly-Asp-Ser-Gly-Gly) but the carboxyl Gly 1s not present at the acuve sites of subulisin (Gly-
Thr-Ser-Met-Ala) or carboxypeptidase Y (Glv-Glu-Ser-Tyr-Ala) Rennex et al , 1990, 1denufied the
sequence surrounding the active site senne mn porcine brain PE as Gly-Gly-Ser-Asn-Gly, which does
not share homology with the ‘classical’ sermne protease families It does, however, conform to
Brenners' (1988) consensus sequence Bactenal PE active site sequences also share no homology with
the classical serme proteases and are not 1 complete agreement with the mammalian sequence
(Makanen et al , 1994, Chevaller et al , 1992, Yoshimoto ef al , 1991)

A second feature seting PE and 1ts famly of serine proteases apart from classical forms, 1s the order m
which members of the catalytic tnad of residues occur ' Withm the classical enzyme tniads of Asp--His-
-Ser and His--Asp--Ser have been identified. PE, however, contams a catalytic tnad sequence of Ser--
Asp--His This evidence clearly disinguishes PE from classical serme proteases (Goossens ef al,
1995, Vanhoof et al , 1995, Yoshumoto er al, 1995, Kanatam ef al, 1993) The active site ts located
at the C-termunal end of the amino acid sequence, 1n a protease domain, the secondary structural
orgamsation of which conforms to an a/f hydrolase fold (Goossens ef al , 1995) PE 1s also widely
reported to be nhibited by sulphydryl blockmg agents such as PCMB This mhibition 1s thought to
be due 10 the modification of a cysteine resmdoe located near the active site (Goossens et al , 1995,
Makinen ef al., 1994)

L4216 Polgar has camed out extensive work with regard to the catalytic mechanism of PE  In 1991 he
reported the exstence of two pH dependent fasms of the enzyme Senne proteases have a catatyucally
competent histidine residue, which facilitates both the formaton and the decompositton of the
ntermediate acyl-enzyme and exhubits a pKg of 70 The 1on1sation of thus residue governs the pH
dependence of catalysis However, Polgar observed a second significant 1onisation event in pH
dependent kinetc studies and concluded that a second, low pH (=5 0) form of the enzyme existed

Further mvestigations 1nto kanetic dententum ssotopic effects on the two enzyme forms, revealed that
the rate-determimnimng step of the low pH form was general base/acid catalysis, while a physteal step was
rate hmiting in catalysis performed by the gh pH form. In 1992(b), e confirmed this hypothests and
suggested that the physical rate imiting step mght be a conformational change, which he confirmed 1n
1993 He also reported that tn contrast to classscal serine proteases, hydrogen bond interaction between
substrate residue P and enzyme subsite S2, made a greater contnbution to catalysis than stabilisation

of the oxyamon binding stte



13.1.2 Substrate Specaficity of Prolyl Endopeptidase

Before discuesing the substrate specificity of PE, a brief explanation of the terminology used 1s
warranted The standard nomenclature for referring 1o the manner tn which various substrates bind (o
complementary sites on a pepudase was mtroduced by Schechier and Berger (1967) Residues of the
substrate are denoted according to therr distance from the scissile bond and their respective location on
the C-termimal or N-termunal side of thus bond, while the subsites on the enzyme to which these
residues are bound are sunilarly designated (Figure 12)

N-termmal Substrate C-terminal

Enzyme

Figure 12. Siandard nomenclature for referring 1o the manner in which vanious substrates
bind to complementary enzyme subsues (Schechter and Berger, 1967) Reswdues of the substrate
are denoted accordmg to their distance from the scissie bond and their respective location on the C-
termunal or N-termunal side of the scissile bond (P}, P1'), while the subsites on the enzyme 10
which these residues are bound are simularly designated (S], S1') The scissile bond s located
berween the P} and P}’ substrate resudues.

PE 1s an endopeptidase that cleaves a Pro-Xaa bond in a structure that consists of an acyl-Yaa-Pro-Xaa
sequence Cleavage wall not occur 1f a free a-amune exists in the N-terminal sequence Yaa-Pro-Xaa or
Pro-Xaa. Pro-Pro bands and N-blocked peptides of the sequence Z-Pro-Xaa are not cleaved. In pepuides
conformng to these restnctions, the P] proline can be replaced by alamine but significant losses m
hydrolyuc actvity are observed (Walter er al, 1980) The umportance of a P1 prolme was investigated
by Nomura (1986), using a substrate of the sequence Z-Gly-Xaa-Leu-Gly Where Xaa was replaced by
prolne, alanmne, N-methylalanme or sarcosme, good substrates resulted  Substitution of Xaa with
aminobutyric acid, hydroxyprohine, senne and glycine were not good substrates while substrates with
N-methylvaline and N-methyleucine 1n the Py position were not cleaved Nomura concluded that the
Si subsite was designed spectfically to fit proline This subsite tolerated other residues careying
substituent groups, provided they did not exceed the size of prolnes’ pyrrolidine nng  The requirement



of an 1mino acid 1n the P| position of a substiec was confirmed by Makenen et al , (1994) and Krieg and
Wolf (1995) There 1s a preference for a hydrophobic residue at the C-termunal of the scissile bond (P1")
with lower specificities for basic and acidic residues respectively (Kneg and Wolf, 1995, Taylor et al ,
1980, Koida and Walter, 1976) Phosphorylation of this residue leads to increased rates of cleavage
(Rosen et al , 1991) The adjoining P) residue (located N-terminally with respect to the Py prolme), 1§
reported to be bound non-specifically (Kneg and Wolf, 1995) 1In all, five subsite binding pockets have
been 1dentified for PE (S3-S72") and the smallest peptide cleaved 1s a tetrapepttde with residues 1n
positions P3-P1’ The enzyme cannot cleave large proteins and 1s reported to hydrolyse a maximum
substrate size of 3,000Da, thus 1ts classification as an oligopeptidase The enzyme exhibits high stereo
specificity for the two bonds spanning the P2-Pq’ substrate positions (Goossens et al , 1995, Makinen
et al, 1994, Sattar et al, 1990, Yoshimoto er a/, 1988) Proline contaming bioactive peptides,
conforming to the substrate specificity requirements of PE and subsequently hydrolysed by the enzyme
are histed m Table 11

13.13. Assays for Prolyl Endopeptidase Activity

Following the enzymes discovery m 1976 by Walter ef al , oxytocin and arginine-vasopressin were
used 1n native or radiolabelled forms to detect PE acuvity Koida and Walter (1976), reported the use of
Z-Gly-Pro-Leu-Gly as substrate for PE detection and quantitation, the product (Leu-Gly) being detected
by mnhydnn determmation (Walter, 1976)

In 1979, two reports of new synthetic substrates were published Yoshunoto et al, (1979),
synthesised Z-Gly-Pro-MCA (7-amno-4-methyl-coumarm), a fluorumetric substrate, while Orlowski et
al, (1979), synthesised Z-Gly-Pro-SM (sulphamethoxazole), a colonmetric substrate This basic
structure of PE substrates (N-blocked dipeptde Gly-Pro- linked to a chromogemic or fluorogenic
moiety) has changed little since Reports of assay development for PE usmg these substrates, have
been published relatively recently (Goossens ef al., 1992)

1.3.1.4. Inhibitors of Prolyl Endopeptidase

In 1983, Friedman ef al., published the synthesis of Z-Pro-Prolnal, a specific mhbitor of PE whach
was descnbed as bemng a transition state aldehyde mhibitor of this enzyme Since then, many
modifications based on this mhibitor have been synthesised There has also been an mcrease m the
number of non-pepude based or microbially sourced PE specific mhbitors A hist of PE specific
mhibitors 1s presented m Table 12 with stictures presented in Figure 13



Pepude

Sequence

Reference

Angrotensm I
BPP
Bradykinm
LHRH
Melanotropin
Neurotensin
Oxytocmn
Substance P
TRH

Tuftsin

Vasopressin

Asp-Arg-Val-Tyr-lle-His-Pro-Phe-His-Leu
pGlu-Gly-Gly-Trp-Pro-Arg-Pro-Gly-Pro-Glu-Ile-Pro-Pro
Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg
pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2
Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2
pGlu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro-Tyr-Ile-Leu
Cys-Tyr-lle-Gln-Asn-Cys-Pro-Leu-Gly-NH7
Arg-Pro-Lys-Pro-GIn-Gln-Phe-Phe-Gly-Leu-Met
pGlu-His-Pro-NH32
Thr-Lys-Pro-Arg
Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Arg-Gly

Monyama et al , 1988
Koida and Walter, 1976
Greene et al , 1982
Mendez et al, 1990
Tate et al , 1981
Camargo et al , 1984
Waliter et al, 1976
Monyama et al , 1988
O'Leary and O'Connor, 1995b
Tate et al , 1980
Monyama et al , 1988

Table 11 Buwactive peptides that are substrates for prolyl endopeptidase The scissile bonds are indicated in bold type

TRH - Thyrotropin Releasing Hormone, LHRH - Leuteirusing Hormone Releasing Hormone, BPP - Bradykinin potentiating

peptide



Inhibitor Details Reference
Poststatin 1C50 = 0 03pg/mL Nagai et al, 1991
JTP-4819 IC50=10383nM Toide er al , 1995
Eurystatn A ICs50 = 0 004pg/mL Kamei et al , 1992
Eurystaun B ICs0 = 0 002ug/mL Kamei et al , 1992
Z-Thiopropyl-Thyoprohnal K; =001nM Tsuru et al , 1988
Z-Pro-Prolinal K, = 14aM Wilk and Orlowski, 1983
a-Ketobenzothiazole IC50=5aM ' Tsutsumz ez al , 1994
Z-Phe-Pro-Methylketone K;=18mM Stemmetzer et al , 1993
Z-Cyclobexyl-Prolmal K;=30nM Bakker et al., 1991
Z-Indolmyl-Prolmal K; =2 4aM Bakker et al., 1991
Boc-Glu(NHO-Bz)-Pyrr K, =003uM Demuth ef al , 1993

Table 12 PE specific inhubitors Postatin and Eurystatin A and B are prolyl endopeptdase
specific inhubitors isolated from fermentations of Streptomyces vindochromogenes MH535-30F3

and Streptomyces eurythermus R353-21 respectively Many of the inhibutors presented are
dervatives of the onginal prolyl endopeptidase specific snhibitor, Z-Pro-Prolinal



BOC

—NH \ ’ 0
N )L
(CHz)k ] @(\o N

| o’ N

0

A£/

(a) BOC-Glu(NHO-Bz)-Pyr d

O
CH,0C0—N

CO—N, H
N
(¢) Z-Thiopropy! Prolmal H
CHO Y 5
H (0]

(d) Z-Indolyinyl Prolmal

O QLA

(e) Z-Cyclohexyl Prolinal

(b) a-ketobenzothiazole

(f) Z-Pro-Prolinal

CH3 N—H CH;
)_,Ccng CHj
CH3
(g) Eurystabn A

Figure 13 Schemanuc representations of some prolyl
endopeptidase specific inhibitors

10



An endogenous mhibitor of PE activity was 1dentfied by Yoshumoto ef al , (1982b) These workers
purified the compound and reported 1t t0 bave a molecular weight of 6 S00Da It was distnbuted widely
in both rat and porcine tissues with the mghest levels detected b the pancreas Recent studies by
Salers (1994), have suggested that this mhibitor 1s present in neonatal rats but that 1ts levels decrease
as the rat ages, explaining why PE acuvity in neonatal rats increases over the same period Ohmon et
al, (1994), screened peptides from bovine brain homogenates for whibitory acuvity agammst PE  They
1solated one octadecapeptde that demonstrated a K, value of 8 6uM against PE actvity obtaned from

Flavobactenium merungosepticum

13.1.5. Biological Relevance of Prolyl Endopeptidase

The wide distrzbution of PE and its acuvity towards may bioactive peptides (Table 1 1 ), implies that
the enzyme may have mmportant and/or specific biological functions However, despite the many
reports mvolving tn vitro studses concerning PE, 1t 1s only when these findings are confirmed in wivo,
that the true function of PE will be elucidated For this reason, the m vivo mphcations of PE activity
will be ciscussed.

Invivo studies mvolving PE can be divided broadly mto two categones, those where abnomnalities m
the actvity level of the enzyme are hnked to a physiological or disease state (comparative activity
studies) and those where the inhibition of the enzyme 1n vivo lead to changes m physiological
parameters (cause and effect studies)

1.3.1.5.1. Comparative Activity Studies

By measuring the levels of PE activity m various tissues obtamned from patients suffering from vaned
disease states, and companng these activities to controf levels, lmks between PE acuvity and s
physiological role can be made In 1994, Maes et al , reported a sigmificant decrease m serum PE
levels obtamed from patients suffering from melancholic, mmnor and simple mayor depressions  The
greatest reductions m enzyme activity were observed in serum from metancholically depressed subjects
These workers wndicated that pepides known to be mvolved m the pathophysiology of depression
included argimine vasopressin, f-endorphin, TRH and LHRH all of whch are natural peptide substrates
for PE  This group extended the study m 1995 to mclude mamc and schizophreme patients, confirmng
their earlier work and noting a sigmficant increase 1 serum PE acuvity obtaned from subjects
sufferng from the psychotic disorders  They also suggested that PE may be mvolved m the activation
of cell mediated inmumity, autounmune and mflammatory responses, wiach repeatedly occur 1n severe
depression  This lnk between PE and inflammatory or autommmune syndromes has been made by
other groups studymng quite different physiological events

Skoy ez al, (1989), reported depression of PE acuvaty in inflamed skin, induced in hypersensiuve
gwnea pigs with bovine-y-globulin  The depressed enzyme activity was caused by an endogenous PE
inhibitor, generated by the mflammation
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In a mouse model of systemic lupus erythematosus, PE activities were increased in the spieen of
diseased subjects when compared to controls This wacrease was progressive with age and mdicated an
unportant role played by PE in the immunopathological disturbances associated with this syndrome
(Aoyagi er al, 1985 and 1987) A further hnk between PE and immunological disturbances was made
by Kanon et al , (1991), when they reported increased PE levels 1o synovial membrane preparations

from patients suffenng from rheumatoid arthnus

Abnormally lagh or low PE activities have also been hinked to neurodegencrauve disorders In studies
evaluating the PE levels in postmortem brams, obtained from subjects who had suffered from
Alzheimer's disease, significant mncreases 1n the levels of enzyme activity were observed (Aoyagt ef al ,
1990) Increases in PE actuvity were also observed m homogenates of spinal cord obtamed from
pauents suffering from motor neuron disease (Falkous ez al, 1995) However, m studies mvestigating
the phystology of Parkinsonian and Huntington's Chorea patients, lowered PE activities were observed
1n the cerebrospinal flind and basal gangha respectively (Hagihara er al , 1987, Pittaway et al , 1984)

1.3.1.5.2. Cause and Effect Studies
The applicauon of PE specific mhubutors has revealed further physiological possibilities for this
enzyme

In 1995, Muura et al , reported that mhibinon of PE activity 1n the brain of rats, through the oral
admmstration of Z-Pro-Prolmal, significantly mcreased the levels of argrmine vasopressin obtamed m
the septum area of the rat bram  They deduced from this study that PE may contribute 10 the
degradation of endogenous argimine vasopressin m the bram

Amnesia, mduced m rats via administration of scopolamune, was reported to be protected agamst by
eurystatins A and B, two PE specific inhibitors of mucrobial onigin (Kame: ef al, 1992) This
confinned an earlier report by Yoshumoto et al, (1987), whereby Z-Pro-Prolinal also protected rats
from scopolamine mduced amnesia. It 1s thought that the inhibiion of PE prevents 1ts activity
towards Pyr-Asn-Cys-Cys-Pro-Arg, a metabolite of vasopressin which was deduced as having a direct
mvolvement 10 memory and related processes (DeWied er al., 1984)

1.3.2. Dipeptidyl Peptidase IV (EC 3.4,14.5)

Dipepudyl Peptidase IV was discovered by Hopsu-Havu and Glenner (1966) while studying enzymatic
activities 1n rat hver They observed an acuvity capable of degradng Gly-Pro-8-naphthylamide and
called this enzyme glycylprolyl-f-naphthylamidase Further substrate specificaty studies carried out by
McDonald et a! (1971), led to 1ts referral as dipepudyl aminopeptdase IV The distribution of
dipcpudyl pepudase IV seems (0 be ubiquitous, with activitics punfied from many mammalian, msect
and bactenal sources (Table 13)
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Source Localisauon Reference
Flavobactenum memingosepticum Soluble Kabashima ef al.,, 1995
Porphyromonas gingivalis Soluble Gazi etal , 1995
Bovine kadney Membrane Brownlees er al., 1992
Bovine uterus Soluble Liu and Hansen, 1995
Camne mtestine Membrane Pemberton ef al , 1995
Guinea-pig bramn Membrane Smyth and O'Cunn, 1994
Human lung Membrane Jackman et al., 1995
Human lymphocytes Membrane Kurktschiev et al , 1993
Human oesophagus Membrane Chnsue et al , 1995
Human semnal plasma Soluble DeMeester et al., 1996
Mouse lymphocyte Membrane Bemard et al, 1994
Porcine oesophagus Membrane Christe et al , 1995
Porcine semmal plasma Soluble Ohkubo et al , 1994
Rabbit intestine Membrane Bai, 1993
Rat bram Soluble and Alba et al, 1995
Membrane

Table 13 Dustribution of Dipeptidyl peptidase IV (DPPIV) Ths table illustrates the

ubquitous nature of DPPIV among nucro-organisms and varwus mammalan tissues DPPIV

can be localised in the cytoplasm (soluble) but u 1s more common to find the enzyme

membrane bound
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The enzyme has been characterised i both membrane and soluble forms and has also been 1dentfied as
an umportant signalling molecule on T and B lymphocytes, where 1t 1s referred to as CD26

1321 Biophysical And Biochemical Aspects of Dipeptidyl
Peptidase IV

Dipeptdyl peptidase IV (DPPIV) 15 a glycoprotein  Nine glycosylaton sites have been identified
within the DPPIV peptide sequence and sugars associated with these sites mclude siahic acids, mannose
and galactose (Misumi et al , 1992, Marguet ef al , 1992, Kyouden et al, 1992) The mammalian
form 1s reported to be a dumer, with subumt molecular weights in the range of 100kDa-130kDa (Abbs
and Kenny, 1983, Enkson ef al , 1983, Puschel et al, 1982) There have been reports of 2 different
molecular weight versions of DPPIV 1n human serum with monomengc values ranging from 105kDa to
175kDa and native values of 250kDa-550kDa (Duke-Cohan et al , 1996, Krepela et al , 1983) The
structure of DPPIV has been deduced from 1ts cCDNA obtained from a vanety of sources ¢DNA from
Flavobacterium meningosept:icum, human, murnine and rat DPPIV code for 711, 766, 760 and 767
amno acids respectively The bacterial protemn had a deduced subumt molecular weight of 80,626Da
while the mouse and rat values were 87,500 and 88,107 Daltons respectively These values do not
consider the added weight of glycosylation (Kabashima ef al ,.1995, Misumu et al, 1992, Tanaka et al,
1992, Marguet et al , 1992, Ogata et al , 1989) The gene coding for buman DPPIV has been located
on the long arm of chromosome 2 (2q24) (Darmoul et al., 1994, Abbott et al , 1994)

The pH opumum of DPPIV, though dependent to some degree on the substrate used, ranges from 8 0-
90, with a general consensus of maximum activity obtained at pH 8 5 Sumularly, pI values range
from 3-5, with the majonty of reports quottag pl figures of 4 7 Interestingly, conflicting reports as to
the effect of neurammidase, an enzyme that removes neuraminic acid from protem glycosylation sites,
on the pI of DPPIV have been published, with workers observing both mcreased and decreased pl values
for DPPIV following neuramimdase treatment (Liu and Hansen, 1995, DeMeester er al, 1992,
Mineyama and Sazto, 1991, Yoshumoto et af , 1982)

DPPIV has been classified mechamstically as a senne protease due to 1ts inhubition by DFP and 1ts
resistance to mhibition by sulphydryl blocking agents and chelators (Ohkubo ez al, 1994, Schon,
1993, Hama et al , 1982) Sequencing and cDNA studies have revealed more specific details regarding
the active site of this protease The catalytic site 1s located at the C-terminal region of the polypeptde
Thus has been descrnibed as the protease domain, which 1s attached to a non-catalytic structiral domain
(Loster et al, 1995, Polgar and Szabo, 1992) The active site catalytic triad has been 1dentified as
Ser624, Asp702 and His734 m murme DPPIV but the active site serme residue in the human enzyme
1s idennfied as Ser631 (David et al, 1993, Fupiwara et al, 1992) In bumans, the consensus sequence
for the acuve site senne residue 1s Gly-Xaa-Ser-Xaa-Gly This sequence 1s 1dentified in DPPIV as
Gly629-Trp-Ser-Tyr-Gly633 Substitution of serine or etther of the glycine residues mn this sequence
and subsequent expression of the mutated protem results 1 the production of mactive enzyme (Fupwara
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etal, 1992, Ogawa er al , 1992) The novel topology of the catalytic tnad (Ser, Asp, His) residues and
the lack m sequence homology between DPPIV and classical serine proteases (eg trypsm) ndicates that
this enzyme 1s a member of a recently 1denufied subclass of sernne proteases (David et al , 1993)
Detailed thermodynamic analysts of the reaction mechanism of DPPIV has led Brandt ef al (1996), to
propose a novel mechanism for serne protease catalysis They suggest a stabihsation of the tetrahedral

termediate by oxazolhidme nng formation with the P2 - P] nen-scissile bond and trans-cis

1somernsation of this bond 1n the final steps of bond cleavage

13.22, Substrate Specificity of Dipeptidyl Peptidase IV

DPPIV cleaves dipepudes from substrates consisung of three or more amno acid residues or dipeptides
hnked to C-terminal chromogemic or fluorogenic compounds such as 2-naphthylamides or
methylcoumann amides (Yaron and Naider, 1993) Prohine is the preferred residue at positton Pq, but
1t may be subsutoted by alanine or hydroxyprohne, resulung in lower acuviues against these
substrates It should also be noted that the catalytic mechanism by which DPPIV cleaves dipeptides
with P) alanine 15 different to the mechanism where Py 1s a prolme residue (Hems ef al , 1988) Bonds
where both Py and Py’ residues are proline, are not cleaved and there 1s an absolute requirement for the
P1-Py' bond to be m trans configuration (Puschel e al , 1992, Fischer et al., 1983)

Bovine growth hormone releasmg factor (GRF) has been studied extensively with regards to DPPIV
speaificaity The N-termanal sequence of tus peptide, Tyr-Ala-Asp-, 1s cleaved quite efficiently by the
enzyme However, substitution of the Tyr-Ala- motety by His-Val- , protects GRF from DPPIV
hydrolysis, retamnmng the peptides potency and indicating the mportance of the Py residue (Campbell ez
al, 1994)

Bongers ef al (1992), carned out extensive studies mnto the specificity of DPPIV for GRF and 1ts
analogues They observed no differences m the rates of hydrolysis obtamed for GRF(1-44), GRF(1-29)
and GRF(1-20) Lower rates of cleavage were observed for GRF(1-11) and GRF(1-3) mdicatng that
substrate bmding by the enzyme extends beyond the S1' subsite  Substitution of D configuration
residues 1 posiions P2, P or Py’ resulted 1n no hydrolytic activity, demonstrating DPPIV's strict
requirement for L-residues m these posittons Indeed, the requirement for L-restdue configuraton
extends 10 P4’, mdicating an S4 subsite These workers also invesugated the kinetic effects observed
when alanine in the P1 posiion was substituted The results obtamned were as follows

Km Abu<Ala<Pro<Val<Ser<Gly<<Leu and kcat Abu>Pro>Ala>Ser>Gly=Val>>Leu
where Abu 1s a-aminobutynic acid  The position of prolme and alanine 1s particularly mteresting  As

stated earlier, high hydrolytic activities are obtained when the P} posion 1s occupied by proline
However, DPPIV demonstrates greater specificity towards GRF wath alanine 1n this position
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Bongers ef al , concluded that the ethyl side chain of @-aminobutynic acid was close to the optumal Py

specificity of DPPIV which they descnibed as being a hydrophobic residue, 0 25nm n length

Other substrates of interest are substance P and B-casomorphin  The acuon of DPPIV on substance P
{Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met), produces des[Argl-Pro?-] substance P which 1s
subsequently hydrolysed to des[Argl-Pro4] {(Conlon and Sheehan, 1983) B-casomorphin (Tyr-Pro-Phe-
Pro-Gly-Pro-Ile) 1s cleaved sequentially at ProZ and Pro® (Kreil et al , 1983)

1.3 2.3. Assays for Dipeptidyl Peptidase IV Activity

Assays for the enzyme are based primanly on substrates whereby a chromophore or fluorophore 15
attached to the C-terminus of the dipeptide Gly-Pro- (Shibuyu-Saruta ef al, 1995) An alternative
assay for the enzyme was developed by Hoffman ef al (1995), when capillary electrophoresis was used
to analyse the fragments produced followmg the action of DPPIV on the N-terminal dodecapeptide of
mterieukin-2

1.3.2.4. Specific Inhibitors of Dipeptidyl Peptidase IV

Diproun A (Ile-Pro-1lle) and diproun B (Val-Pro-Leu) are well known specific inhibitors of DPPIV
activity and have been used extensively m the wdentification of this enzyme (Sedo and Revoltella,
1995, Umezawa et al , 1984)

Ammoacylpyrrohdime-2-nitniles have been recently developed to specifically mhibit DPPIV  The
carboxyl group of prolme 1s replaced by a mitrile which 1s thought to mteract with the active site
serne, forming an mdate adduct. These compounds are synthesised easily, yet remain potent and
stable DPPIV nhibitors (L1 et al, 1995)

Some of the most effecive DPPIV mhubitors are of the type Xaa-boroPro, where boroPro 1s an amno
boronic acid analogue of prodme In 1993, Gutherl and Bachovchimn reported that the L-L-diastereomer
of Pro-boroPro inhubited DPPIV with a K1 of 16 picomolar

1.3.2 5. Physiological Relevance of Dipeptidyl Peptidase IV

The ubiquitous distnbution of DPPIV, implies that 1t may play an mnportant role m dafferent in vivo
physiological processes It 1s likely that the localisation of the enzyme will influence the particular
function 18 performs

1 3.2 5.1. Absorption Of Proline Containing Peptides.

The absorption or recycling of proline containing peptides 1s a vital process DPPIV's contribution 10
this process s twofold due to its brush border localisation m the small mtestine and the kidney The
funcuonal role of DPPIV m the intestinal hydrolysis and assimilation of prolyl peptides was
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wvestigated by Tirupathi ef al , (1993), using rats which were genetically deficient in this enzyme
When a reference diet, where proteins were normal 1n proline content, was fed to DPPIV deficient rats
(DDR) and an appropniate control group, no difference 1n the growth rates of either group was observed
When the protein source was changed to a proline nch protemn, ghadin, the control groups maintained
therr weaghts, while the DDR group expenenced significant weight loss Similarly, when Suzuki et
al , (1993), fed high prolme content duets to rats, the expression of intestinal brush border DPPIV
mcreased dramatically, confirming the proteases role tn the hydrolysis and assumilation of prolyl
pepudes and preline nch proteins  Simular experiments carned out on DDR rats, but concentrating on
the renal absorbuon of proline containmg peptides, led workers to conclude positively with regards to
the phystological role played by DPPIV (Miyamoto ef af , 1987, Tirupathi et al , 1990)

1.3.2.5.2. Immunological Relevance

The role of DPPIV in the immune system became of wnterest when tts presence on the surface of
buman perpheral lymphocytes as an ectoenzyme was demonstrated (Lojda, 1977, Sedoeral , 1989) It
was soon concluded that a T-lymphocyte surface antigen, designated CDi6, and a leukocyte activation
marker (Tp103) were 1n fact DPPIV (Fox et al , 1984, Hegen ef al , 1990) The enzyme 1s now known
to be an activation marker on T-cells, natral killer cells and B-cells (Buhling et al, 1995) The precise
details on the mechanism and nature of 1ts mteraction with pbysiological substrates, and it subsequent
activation of lymphocytes are unclear It 1s known that substrate or mitogenic interacuon with CD26
can cause lymphocyte differentiation, mcreases m the rate of DNA synthesis and increased cytokine
production It 1s also known that, although activation molecules need not be targeted directly to the
active site of DPPIV, 1ts enzymatic activity 1s requred for signal potentiation (Dong et al , 1990,
Kahne et al , 1995, Remhold et al , 1994)

1.3.3. Di 1dyl_Peptid II (E 4,14.2

Dipepadyl peptidase IT (DPPII) 1s, m may ways, smmilar to DPPLV, m that 1t catalyses the removal of
N-terminal dipepaides from substrates Detailed biochemical and substrate spectficity studies, however,
distmgwsh this enzyme from DPPIV

The enzyme 1s prunarily lysosomally located and 1s widely distributed 1t 1s a dumenc protein with
reporied molecular weights of between 80kDa and 130kDa for the nauve enzyme The proten 1s
glycosylated (approximately 2% w/w) with mannose representing most of the attached sugar moeties
Reported pH optma for DPPII range from 5 5 to 6 3, with a consensus among most reports that the
pH optmum 15 5 5, which 1s appropnate to its subcellular localisation The enzyme has a pl of 4 8-
50, with no change being observed following treatment with neuraminidase, indicating that there are
no sialic acids taking part i sts glycosylahon The enzyme has been classed as a serme protease, based
on its mhibtion by DFP and uts resistance to sulphydryl blocking and chelaung agents
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DPPII removes N-termunal dipeptides from substrates of the general sequence Xaa-Pro-Yaa
Substitution of the P proline with alanine 1s accepted and results m comparable hydrolvuc rates which
15 unusual among the proline specific enzymes discussed thus far  Favoured residues m the P position
are basic and neutral ammo acids, with 100 fold decreases 1n hydrolyuc acuvity being observed with
acidic residues at this postton  Another unusual aspect of the substrate specificity of DPPII 1s ts
ability to cleave Xaa-Pro-Pro bonds Tripepuides are the preferred chain length, with decreased activaty
towards tetrapeptides  Substrates with more than four residues are not cleaved (Lynn, 1991 Mentlemn
and Struckhoff, 1989, Scott et al/, 1988, Lampelo er al, 1987, Eisenhauer and McDonald, 1986,
Fukusawa ef al , 1983)

Lys-Ala-MCA was synthesised by Nagatsu et al , (1985), for the specific determinaton of DPPII
activity n rat tissues  This substrate and varniauons on the Lys-Ala theme are stull used as the preferred
substrate for DPPII activity determinations (Smyth and O'Cuinn, 1994)

DPPII 1s commonly used as a lysosomal marker enzyme It 1s thought to play a physiotogical role m
pepude catabolism and post-translational mocdification, with suggestions that 1t plays an mmportant role
m the catabolic processes of celi differentiation (Roberts et af , 1990, Duve et al., 1995, Struckhoff,
1993) Sigmficant mncreases m DPPI acuvity have been reported in the bram and cerebrospmal fluid of
pauents suffening from Parkinson’s and Huntington's disease (Mantle et al., 1995, Hagihara ef al ,
1987b)

1.3.4. Amin idase P (E 4,1

Aminopeptidase P was first 1solated from the soluble fraction of Escherichia coli by Yarom and Mlynar,
(1968) These workers were studymng proline contaimng polypepudes and the specificity of their
enzymatic hydrolysts Using polymers of proline as substrates, several proteolytic emzymes were
detected and solated from bactena. Aminopeptidase P was isolated and charactensed during these
vestgathons and was found to be responsible for the specific cleavage of N-termmal Xaa-Pro peptide
bonds 1 both short and long pepudes (Yaron and Berger, 1970) The enzyme 1s widely distributed
among mammalian and microbzal sources (Table 14 )

1.3.4.1. Biophysical and Biochemical Characteristics of
Aminopeptidase P

The molecular weight of Ammopeptidase P (APP) and 1ts subunit structure are source dependent.
Bactenial APP has been the best studied to date, and 1s reported to be multmeric with the molecular
weight of the inactive monomer ranging from S0kDa 10 60kDa. A cloned and sequenced APP from E
coli had a monomeric molecular weight of 49,650 Da, deduced for 440 ammo acxd residues
Subsequent expression of this gene revealed a native molecular weight of 200kDa, mdicating a
tetrameric subunit structure (Yoshimoto et al, 1988b and 1989) Oyama er al., (1989) obtained
simular results when E col: APP was expressed m Bacillus subtilis
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Source Enzyme localisation Reference

Bovine adrenal medulla Soluble Vanhoof et al , 1992b
Bovine lung Membrane Orawsky er al., 1987
Eschenchia coli Soluble Yaron and Mlynar, 1968
Guinea p1g serum Soluble Ryan ef al , 1990
Human erythrocytes Soluble Sidorowicz et al, 1984b
Human kidney Membrape Hooper and Turner, 1988
Human leukocytes Soluble Rusu and Yaron, 1992
Human lung Membrane Sidorowcz et al., 1984
Human serum Soluble Holtzinan et al, 1987
Lactococcus lactis Soluble Mars and Monnet, 1995
Rat bram Soluble Harbeck and Mentlem, 1991
Streptomyces hividans Soluble Butler et al, 1993

Table 14 Dumbution of Aminopeptidase P This table is not an exhaustive list

but rather a means to illustrate the ubiquitous nature of Ammopeptidase P among mucro-
organisms and manmmals of differens species
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Mammalian APP, bowever, vanes wath regard to its nauve molecular weight and subunit makeup
Soluble forms of the enzyme, 1solated from rat bramn and human leukocytes, were duners with a native
molecular weight of 140kDa (Harbeck and Mentlein 1991, Rusu and Yaron, 1992) The rat bramn
soluble APP, however, was revealed 1o be trimenc when the native molecular weight was esumated by
gel filtratton chromatography in the absence of salt, indicaumg that its nauve molecular weight was
dependent on salt concentration (Harbeck and Mentlein, 1991) Tnmernic forms of soluble APP were
also reported for guinea-pig serum and human platelets with natve molecular weights of 220kDa (Ryan
et al, 1992, Vanhoof et al, 1992) Sumlarly, a tnmer of 280kDa was observed when membrane bound
APP was 1solated from porcine kadney by Hooper e al , (1990) APP from bovine lung was found to
be tetrameric with a monomenc molecular weight of 95kDa. It 1s not surpnising that the mammalian
APP subunit molecular weight 1s considerably larger than that of the bacterial enzyme as recently,
Vergas Romero et al, (1995), reporied that the amino acid sequence of mammalian APP from porcine
kidney consisted of 623 amuno acids

Bacterial and, soluble and membrane mammahian APP, have been classified as metalloproteases based
on their mhibition by metal chelators (Yoshimoto ef al , 1989; Sunmons and Orawski, 1992, Harbeck
and Mentlemn, 1991) This inhibibon s caused by the removal of an essential metal atom from the
active site of the enzyme Hooper et al, (1992), have recently wdentified the APP active site metal atom
as znc The metal atom provides an electrophilic "pull”, co-ordnating the nucleophilic attack by water
on the pepude bond It 1s co-ordinated tetrahedrally within the active site, bemng bound to two
hisudines residues A third attachment 15 to a water molecule which remams n the active site
following substrate binding and may take part i the nucleophihic attack on the substrate A fourth
mteraction occurs between substrate and metal ton subsequent to binding (Dunn, 1989) The anchonng
of the metal atom by two histidine residues in the actve sie 1s relevaat as Lun and Turner, (1996),
have recently 1dentified two histdine residues i porcine kidney APP that are cnitical for enzyme
acuvity Some confusion anses m the hterature as to the effect of different divalent metal 10ns on APP
acuvity Zmc 1s reported to be iRhbitory towards APP from vaned sources including porcme kidney,
rat brain, human platelets and leukocytes (Harbeck and Mentlein, 1991, Hooper er al., 1990, Rusu and
Yaron, 1992, Vanhoof ef al, 1992) Zinc has also been reported as been activatory towards APP
isolated from guinea-pig serum (Ryan ef al, 1992) Divalent metal 10ns commonly associated with
the activation of APP, or its reactivatoa following exposure to chelators, are Mn2+ and Co2* (Rusu
and Yaron, 1992, Hooper et al, 1990; Orawski and Summons, 1995, Fleminger and Yaron, 1984)

Only one report concerning buman lung APP (Sidorowicz et al , 1984) showed no inhibiion of the
enzyme by chelators These workers did observe a decrease in APP activity but concluded that this
decrease was due to the chelaton of achvating metal 10ns that were loosely associated with the enzyme

The mhibizon of APP by thiol functional reagents has also been widely reported (Mars and Monnet,
1995, Ryan et al , 1992, Sodorowicz ef al , 1984b) These resnlts concur with the identfication of
four cysteme residues per subunit in the cloned E coli APP (Yoshimoto ef al, 1989) The cysteme
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residues might ot be located mn the active site, yet retamn a funcuional significance  The wnhubition of
APP by thiol reagents, such as DTT may be a compettive interaction between the reagent and
substrate for the fourth metal atom co-ordwation posiuon (Campbell ef al , 1988) Care must be taken
when nterpreting the inhibiion of APP by metal 1ons or thiol functional reagents as these observed
charactenstics may be substrate dependent (Lloyd and Tumer, 1995)

Optmal APP activity 15 obtained at pH 7 0 - pH 8 5 at an optimum temperature of 43°C (Rusu and
Yaron, 1992, Orawski and Simmons, 1995) Ope interesung pomt, with regards to the biophysical
and biochemscal atinbutes of APP, was reported by Orawski and Stmmons (1995) who observed that a
membrane bound rat lung APP was mhibited by NaCl, complete inhibition being observed at 2M
NaCl Thus may relate to the salt dependent nature of mulumeric APP forms discussed earher
Considenng that monomenic forms of the enzyme are seported to be mactive, the mmhibiton of APP
activity by hugh salt might indicate that cooperativity between subunits 1s essential for substrate
hydrolyss.

1.3.4.2. Substrate Specificity of Aminopeptidase P

Although substrate specificity studies on mammalian APP are not as complete as those of the bactenal
enzyme, both lead to sumalar conclusions APP 1s an exopeptidase which hydrolyses a variety of
peptides ranging m s1ze from dipeptides to protems It cleaves between an N-terminal amino acid (Py)
and a pennlhmate prohine (P1) The N-terminal ammo acid must have a free ammo group, the
penultimate reswjue must be prolme and the scisstle bond must be m the trans configuration (Lin and
Brandts, 1979)

In 1983, Fleminger and Yaron reposted the cleavage of bradykinin (Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-
Arg) by mmobihised bactenal APP, with argimine and prohine being released sequentially from the N-
termmus. Reports of mammahan APP cleaving bradykimn followed (Sidorowicz ef al , 1984, Ward et
al , 1991, Hooper et al , 1992) These workers also observed the cleavage of dipeptides such as Phe-
Pro, Arg-Pro and Ala-Pro Harbeck and Mentlem, (1991), reported that APP 1solated from rat bram
cytosol, selectively liberated all unblocked ultimate (P1) residues from di-, tn- and ohigopeptides with
N-terminal Xaa-Pro- sequences, where Xaa (P1) was preferentially a hydrophobic or basic residue
Replacement of the penultimate residue (P1') by alanine or any residue other than proline, led to
decreased or o hydrolysis bemg observed

Bioactive pephides cleaved mclude bradykin, substance P and melanostatin (Simmons and Orawska,
1992) Pepude-YY (PYY) cleavage by APP has also been reported (Medeiros and Turner, 1994)
Yostumoto et al, (1988c¢), identified a third subsite (S2") m bactenal APP which preferentally bound
aromanc amsno acids at the P2’ positon  This preference was confirmed when Gly-Pro-pNA, Gly-Pro-
PNA and Gly-Pro-MCA were observed as excellent substrates for the enzyme
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In 1994, Yoshimoto et al., carried out detailed substrate specificity studies on APP isolated from E.
coli. These workers found that dipeptides were hydrolysed very slowly relative to longer substrates and
a fourth enzyme subsite was identified (S3%. S\ and Si' were highly stereospecific with preferential
binding of hydrophobic residues at S\. They also noted that bacterial APP could accommodate most
amino acid residues in the S2' subsite. This was in contrast to mammalian APP which could not
accommodate bulky P2’ residues. The presence of four substrate binding sites for mammalian APP

was confirmed by Orawski and Simmons, (1995), who also reported that the Si, S]' and the S2*

subsites had to be occupied for substrate hydrolysis to occur.

1.3.4.3. Assays for Aminopeptidase P Activity

The original assay procedures used to detect APP activity were developed by Yaron and Berger, (1970),
and were based on the cleavage of polyproline. These substrates proved insufficient however, as they
were neither sensitive nor specific, and were only hydrolysed slowly by purified mammalian APP
(Rusu and Yaron, 1992; Harbeck and Mentlein, 1991). Specific substrates of the sequence Xaa-Pro-Pro
were developed as they were resistant to dipeptidyl aminopeptidase and carboxypeptidase hydrolysis.
Fleminger et al., (1982), developed an intramolecularly quenched fluorimetric substrate, Lys-(Dnp>Pro-
Pro-Eda-Abz. The fluorophore, 2-aminobenzoyl (Abz), was quenched by the dinitrophenol (Dnp)
moiety. Following the removal of Lys(Dnp) by APP, Abz could be detected fluorimetrically, resulting

in a sensitive and specific assay for the enzyme.

Coupled enzyme assays have also been developed and used successfully for the detection of APP.
These include colorimetric and fluorimetric substrates such as Gly-Gly-Plro-pNa (Lasch et a |, 1988) and
Gly-Pro-MCA (Yoshimoto et al., 1988), coupled with the enzymes dipeptidyl aminopeptidase 1V or

proline iminopeptidase respectively.

Radiolabelled assays are also in use, including radiolabelled bradykinin (“H-Bradykinin) and a

radiolabelled bradykinin fragment, (Arg-Pro-Pro-3H)-benzylamide (Ryan et aL, 1992b).

1.3.4.4. Specific Inhibitors of Aminopeptidase P

Prechel et a | (1995), designed the APP inhibitor, apstatin, based on an N-blocked tripeptide (Pro-Pro-
Ala-NH2). It was synthesised specifically to facilitate the inhibition of APP during investigations into

the degradation of bradykinin, and was reported to have no inhibitory effect on angiotensin converting
enzyme (ACE) or other known bradykinin degrading enzymes. It inhibited APP with a Kj of 2.6pM.

1.3.4.5. Physiological Relevance of Aminopeptidase P
A single report of a disease linked to human APP deficiency has been published by Blau et al. (1988).
These workers discovered a new inborn error of metabolism, whereby a deficiency in APP led to the

development of peptiduria.
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However, the speaificity of APP suggests that this enzyme may have a umque biological role  Table
15 lists a number of broacuve polypept:des that contam N-terminal Xaa-Pro- bonds (Yaron and
Naider, 1993) These include hormones, toxins and enzymes Because of the N-terminal Xaa-Pro
bond, these peptides are 1deal substrates for APP  Thewr hydrolysis sught lead to a loss or alteration n
biological activity, or imbate a cascade of events leading to the eventual terminatton of biological
acuvity and subsequent pepude/protein tumover For example, the acton of APP on peptde-YY
regulates the mterconversion of this peptides' receptor selectivity (Medewros and Turner, 1994)

It 1s also possible that APP plays an unportant role 1 the tnmming of biosynthetic precursors during
post-translational modification The specificity of APP makes 1t ideal for the final post-translational
modification steps mvolving peptides contaming an N-terminal prolne

The high APP acuvity found 10 various blood components may also be of physiological sigmficance

Scharpe et al (1990) and Hendriks et al , (1991) reported that the majonty of APP found in blood was
located 1nside platelets, unlike other exopephidases such as ACE and DAP IV These findings support
the hypothesis that APP 1s involved 1n the regulation of cardiovascular and pulmonary functions

Ryan ef al, (1990) observed that APP can act in witro on the anuarrhythmic peptde (Gly-Pro-Hyp-
Gly-Ala-Gly) and substance P, peptides that are associated with cardiovascular physiology In 1995,
Prechel et al reported that APP and ACE working together, fully accounted for the degradation of
bradykimn m the rat pulmonary vascular bed Also, m 1995, Kitamura et @l reported that blood
pressure responses to administered bradykmmm followmg treatment of rats with apstatin, were doubled

They concluded that APP was an important :n vivo kinmase To combat the effects of APP on
bradykmin acuvity, Ward et al , (1991), have developed bradykinin receptor agonusts and antagomsts
resistant to APP attack B7644, an agomst of bradykmmn, was found to be resistant to APP hydrolysts
and more potent than the namral peptide

1.3.5. roh E 4,13.1

Prolhidase was first discovered by Bergmann and Fruton, (1937), while studymg aminopeptidase and
carboxypepuidase activiues 1n porcine mtestinal mucosal extracts It was subsequently punified and
charactensed from porcine kidney, and porcine and bovine mtestine (Davis and Smith, 1957, Sjostrom
et al , 1973, Yoshiumoto ef al , 1983)

Proldase 1s closely related to aminopeptidase P in that it removes N-termunal amino acids from
substrates with proline 1n the penulimate Py’ posiuon yet 1t 1s mamfestly dipeptide specific Like
APP, the enzyme 1s widely distnibuted among mammahan and microbial sources (Table 1 6 )

1351 Biophysical and Biochemcal Aspects of Prohdase
The molecular weight of prolidase, hike the molecular weight of aminopepudase P, 1s difficult to state
defimuvely In previous reviews on proline specific peptidases, the native molecular weight of a
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Polypepude N-termunal sequence
Basic trypsin inhibitor Arg-Pro-Asp-Phe-Cys-
Bradykinm Arg-Pro-Pro-Gly-Phe-
p-casomorphm Tyr-Pro-Phe-Pro-Gly-
Cathepsm B Leu-Pro-Ala-Ser-Phe-
Cathepsin D Gly-Pro-He-Pro-Glu-
Cathepsm H Gly-Pro-Tyr-Pro-Gly-
Cathepsm L Leu-Pro-Asp-Ser-Val-
Eledoism pGlu-Pro-Ser-Lys-Asp-
Erythropoietin Ala-Pro-Pro-Leu-Leu-
Factor X1 Ile-Pro-Pro-Trp-Glu-
Growth hormone Phe-Pro-Ala-Met-Pro-
Interleukm 2 Ala-Pro-Thr-Ser-Ser-
Neurotensin 9-13 Arg-Pro-Tyr-Tle-Leu-
Papan le-Pro-Glu-Tyr-Val-
Plasmmogen Glu-Pro-Leu-Asp-Asp-
Prolactm Leu-Pro-Tle-Cys-Ser-
Streptavidm Asp-Pro-Ser-Lys-Asp-
Substance P Arg-Pro-Lys-Pro-Gln-
Thyrotropm Phe-Pro-Asp-Gly-Glu-
Trypsinogen Ala-Pro-Asp-Asp-Asp-

Table 135. List of bioactive peptide sequences that contain proline wn the N-
termunal penultimate position These peptide sequences are 1deal substrates for
Amunopeptidase P (Yaron and Nader, 1993)
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Source Reference

Bovine intestine Yoshimoto ef al, 1983
Human erythrocytes Ohhashi et al., 1990
Human fibroblasts Oono et al , 1990
Human kidney Myara er al, 1994
Human liver Endo et al., 1987
Human plasma Cosson et al, 1992
Human prostate Masuda et al., 1994
Lactobaciilus delbrueckn Swucky et al, 1995
Porcine intestine Sjostrom et al , 1973
Porcine kidney Mock and Liu, 1995
Rabbit kndney Endre and Kuchel, 1985
Rat bram Middlehurst et al, 1989
Rat liver Miech et al., 1988
Xanthomonas maltophiia Suga et al, 1995

!

Table 1.6 Distribution of Prolidase This table 15 not an exhaustive hst bus rather a

means to lustrate the ubiquitous nature of Prolidase among mucro-orgamisms and various
mammalhan tissues Prolidase 1s localised in the cytoplasm (soluble) There have been no
reports regarding a membrane form of the enzyme
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dimenc prohidase was reported as 110kDa (Yaron and Naider, 1993, Walter er al, 1980) Yaron and
Naider based this value on the results of Endo e al, (1989) A combination of human prolidase gene
cloming and Edman sequence determination allowed these workers to deduce a monomenc molecular
weight of 54,305 Da, which agreed with an esimation of 56kDa for human erythrocyte prolidase and
more recent results (Ruchter et a! , 1989, Ohhashi et al , 1990, Myara et al 1994 Sugaet al, 1995)
However, in 1985, Butterworth and Priestman reported the separauon of two dunenc forms of prolidase
(1 and II) from human ussues with native molecular weights of 112kDa and 185kDa. This was later
confirmed by Oono et al , (1990) and Masuda et al , (1994)

With the excepuion of one report (Svga et al, 1995), the pt of mammahan and bactenal prohidase 1s
46 A pH opumum of 7 5 has been observed for all forms of the enzyme (Stucky et al , 1995, Myara
et al , 1994, Oohash: et al , 1990)

Biochemucal charactenisations of prohidases 1n general indicate that they are Mo+ activated yet
inhibited by sulphydryl group reagents, mdicating that the enzyme ts a cysteine or metallo-protease
Prohdase type II however was reported to be mhibited by Mn*+ 10ons (Butterworth and Pniestman,
1984, Sjostrom and Noren, 1974, Masuda et al , 1994, Cosson et al, 1992) King et al, (1989),
idenufied an acuve site Mn*+ 10n and concluded that prohidase 1s a metalloenzyme dumer whose
subumits exhibited selective co-operative interaction pH dependent kinetic studies of prolidase activity
towards picolinylprolines suggested an active site mechanism mvolving the participation of two acidic
metal 10ns posiioned adjacently withm the active site (Mock and Green, 1990, Mock and L1, 1995)
A funcuonal group within the acuve site having a pKj of 6 6 has been widely reported This
funcuonal group 1s essential for catalytic activity and has been 1dentified as a water molecule, rendered
aadic through its co-ordination with the active site metal :on  Productive chelaton to this metal 10n
by the P substrate residue was observed with subsequent displacement of the functional water
molecule (Mock and L, 1995, Radzicka and Wolfenden, 1991, Mock ef al, 1990) Active site
argmine and aspartic acid functional residues have also been identified (Mock and Zhuang, 1991)

1.352 Substrate Specificity of Prohdase

Prohdase hydrolyses dipepuides i which the C-termmnal residue 1s proline and the N-terminal residue 1s
an amino acid with a free a-amno group Proline can be replaced by hydroxyproline (Hyp), resulting
i significant losses tn hydrolytic acuvity Tissue culture studies illustrated that an auxotrophic
Chinese hamster ovary (CHO) cell hne could utihise Gly-Pro as a proline source through the action of
prohdase Inability to similarly utthse Gly-Hyp was observed, indicatng prolidase's poor activaty
towards this substrate (Emmerson and Phang, 1993) When proline 1s replaced at the C-terminus by
Thy, a proline analogue whereby a sulphur atom 1s subsututed into the pyrrolidine ning, the dipeptide
Gly-Thi was hydrolysed at 2 7 umes the rate of Gly-Pro (Yaron and Nawder, 1993) It was also
discovered that Z-pipecolic acid exerted the same level of inhibiion towards prolhidase as Z-Proline,
mdicating that the proline binding S1’ subsite oould‘ bind a six-membered piperodine rmg as well as the
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five-membered pyrrolidine ring of proline. This led workers to conclude that the Sj' subsite was a
hydrophobic cleft and could explain the observation that prolidase exhibited low rates of hydrolysis
towards the substrates Leu-Ala and Ala-Leu (King et al.y 1989; Hui and Lajtha, 1980; Sjostrom et al.,
1973).

The requirement for a free a-amino group residue in the Pj position has been questioned by some
workers. Mock et al., (1990), studied the specificity and pH dependence for acylproline catalysis by
prolidase and found that at pH 6.6, significant hydrolysis of alkylthioacetyl prolines and haloacetyl

prolines was evident.

Lin and Brandts, (1979b), concluded that prolidase had an absolute specificity for the substrate dipeptide
bond to be in trans isomeric form. This was later confirmed using NMR analysis of Ala-Rro hydrolysis

by the enzyme (King et al., 1986).

1.3.5.3. Assays for Prolidase Activity
The prolidase assay is based on its hydrolysis of Gly-Pro, and methods used for product detection are
primarily HPLC based with some reports of the use of isotachophoresis (Harada et al., 1990; Mikasa et

al., 1985).

1.3.5.4. Specific Inhibitors of Prolidase

In 1989, King et al. reported the competitive inhibition of prolidase by N-blocked proline (Z-Proline -
Kj =9.0 x 10'*"M) and Z-pipecolic acid. Mock and Green (1987) reported the use of trans-
cyclopentane-1,2, dicarboxylic acid as a prolidase inhibitor. This compound is a substituted Xaa-Pro
dipeptide, where the Pi substrate position is replaced by dicarboxylic acid. A Kj value 0f 9.0 x 10'*M

was reported for the interaction between this inhibitor and prolidase.

The most potent prolidase inhibitors reported to date are derivatives of phosphoenolpyruvate.
Phosphoenolpyruvate is a metabolic intermediate which inhibits prolidase with a Kj of 8.0 x 10""M.

A bromophosphoenolpyruvate derivative inhibited prolidase with a Kj value of 4.0 x 10**M (Radzicka
and Wolfenden, 1991).

1.3.5.5. Physiological Relevance of Prolidase

The primary biological function of prolidase is thought to be the metabolism of collagen degradation
products and other Xaa-Pro dipeptides, with the subsequent recycling of proline. Prolidase deficiency
(PLD-D) results in an inability to recycle proline from dipeptides and leads to abnormalities of the skin
and other collagenous tissues, sometimes leading to mental retardation. Massive amounts of Xaa-Pro
dipeptides are excreted by individuals suffering from PLD-D with Gly-Pro being the most prominent of
these (Freij et al., 1984).
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PLD-D may be the result of biochemical alterations within prolidase rather than a marked reduction
the levels of the enzyme In 1984 and 1985, Butterworth and Pniestman compared the charactensucs of
prolidase 1r cultured skan fibroblasts from healthy and PLD-D ndividuals  Using Gly-Pro as substrate,
there was a marked loss of prolidase activity tn PLD-D cells which could not be restored by the addition
of Mn**+ However only shght reducuons in PLD-D prohidase acuvity were observed when Phe-Pro,
Ala-Pro and Leu-Pro were used as substrates Using these substrates, normal prolidase acuvity was
stable duning prolonged mcubation with Mn*+ while the PLD-D activity was progressively
macuvated In 1986, Lombeck et al, reported that patients suffermg from PLD-D were found (o have
sigmficantly increased Mn*+ levels m their blood cells, yet their argmase and prolidase acuvity levels
were almost halved They concluded that an altered form of profidase rendered the Mn*+ ions
maccessible to the active site, prevenung the enzymes activation This aliered prolidase was also
observed by Ohhashi er al, (1988), when prolidase from PLD-D serum could not be activated by

Mnt+s but was actuvated by Cot+

The heredstary nature of PLD-D 1s classified as an autosomal recessive disorder (Bonight et al , 1989)

The structural organisation of the human prolidase gene was elucidated by Tanoue et al , (1990), and n
PLD-D patients, several hundred base pair deletons were evident, mcluding the whole of exon 14 A
guanine to adenosme substitution at position 826 1 exon 12, resultmg n the replacement of an
aspartic acid by asparagine 1 the polypeptde cham, was also observed The human prolidase gene and
the argimne subsututed PLD-D gene were expressed m mammalian cell cultures, and although both
genes produced a prohidase polypeptide, the substituted protemn was mactrve It was also demonstrated
that active prolidase could be recovered from PLD-D cells following transfection with the normal
prohdase gene They concluded that gene replacement might be an appropnate therapeutic regime for
idivrduals suffenng from PLD-D It1s also mierestng to restate that an essential aspartic acid residue
1n the active site of prohdase was denufied by Mock and Zhuang, (1991)

Although the deletion of exon 14 was confirmed by other groups, these mutations were not found 1a all
patents tested, mdacating that the molecular defects in PLD-D were heterogenous This was confirmed
by Ledoux er al, (1994), when cDNA samples from five patients suffering from PLD-D were
exammed A wide variety of different genetic mutations were evident m all five subjects They
concluded that PLD-D 1s caused by mutanons m multiple prolidase alleles

1.3.6. H 1 Pr E 4,23.-

HIV produces a small protease (HIV 1 protease) that specifically cleaves the polyprotein precursor m
whach structural protems and enzymes of the virus are contained. This enzyme 1s becoming one of the
most important protemns i medicine as 1t 15 absolutely required for the production of mature, mfectious
virtons It 1s therefore the most attractive target for the development of anti-HIV therapeutic drugs
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The relevance of the HIV 1 protease to this discussion 1s that it has a high specificity for Xaa-Pro
sequences 1n the middle of a polypeptide chan  As an endopepudase that cleaves the Xaa-Pro ternary

amude it1s a ranty among proteases

13.61. Biophysical and Biochemical Aspects of HIV 1 Protease

The HIV 1 protease (HIV1P) has been punfied from vinions wsolated from HIV positive panients
However, the development of recombinant and total chemical synthesis methodologies have led to the
production and punfication of large quantities of the prote:n  Most published investigative work 1nto
the vaned biochemical aspects of HIV 1P has been carmed out on these "artificial” forms of the enzyme

In type I human immunodeficiency virus (HIV-1), the capsid and nonstructural protens are synthesised
as a single polypeptide precursar  The polypeptide 1s coded by two genes, gag and pol and mcludes the
protease HIVIP (Figure 14 a) HIV1P autocatalyucally excises itself from the precursor polypeptide
by cleaving a Phe-Pro bond at its C- and N- termin at cleavage sites V and VI respectively (Figure
14b) (Debouck et al , 1987, Graves et al , 1988)

A model was developed to examne the sequence of events leadmg to production of mature HIV1P,
whereby, the protease polypeptide was flanked at 1ts C- and N- termim by native sequences from the
gag-pol precursor, the C- termnal sequence bemg fused 1o the maltose binding protewn of E. coli
(MBP) In us dimenc form, this polypeptde cleaved itself intramolecularly between the C- termmal
flanking sequence and HIV1P, releasing a HIVIP + N- terminal flankmg sequence as a short hved
mtermediate  This mtermediate possessed activity similar to that of the mature protease The dmeric
wtermediate mtermolecularly removed the N-terminal flanking sequence producing the mature HIVIP
(Wondrak ef al, 1996, Louwss et al , 1994, Boutelje et al , 1990)

Mature HIV1P is a dumer of 2’1denucal subunits, each with a molecular weight of 11 kDa and 99
amino acid residues  Monomernic HIVIP 1s mactive (Stnckler et al, 1989, Tomaselh et al , 1993)
The rates of associatton of HIV1P from monomenc to dimeric form were found to be withun the range
commonly associated with protein-protemn interaction (4 x 105M'ls“1), while the dissociation of the
dimer was found to be strongly pH dependent and governed by a dissociation constant m the picomolar
range The enzyme exhibits maximal activity between pH 4 0 and 6 0, with an observed opamom pH
of 5 5 (Darke e al, 1994, Jordan ef al , 1992, Menendez-Anas et al., 1992)

HIV1P 1s strongly inhibited by pepstatun and 1,2-epoxy-(3-(4-mtrophenoxy)propane) mdicating that 1t

1s an aspartyl protease Indeed, 1ts amino acid sequence of 99 residues has shared homology with other
aspartyl proteases such as remn, pepsin and chymossn (Strakalaius ef al , 1991, Mecek et al , 1989)
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Figure 13 HIV-1 Genome, (a) Schematc of the genome of HIV-1 LTR-long termmnal
repeats gag-group specific antigen gene encodes viral nucleopcapsid proteins p24 a aucleowd shell
protein p7, pl5, pl7 and p5S, pol-polymerase gene, encodes the wiral enzyme, protease (pl0),
reverse transcriptase (p66/55, alpha and beta subunus) and integrase (p32), env-envelope gene,
encodes the viral envelope giyocproteins gp120 and gp41 tat. encodes transactivator protein, rev
encodes a regulator of expression of viral protein, wif associated with vral infectivity, vpu encodes
wiral protein U, vpr encode wviral protein R, nef encodes a 'so-called’ negative regulator protein (b)
Schemanic dlustrating HIVIP cleavage sues (I-VII) on the gag and pol protein precursors
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An acuve site mechanism proposed by Hyland e al m 1991, was updated and detailed by Silva et al ,
1996 Essenually, the substrate 1s asymmetncally bound to one active site aspartate residue  Proton
exchange between the aspartate and carbonv! group of the scissile bond with simuitaneous hydration of
the bond to introduce flexibility, facilitates opumised binding Further proton movement from the
hydroxyl of the scissile bond to an aspartate residue with concerted proton exchange between the second
aspartate and the amuno group of the N-termmal product, introduces a bond break and regenerates the
mtial protonation state of the active site aspartates The active site aspartate residues have been
wdentified at position 25 m each monomer Modification or substitution of these residues leads to

tnactivation of the protease (Lab et al , 1991 Gninde et al , 1992)

Two cysteme residues have been 1denufied among the 99 ammo acids of each monomer Although
neither are required for enzyme activity, modification of Cys 67 leads to wactivation of the enzyme
(Karlstrom et al , 1993)

The dimenic mterface between 1dentcal subumts 1s composed of 4 well ordered B-strands from both the
C- and N-termim of the 99 amino acid sequence with residues 86-94 having a helical formation
Substitution of Asp-88 or Arg-87 with Lys lead to mactivauon of HIVIP Further analysis of the
protease domain surroundmg these residues, revealed that therr substitution affected the protems’ ability
to form an active homo-dimenc complex (Wlodawer et al , 1989, Quenet er al , 1989, Louss et al ,
1989)

In 1991, Hyland er al. noted the non-specific activation of HIVIP m mcreasmg 1onic strength It was
later revealed that at simular ionic strengths, different salts activated HIVIP activity with respect to
therr posiion 1n the Hofmeister senes, a measurement of their salung out effect (Wondrak et al ,
1991) Szeltner and Polgar (1996) confirmed that the mncrease m conformational stability and catalytic
activity of HIV1P was due to stabthisation of the protease by preferential hydration

136.2. Substrate Specificity of HIV 1 Protease

The natural substrates for HIV1P are the seven deavage sites that are wnvolved m the maturatton of the
viral protem (Table 17 ), coded for by the gag and pol genes (Figure 1 4b ) Three of these cleavage
sites are Xaa-Pro bonds and also form part of a consensus sequence, 1 € sequences that are also required
recogmition sites for other retroviral proteases (Pearl and Taylor, 1987) Sutes V and V1 are hydrolysed
by the enzyme during #ts auto-exciston from the polypeptde precursor

The substrate specifiaty of HIV 1P 1s not only determined by the residues present at the scissile bond,
but extends to many of the C- and N-terminal ssbstrate residues flanking the cleavage site  However,
close scrutny of the flanking ammo acids presented i Table 1 7, provides httle msight mto the
subsite requirements of the enzyme
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Cleavage site HIV-1 sequence cleaved Amino acid sequence of cleavage site

| gag 124-138 -Ser-Gln-Ans-Tyr- - -Pro-Ile-Val-Gln-
I gag 357-370 -Ala-Arg-Val-Leu- - -Ala-Glu-Ala-Met-
m gag 370-383 -Ala-Thr-Tle-Met- - -Met-Gln-Arg-Gly-
v gag 440-453 -Pro-Gly-Asn-Phe- - -Leu-GlIn-Ser-Arg-
\Y pol 59-72 -Ser-Phe-Asn-Phe- - -Pro-Gln-lle-Thr-
VI pol 162-174 -Thr-Leu-Asn-Phe- - -Pro-Ile-Ser-Pro-
VI pol 721-734 -Arg-Lys-Ile-Leu- - -Phe-Leu-Asp-Gly-

Table 17 Identification of the positions within the gag-pol polypeptide precursor that represent
cleavage sites for the viral protease, HIVIP It 1s of interest to note that excluding the Phe-Pro scissile
bonds present in sites V and VI, all sites vary in their amuino acid sequence The ability of HIV1P to cleave
sues I-VII reveals little regarding the substrate specificity of this enzyme Sutes V ands VI represent the
anuno acuds that are cleaved by HIVIP during its auto-excision from the polypeptide precursor Scissile

bond are represented by - - -



A defimuve picture of HIVIP specificity 1s difficult to portray and 1s comphicated by the various
models used for deternuning this specificity These include the enzymes' ability to cleave synthetuc
substrates, to autohydrolyse 1tself m native or substituted form and to auto-excise itself from
polypepude precursors where the equivalent V and VI site have been modified Because of these varied
permutations and combinauons, only the basic substrate specificity requirements of this enzyme will

be discussed.

The specificity of the enzyme for the Tyr-Pro and Phe-Pro cleavage sites (I,V,VI, Table 1 7) are
different wath respect to the mfluence of flanking residues Single ammo acid substitutions 1n these
sites revealed that cleavage of Tyr-Pro (I) ts severely miubited by substitutions at the P4, P), P and
P2’ posinons The Phe-Pro site exhibits far greater tolerance to amuno acid substtution at these
positions (Parun et al, 1990) The Py’ residue of the Tyr-Pro cleavage site (Proline) could be
subsututed by hydrophobic amino acids such as Leu, Val and Phe, without greatly affectng the acuvity
of HIVIP agamst this site (Kassel ef al, 1995) These results confirmed an earher statistical analysis
by Poormnan et al. (1991), mm which an extended viral substrate data base was used to predict that the
highest stringency for particular ammno acid residues were at P, Py and P’ posiuons It is also
nteresting to note, however, that the subsites of the substrate binding pocket of HIV1P are capable of
acting independently 1n therr interaction with substrate amino acids (Cameron et al., 1994)

1.3.6.3. Assays for HIV 1 Protease Activity

Vanous methods for the detection of HIV1P activity have been developed mcluding ELISA, HPLC and
fluonmetric substrate assays Two ELISA's have been developed that are based on the specificity of
HIVI1P for the p17/p24 cleavage site (I) They are both based on the reduced immunoreactivity of a
fusion protem contaming the p24 polypeptide following the action of HIV1P (Mansfield et al , 1993,
Sarubb: et aL, 1991)

The p17/p24 cleavage site 15 also the focus of HPLC based assays A polypepude containing the
p17/p24 cleavage site (-Tyr-Pro-) 1s incubated with HIV1P samples and the cleavage products are
separated and wdentfied usmg HPLC (Lows et al , 1989, Cole et al , 1991)

A commercially available tetradecapeptide that includes the peptide sequence of angiotensin [ plus N-
termmally added Leu-Val-Tyr-Ser, 1s cleaved by HIV1P at the Leu-Leu bond, producing angiotensin I
which can be subsequently quantified using HPLC or RIA methods (Sharma et al., 1991, Wilkkinson et
al, 1993, Evans et al, 1992, Hyland and Meet, 1991)

A fluonmetnic substrate, N-a-b)-Arg-Gly-Phe-Pro-HeO-BNa was developed by Tyagt and Carter,
(1992) Cleavage at the Phe-Pro bond by HIV1P releases Pro-MeO-Na which can be detected
fluonmetncally
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Inhibitor Details Reference

Resistomycin Isolated from Actinomycetes cultures, IC50 = 21uM Roggo et al , 1994
Spirodibydrobenzofuranlactams Isolated from Stachybotrys sp, IC5p = 11pM Roggo er al, 1996
A-98881 A synthesised azacyclic urea, K, = 5pM Sham et al , 1996
SB-206343 P1'-P2' mhibator site bond 1s an 1sotenc acylumdazole ning, K; = 0 6nM Thompson et al , 1994
BILA-398 Synthetic compettive inabitor of HIV1P, K, = 0 5uM Pargellis er al , 1994
RPI-856A Isolated from Streptmocyes sp AL-322, K, = 10nM Asano et al , 1994
GR123976 A penicillin denivative, asymmetric inhibitor, IC50 = 2 3uM Thou ez al , 1994
Z-OVCA-NH-Bun A pepude substrate derivative, Kj = 8nM Sakurat er al , 1994

Table 1 8. Specific inhibutors against HIVIP activity Due to the significant rise in the levels of interest

expressed in HIVIP and uts specific inhubutors, only those cutations from 1994 onwards are included Inhibitors

vary n type from modifications of pepude substrates for the protease, to novel compounds 1solated from

nucrobal cultures Much emphasts has been placed on the screeming of microbial cultures for intubitors of this

protease



1.3 6.4. Specific Inhibitors of HIV 1 Protease

It 1s understandable that, due to this enzymes function in HIV-1 mfection, a proliferation of
publicatons have ansen describing the synthesis and use of HIVIP specific mbitors A brief list of
recently published HIVIP specific mhibitors 1s presented in Table 1 8

1.3 6.5. Physiological Relevance of HIV 1 Protease

As stated earlser, HIV1P 1s absolutely required for the maturation of HIV-1 virions It 1s also thought
to have some function m the assembly of vinon particies Inhibitors of HIV1P have been shown to
block the early steps of HEV-1 rephcation In H9 and HeLa CD4-LTR/B-gal cells mfected with HIV-1,
the protease was thought to be responsible for the cleavage of the nucleocapsid (NC) protemn  This
cleavage may be required for the proper formation of a pre-integration complex and/or its transport to
the cell nucleus (Nagy etal , 1994) However, apart from the role of this protease m the rephcation of
new virons, mteresting mteracttons between HIVIP and native cellular proteins have been identified
NF-x-f 1s a factor required by HIV-1 for transcription It 1s produced by native cells as a 105kDa
precursor, located 1n the cytoplasm In 1ts active form, 1t 1s transiocated to the cell nucleus where 1t 1s
mvolved n transcripion  Ruviere ef al, (1991) discovered that HIVIP can process the tnactive
precursor of NF-x-B mto 1ts active form, suggesting that this function may also be part of HIVIP's

role w vinon replication

HIV1P can also cleave native cellular cytoskeleton protewns such as actm, spectrin and tropomyosin
This weakening of the cytoskeleton of an infected cell may serve some purpose with regards to cell
infection or vinon expulsion (Shoeman et al , 1991, Adams er gl, 1992) However, recent proposals
suggest that elements within the cytoskeleton may play an umportant role 1n the regulation of large
scale genenic regulanon Therefore, the cleavage of cytoskeletal proteins by HIV1P may perturb the
regulation of gene expression by these proteins and m turn, account for the increased incidence of cancer
i HIV-1 infected patients (Shoeman et al , 1992)

1.3 7. Prolyl Carboxypeptidase (EC 3 4.16.2)
Prolyl carboxypeptidase (PCP) was first detected 1n the lysosomal fractton of porcine kidney by Young
et al, (1968) and charactenised by these workers as an enzyme capable of removing the C-termunal

phenylalanme residue from angiotensin H  Reports of the molecular weight of this enzyme vary
greatly Human kidney PCP has a native molecular weight of 115kDa and 1s dimenc, while the
poraine kidney enzyme 1s reported to have a native molecular weight of 210kDa (Walter et al , 1980)

Recently, a tetramenc form of the enzyme was punfied from Xanthomonas maltophilia with a native
molecular weight of 330kDa (Suga et al, 1995b) Tan et al, (1993), cloned and sequenced human
PCP The enzyme was found to consist of 451 ammo acid residues with a calculated weight of
51,043Da. It was also 1dentified as a glycoprotem with an estimated 12% carbohydrate (w/w) reported.
The human enzyme has a pH opumum of 5 0-5 5, whereas, the bactenal PCP's pH optimum 15 8 5
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This enzyme 1s a serine protease, based on s inhibiion by DFP (Suga ef al, 1995) The enzyme
cleaves C-terminal restdues from peptides with proline being the preferred Py residue (Suga ef al,
1995, Walter ef al , 1980) Z-Pro-prolinal, the prolyl endopeptdase specific inmbitor, also inhibits
PCP wath a K, of 26 x 10-7M (Tan et af , 1993)

13.8 rboxypeptidase P (E 4,12

Carboxypeptidase P (CPP) was first discovered by Dehm and Nordwig, (1970), whale invesugatng the
cleavage of prolyl peptides by kidney peptidases The enzyme 1s a dumenc glycoprotein with a native
molecular weight of 240kDa and a single, asparagime hnked, mannose carbohydrate motety being
reported (Walter er al , 1980, Zieske ef al , 1992) The pH optumum for CPP ranges from 6 0 to 7 8

Confuston persists over the mechamistic classification of this enzyme It 1s widely reported to be
acuvated by Mn*+ 1ons In 1985, Hedeager-Sorensen and Kenny 1dentified one zinc atom present 1n
each subumt of the dumer Enckson et al , (1989), reported subsequently that the enzyme was miubited
by chelators and suggested it to be a metalloprotcase However, m 1992, Zieske ef al , 1dentuified a
senne residue that they determined to be necessary for catalytic activity The enzyme s responsible for
the removal of C-termmal residues from peptides and proteins, with a preference for proline restdues 1n
the P1 positon  Alanine and glycine substitutions of proline are also cleaved (Hedeager-Sorensen and
Kenny, 1985) A general peptide and/or protemn processing role has been suggested for CPP
(Hoedemaceker et al , 1994) and 1t 15 therefore not surpnsing that the enzyme features regularly m the
literature as part of peptide and/or protemn sequencing methodologies (Tuede et al., 1995, Gray et al ,
1994)

1.3.9. Summary

Prolme holds an important position among twenty naturally occurring ammo acids, the building blocks
of peptides and protemns It confers particular biological properties upon these phystologically
important biomolecules due to 1ts umque structural charactenstics There has evolved a specialised
group of enzymes that recogmse this residue and can mtroduce peptide bond cleavage at either its
carboxyl or ammo terminus within a peptide chamn  The varniety of these specialised peptidases cover
practically all situattons where a proline residue might occur 1n a substrate and their action can be of
biological sigmficance, feading to the imactivation or biotransformation of pepudes and protens

The role played by prolme specific peptidases in physiological processes has been discussed, and,
because of thewr umique role withm these processes, their continued mvestigation 1s warranted.

Proline specific pepudases have been implicated in a vanety of disease states based on (a),
abnormalities m their levels or modes of action or (b), abnormalities associated specifically wath their
natural substrates In the latter case, therapeutic regumes often focus on the admmstration of the
natural pepude to compensate for 1ts deficiency or defect. Admimstration of such compounds often
fails to alleviate symptoms or cure ailments due to their short lived efficacy, pnman]y"dne o
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degradauon by peptidases This has led to the development of peptide analogues as therapeutic agents,
designed specifically to ehicat the natural activity of the pepude yet resist enzymauc degradaton

It 15 obvious that administration of such agents as part of a therapeutc regume will inevitably lead o
ther exposure to the degradative processes contained i serum  To date, the phystochemical properties
of proline specific pepudases in the blood/serum fraction has been poorly studied Although some
work has been carned out on serum ammopepudase P, prolidase and prolyl endopepuidase, the extent to
which they have been studied vanes from punficauon and detailed charactensation (e g aminopeptdase
P and prolidase) to sunply reporting the presence of the pepudase m serum

Therefore, more detailed studies are essential, m order to better understand the nature of these enzymes,
and to 1dennfy hinks between them and their uissue counterparts The continued investigation into the
biochemical charactenstics and substrate specificity of serum proline specific peptidases 1s vital 1n

overcomng problems associated with drug delivery
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2. Materials & Methods



2 1 Matenials

Sigma_Chemical Company_(Poole, Dorset, England

2-lodoacetammde

2 Mercaptoethanol
8-Hydroxyquinoline
1,10-Phenanthroline
Ala-MCA

Ammomum Persulphate
Angiotensin I
Aprotinin

Arg-MCA

Bacitracin

Benzamidme
Bisacrylaimde

Blue Dextran

Bovme Serum Albumin
Bradykinm

Cadmium Sulphate
Calcum Sulphate
CDTA

Cellulose Type 50
Chymotrypsm Inhibitor
Cobalt Sulphate
Coomassie Bnlliant Blue G
Dithuothretol

DINB

EDTA

EGTA

Glycme

Imrdazole

Todoacetate

Leupeptin

38

LHRH

Magnesium Sulphate
Manganese Sulphate

MCA

Mercunc Sulphate

MES

MW-GF-200 Marker Kt
N-Acetyhmudazole

N-Decanoyl Co-A
N-Ethylmaleimide

Nickel Sulphate

PCMB

pGlu-His-Pro
Phenylmethylsulphonylfiuonde
Potassium Phosphate (dibasic)
Potassium Phosphate (monobasic)
Proline

Pro-MCA

Puromycin

SDS

Sephadex G-25

Silver Stain High MW Standard Kit
Silver Stamn Kit

Sodm Chlonde

Substance P

TEMED

TRH-OH

Tnzma Base

Trypsm Inhibitor from Soybean
Zinc Sulphate



Bachem Feinchemikalein AG ubendorf, Switzerland

Alanme TRH-OH
Gly-Gly-Pro-Ala Z-Gly-Pro-MCA
Gly-Phe-Ala Z-Gly-Pro-Ala
Gly-ProMCA Z-Pro-Ala
Leu-Gly Z-Pro-Gly
Lys-Ala-MCA Z-Pro-Leu-Gly
pGlu-His-Pro-MCA Z-Pro-Pro
Thyrolibenn

BDH Chemncals Ltd (Poole, Dorset, England)

Acetone Dumethylsulphoxide
Acrylamide Dioxane
Ammonia Solution Glacial Acetic Acd
Biuret Reagent Glycerol
Bromophenol Blue Hydrochlonc Acid
Calcium Chlonde Methanol
Cunc Acd Polyethylene Glycol 6000
Copper Sulphate Urea
Dimethylformamde Zmc Chlonde

erck Chemical Compan ankfurt, German
Ammonium Sulphate Sodium Hydrogen Phosphate
Potassium Chlonde Sodwm Hydrox:de

armacia_Fine Chemcal Company (Uppsala, Sweden

Activated Thiol Sepharose CL4B Q-Sepharose High Performance
Blue Sepharose Fast Flow Sephacryl S-200 HR
DEAE-Sepharose Fast Flow SP-Sepharose Fast Flow
Phenyl Sepharose CL4B

Bio-Rad Laboratories (Hercules, Cahforma, USA)
Biogel HT Hydroxylapatite

eypak ats (Clo 1) eath, Ireland
Bovine whole blood
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Aldrich Chemical Company (Poole, Dorset, England

1,7-Phenanthroline
4,7-Phenanthroline
Tnfluoroaceuc Acid

Calbijochem-Novabiochem (UK) Ltd (Nottingham, England)
AEBSF
Pepstaun

Pierce _Chemical Company (Illinois, USA)-

BCA Reagent

Mount Sinai School of Medicine (New York, Courtesy of Dr S§ Wilk)
Fmoc-Pro-Pro-Nitrile
Z-Pro-Prolinal
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Boc-Val-Leu-Lys- MCA Suc-Gly-Pro-Leu-Gly-Pro-MCA
Boc-Val-Pro-Arg-MCA Z-Arg-MCA
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University Rene Descartes (Paris, France, Courtesy of Prof B Roques)

Kelatorphan
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Pfizer (Groton, CT. USA, Courtesy of Dr_S Faraci)
Z-Indolimyl Prolinal
Z-Cyclohexyl Prolinal



Meiy: Seika Kaisha, LTD okobama, Japan, Courtesy of Dr S Tsutsumm)
a-Ketobenzothiazole
Z Pro-Prolmai

Hans-Knoell Institute of Natural Product_Research (Germany, Courtesy of Prof
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Boc-Glu(NHO-Bz)-Pyrr

Nagasaki: _Umniversit apan, Court of Prof T _Yoshimoto

Z-Thiopropyl Thoprolmnal
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22 Fluorescence Spectrophotometry using 7-Amino-4-Methyl-Coumarin
(MCA)

22 1. MCA Standard Curves

5mM MCA n 100% DMSO was diluted to 200uM MCA using 100mM potassium phosphate, pH 7 4,
at 37 C Thas stock solution was stored at 4 C  Lower MCA concentrations could be achieved using
100mM pokasstum phosphate, pH 7 4, as diuant  Standard curves were prepared by combinng 100puL
100mM potassium phosphate, pH 7 4, 400uL. appropnate MCA concentrauon and 1mL 1 5M aceuc
acid Ranges of 0-2 5uM, 0-10uM and 0-20uM MCA were prepared 1n tniplicate  Fluorimetric
analys1s of these samples was achieved using a Perkin Elmer LS-50 Fluorescence Spectrophotometer at
exciation and emssion wavelengths of 370nm and 440nm respecuvely Excitation sht widths were
maintamed at 10nm while emission shit widths were adjusted to produce fluorimetnic intensities

appropnate for the range being analysed

2.2.2. Inner Filter Effect

The mner filter effect of enzyme samples was determined by combiming 100yl enzyme sample, 400pL
appropnate MCA solution and 1mL 1 5M acetic acid These samples, prepared i tniplicate, were
analysed flaonmetnically as described 1n section 2 2 1

2.3 Protein Determination

231 Absorbance at 280nm

The absorbance of proteins based on the Apax Of tryptophan residues at 280nm was used as a non-
quantitative method of determining proten concentrations 1n post-column chromatography fractions
A Shimadzn UV 160A Spectrophotometer was used to determine this absorbance

2.3.2 Biuret Assay

The Biuret assay was used to quanufy protein concentrations m samples of approximately 2mg/mlL
protem or greater Samples were dialysed for 12 hours against 100mM potassium phosphate, pH 7 4,
to remove possible mierfening substances where necessary Samples with a protein concentration
outside the humts of the Biuret assay (2-10mg/mL) were diluted with 100mM potassium phosphate, pH
7 4, to achieve a sumtable protem concentration with respect to the assay ltmits  200ul. Buuret reagent
was added to 50pL sample m triplicate m a 96 well microplate and incubated for 30 mnutes at 37°C
BSA standard curves n the range 0-10mg/mL were ncluded on each plate 1n triphcate The
absorbance of each weil at 560nm was determined using a Titertek Multiscan PLUS plate reader

2 3.3. Standard BCA Assay
The standard BCA assay protocol, based on the method of Smith er al, (1985), was used 0 quantfy

protein concentrations of samples that could not be determined accurately vsing the less sensitive
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Buret assay Samples were prepared as described for the Biuret assay 200uL BCA reagent was
added to 50uL sample i tniphcate 10 a 96 well microplate and incubated for 30 munutes at 37 C BSA
standard curves 1 the range 0-1 4 mg/mL were included on each plate 1n triphicate Plates were read as

described 1n section 2 32

2.3.4. Enhanced BCA Assay

The Enhanced BCA assay protocol was used to quantuify protein concentrations of samples that could
not be determimed accurately by the less sensitive standard BCA assay The assay was performed as
descnbed 1n secuon 2 3 3 usmng an incubation temperature of 60°C  The included BSA standard
curves were 1n the range 0-100pg/ml. and were prepared n triphicate on each plate

24 Serum Preparation

Whole blood was collected from a freshly killed bovine The whole blood was transported to a 4°C
cold room and the clot allowed to shnink for 24 hours The remaming unclotted whole blood was then
decanted and centnfuged at 6000 rpm (4100 x g) for 1 hour using a Beckman J2-MC refrigerated
centnfuge fitted with a JA-21 rotor at 4°C  The serum thus produced was divided into 20mL aliquots
Aliquots were stored at -20°C

2.5. Enzyme Assays

25.1. Measurement of Z-Gly-Pro-MCA Degrading Activities

Z-Gly-Pro-MCA degrading activity was determined according to a modification of the original
procedure of Yoshimoto et af, (1979) 10mM Z-Gly-Pro-MCA substrate stock mn 100% DMSO was
prepared 100mM potassium phosphate, pH 7 4, at 37°C, was added slowly to 300ul. DMSO + 100uL
substrate stock to a final volume of 10ml. resulting n a final concentration of 0 1mM substrate, 4%
DMSO (v/v) 400ul 0 1mM substrate was added to 100ptL sample to be tested i tniplicate and the
reaction muxture was mcubated for 1 hour at 37°C  Both enzyme and substrate were premcubated at
37 C o allow them to reach thermal equihbnium  The reaction was termmated by the addition of 1mL
1 5M acenc acid Negative controls were prepared by adding 1mL 1 5M acetic acid o enzyme sample
prior to substrate additson and incubation at 37°C  MCA liberated from the substrate was determined
fluonmetncally as described 1n section 2 2 1 Fluonimetnic intenstties obtained for each sample were
converted to picomoles (pmoles) MCA released per mun per mL usmg standard curves described 1n
secuon 221 Enzyme units were defined as pmoles MCA released per minute

2.5.2, Z-Pro-Prolinal Insensitive Activity

Z-Pro-Prolinal msensitive restdual Z-Gly-Pro-MCA degrading activity m serum was determuned as
described m section 2 51 with the exception that 20pL of 10-4M Z-Pro-Prolinal was added to each
sample prior to substrate additon The sensitivaty of restdual Z-Gly-Pro-MCA degrading activity m
serum to vaned concentratons of Z-Pro-Prolmal was mvestigated by addmg 20uL Z-Pro-Prolinal (that
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varied 1n concentration from 10°9M to 10-4M to serum pnor to substrate additon The effect of
increased preincubanon time with Z-Pro-Protinal on residual Z-Gly-Pro-MCA degrading activity was
also mvesugated by preincubaung 100pL serum with 20pL 10-4M Z-Pro-Prolinal for 0-30 minutes at
37 C, prior to substrate additon All determinations were carried out i tnphcate with suitable

negatve controls

2,53 Microplate Assay

A non-quantitative microplate fluonmetric assay was developed to facihitate the rapid 1dentficanon of
Z-Gly-Pro-MCA degrading activities m post-column chromatography frachons 200puL 0 ImM
substrate 1n 100mM potassium phosphate, pH 7 4, 4% (v/v) DMSO (+ 15mM DTT, 15mM EDTA for
PE type acuvity) was added to 100uL sample m each well The plate was incubated for 30 minutes at
37 C MCA liberated from the substrate 1n each well was determined using the Perkin Elmer LS-50
Fluorescence Spectrophotometer with microplate reader accessory attached

2.6. Punfication of m Z-Gly-Pro-M ng Activiti
All procedures were carned out at 4°C unless otherwise stated

261. SP h Fast Fl n Ex rom

26.1.1. Separation of 2 Z-Gly-Pro-MCA Degrading Activities from
Serum using SP Sepharose Fast Flow Cation Exchange
Chromatography
A 20mL ahquot of serum was thawed at 37 C and dialysed against 41. 20mM MES, pH 4 5, for 12
hours The post-dialysis serum was centrifuged at 20,000rpm (48,500 x g) for 20 munutes using a
Beckman J2-MC refnigerated centnfuge fitted with a JA-20 rotor to remove post-cialysis precipitate
A 25mL SP Sepharose column (2 Scm x Scm) was equihibrated with 100mL 20mM MES, pH 5 5, at a
flowrate of 1mL/mmn Dialysed serum supernatant was loaded followed by a 200mL wash with 20mM
MES, pH 55 Bound protemn was eluted 1socratically with 100ml. 100mM potassium phosphate, 1M
ammonsum sulphate, pH 74 5mL fractions were collected throughout the run  Loading, washing and
eluuon steps were carned out at a flowrate of 2mL/min  Fractions were assayed for Z-Gly-Pro-MCA
degrading actuvity using the microplate assay procedure described in sectton 253 Protemn
determunations for each fracuon were achieved using absorbance readings at 280nm as described 1n
secuon 23 1 Fractions contaming Z-Gly-Pro-MCA degrading activity were combined to form the
post-SP Sepharose PE and ZIP pools



2612 Identification of PE Activity 1n Post-SP Sepharose

Fractons
PE activity 1 the post SP Sepbarose fractions could be distingmshed from residual Z-Pro-Prolinal
msensittve Z-Gly-Pro-MCA degrading peptidase (ZIP) acuvity by the addition of 20uL 10-5M Z-Pro-
Prohnal mnto each well prior to substrate addiuon

2 6.2. Phenyl Sepharose Hydrophobic Interaction Chromatography

(PE)
The post-SP Sepharose PE pool was salted by addison of S0mL 200mM potassium phosphate, 2M
ammonium sulphate, pH 74 The final volume was brought to 100mL wath disulled water resultng n
a final concentration of 100mM potassium phosphate, 1M ammomum sulphate
A 17mL Phenyl Sepharose column (2 Scm x 3 Scm) was equilibrated with 100mL 100mM potassium
phosphate, 1M ammomum sulphate, pH 7 4, at a flowrate of ImL/min The salted post-SP Sepharose
pool was loaded followed by a 200mL wash with 100mM potassiem phosphate, 300mM ammonium
sulphate, pH 74 Bound protein was eluted with a 200mL hinear gradient from 100mM potassium
phosphate, 800mM ammonium sulphate, pH 74, to 100mM potassium phosphate, pH 74 5mL
fractions were collected throughout the run  Loading, washing and elution steps were carmed out at a
flowrate of 2mL/min  Fractions collected were assayed for PE activity using the mucroplate assay
procedure descnibed 10 section 2 5.3 Protein determinations for each fraction were achieved using
absorbance readings at 280nm as described m section 23 1 Fractions containing PE actvity were
combmed to form the post-Phenyl Sepharose PE pool

2.6 3. DEAE Sepharose Fast Flow Amion Exchange

Chromatography (PE)
The post-Phenyl Sepharose PE pool was dialysed agamst 21 SOmM Tns-HCL, pH 8 0, for 12 hours
with buffer changes at 3, 6, and 9 hours The conductivity of the sample was measured before
apphication onto DEAE Sepharose
A 20mI. DEAE Sepharose column (2 Scm x 4cm) was equilibrated with 100mL 50mM Tns-HCl, pH
80, at a flowrate of ImL/min The dialysed post-Phenyl Sepharose PE pool was loaded followed by a
200mL wash with 50mM Tns-HCl, pH 8 0 Bound protem was eluted with a 200mL Linear gradient
from 50mM Tns-HC], pH 8 0, to 50mM Tas-HCI, 100mM NaCl, pH 80 A further 100mL wash with
50mM Tns-HCl, 160mM NaCl, pH 8 0, was applied to the column to complete elution SmL fractions
were collected throughout the min  Loading and washing steps were carned out at a flowrate of
2mL/mm Elution was carrted out at a flowrate of Iml/mm Fractions collected were assayed for PE
activity using the macroplate assay procedure described mn section 2.5.3 Proten determinations for
each fracuon were achieved using absorbance readings at 280nm as described 1 sect:on 2 3 1

Fractions containing PE actuvity were combined to form the post-DEAE Sepharose PE pool
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2.6 4 Sephacryl S-200 HR Sepharose Gel Filtration

Chromatography (PE)
The post-DEAE Sepharose PE pool was concentrated via reverse osmosis using polyethylene glycol
Glycerol was added to the concentrated sample to a final concentrauon of 10% (v/v)
A 220mL Sephacryl S-200 Sepharose column (2 Scm x 45cm) was equibbrated with 400ml. 100mM
potassium phosphate, 200mM KCI, pH 7 4, at a flowrate of lmL/mm The concentrated sample was
loaded under the buffer head and the column was washed with 300mL equilibration buffer at a flowrate
of ImL/mm 5mL fractions were collected and assayed for PE acuvity using the microplate assay
procedure descnibed in section 2 53 Protem determunations for each fraction were achieved using the
BCA assay described m secuon 2 33 Fractions containing PE activity were pooled and stored on 1ce

2.6 5. Phenyl Sepharose Hydrophobic Interaction Chromatography
(ZIP)

A 10mL Phenyl Sepharose column (2 Scm x Scm) was equilibrated with 100mL 100mM potassium
phosphate, 1M ammonnun sulphate, pH 7 4, at a flowrate of lmL/mun The post-SP Sepharose ZIP
pool was loaded followed by a 200ml. wash with 10mM potassium phosphate, S0mM ammonium
sulphate, pH 74 The bound protein was eluted 1socratically with 100mL disulled water 5 mL
fractions were collected throughout the run  Loading, washing and elution steps were carnied out at a
flowrate of 2mL/min Fractions collected were assayed for ZIP acuvity using the microplate assay
procedure descnibed 1n section 253  Protem determinations for each fraction were achieved using
absorbance readmgs at 280nm as described n secuon 231 Fractions containing ZIP activity were
combined to form the post-Pheny! Sepharose ZIP pool

2.6 6. Calaum Phosphate Cellulose Chromatography (ZIP)

Calcium Phosphate Cellulose was prepared according to the method of Tiselius ef al , (1956) with the
exception that the cellulose used was SigmaCell 50

A 7mL Calcium Phosphate Cellulose column (1 5cm x 4cm) was equilibrated with SOmL 10mM
potassium phosphate, pH 7 4, at a flowrate of 0 6mL/min The post-Phenyl Sepharose ZIP pool was
loaded followed by a 50ml. wash with 10mM potassium phosphate, pH 74 The bound protein was
eluted with a 100mL hnear gradient from 10mM potassium phosphate, pH 7 4, to 500mM potassium
phosphate, pH 74  6mL fractions were collected throughout the nin  Loading, washing and elution
sieps were camed out at a flowrate of 0 6ml/min Fractions collected were assayed for ZIP actuvity
usmg the microplate assay procedure described 1n section 2 53 Protein determunations for each
fracuon were achieved using the BCA assay descnbed 1n secuon 233  Fracuons contamng ZIP
activity were combined to form the post-Calcium Phosphate Cellulose ZIP pool
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267 Sephacryl S-200 HR Sepharose Gel Filtration
Chromatography (ZIP)

The post-Calcium Phosphate Cellulose ZIP pool was concentrated via reverse OSmosis using
polyethylene glycol Glycerol was added to the concentrated sample to a final concentration of 10%
(viv)

A 220ml Sephacryl S-200 HR Sepharose column (2 Scm x 45cm) was equilibrated with 400mL
100mM potassium phosphate, 200mM KCl, pH 7 4, at a flowrate of ImL/mm The concentrated
sample was loaded under the buffer head and the column was washed with 150mi. equihbration buffer
at a flowrate of ImL/min SmL fractions were collected throughout the un  Fractions collected were
assayed for ZIP activity using the microplate assay procedure descnbed m section 253  Protem
determnations for each fracuon were achieved using the enhanced BCA assay described m sectzion

2 34 Fractions containing ZIP acuvity were pooled and stored on ice

2.6 8. Alternative Chromatographic Regimes Used to Further
Punfy PE
The following chromatographic media were used to develop further steps as part of
the PE punfication

2.6.8.1. Q Sepharose Fast Flow Anion Exchange Chromatography
Post-Phenyl Sepharose PE activity was produced as outlmed in section 2 6.2. and dialysed as outhined
i secion 263 A 20mL Q Sepharose column (2 5cm x 4cm) was eqmlibrated with 100ml 20mM
Tns-HC], pH 8 0, at a flowrate of Iml/min The dialysed post-Phenyl Sepharose PE pool was loaded
followed by a 200mL wash with 20mM Tns-HCl, pH 8 0 Bound protem was eluted with a 100mL
lnear gradient from 20mM Trnis-HCL, pH 80, to 20mM Tnis-HC1, 500mM NaCl, pH 8 ¢ SmL
fractions were collected throughout the run Loading, washing and elution steps were carnied out at a
flowrate of 2mL/mmn Fracuons collected were assayed for PE acuvity using the mrcroplate assay
procedure described m section 25 3 Protein determinations for each fraction were achieved usmg the
Buuret assay as desctibed 1n section 2 3 2

268.2. Calcium Phosphate Cellulose Chromatography

The Calcium Phosphate Cellulose column outhned 1n section 2 6 6 was used. Post-Phenyl Sepharose
PE activity was dialysed against 2. 10mM potassium phosphate, pH 7 4, for 12 hours with buffer
changes at 3, 6 and 9 hours The Calcium Phosphate Cellulose column was equilibrated as outlined m
section 26 6 ata flowrate of 0 Smi/min The dialysed PE pool was loaded followed by a 50mL. wash
with 10mM potassium phosphate, pH 74 The bound protein was eluted with a 100mL. linear gradient
from 10mM potassium phosphate, pH 7 4, to 500mM potassium phosphate, pH 74 SmL fractions
were collected throughout the run  Loading, washing and elution steps were carned out at a flowrate of
05SmL/min Fracuons collected were assayed for PE acuvity using the microplate assay procedure
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described tn section 2 53  Protem determunations for each fracuon were achieved using the Biuret

assay as described 1 section 2 3 2

2.683. Biogel HT Hydroxylapatite Chromatography

Post-Phenyl Sepharose PE acuvity was dialvsed as outhined in section 26 82 A 10mL Biogel HT
Hydroxylapatite column (2 Scm x 2cm) was equbibrated with 100ml. 10mM potassium phosphate, pH
74, at 0 5SmL/min The dialysed PE acuvity was loaded followed by a 100mL wash with 10mM
potassium phosphate, pH 74 Bound protein was eluted with a 200mL lmear gradient from 10mM
potassium phosphate, pH 7 4, 10 500mM potassum phosphate, pH 74 SmL fractions were collected
throughout the un Loading, washing and elution steps were carmed out at a flowrate of 0.5ml/muin
Fractions collected were assayed for PE activity usimg the microplate assay procedure as outlmed m
secuon 253 Protein determinations for each fraction were achieved usmg the Biuret assay as

descnbed 1n section 2 3 2

2.6.84. Blue Sepharose Fast Flow Chromatography

Post-Phenyl Sepharose PE pool was dialysed aganst 2. 20mM potassium phosphate, pH 7 4, for 12
hours with buffer changes at 3, 6 and 9 bours. A 40m!. Blue Sepharose column (2 S5cm x 8cm) was
equulibrated with 150mL 20mM potassium phosphate, pH 7 4, at a flowrate of ImE/mun  The dialysed
PE activity was loaded followed by a 100mL wash with 20mM potassium phosphate, pH 74 Bound
protemn was eluted with a 150mL Linear gradient from 20mM potassium phosphate, pH 7 4, to 20mM
potassium phosphate, 2M NaCl, pH 74 Loadmg, washing and elution steps were carned out at a
flowrate of 1mL/min 5mL fractions were collected throughout the run. Fractions collected were
assayed for PE actvity usmg the microplaie assay procedure as outlined m section 253 Protemn
dererminations for each fraction were achieved using the Biuret assay as described 1n section 2 3 2

2685, Activated Thiol Sepharose 4B Chromatography

PE activity was eluted from the Phenyl Sepbarose column as described m section 262 with the
exception that SmM DTT was incorporated mto both elotion buffers DTT removal from the enzyme
sample was an important step before apphcaton onto the Activated Thiol Sepharose column This was
achieved by two different methods

2.68.5.1. Removal of DTT by Dialysis
The post-Phenyl Sepharose PE pool, containmg SmM DTT, was dialysed for 6 bours aganst 1L 20mM
potassium phosphate, pH 7 4, wath buffer changes at 2 and 4 hourss

26852, Removal of DTT using Sephadex G-25 Chromatography

The post-Phenyl Sepharose PE pool, contaming SmM DTT was concentrated via feverse 0Smosis using
polyethylene glycol Following concentration, glycerol was added to a final concentrauon of 10%
(v/v) A 25mL Sephadex G-25 column (1.Scm x 15cm) was equihbrated with 100mL 20mM
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potassiumn phosphate, pH 74 at a flowrate of Q SmL/min  The concentrated PE pool was loaded under
the buffer head and the column was washed with 150mL 20mM potassium phosphate, pH 7 4, at a
flowrate of 0 Sml/mun SmL fractons were collected and assayed for PE activity using the microplate
assay procedure outlined in secuon 2 53 Protein determinations for each fraction were achieved using
the Biuret assay as descnbed o section 23 2 DTT elution from the column could also be determmed
due to 1ts interference with the Biuret assay Fractions contaming PE actuvity were pooled for

application onto Activated Thiol Sepharose

26.8.5.3. Application of PE onto Activated Thiol Sepharose

A SmL Activated Thiol Sepharose column (1 Scm x 3cm) was equilibrated with S0mL 20mM
potassium phosphate, pH 74, at a flowrate of 0 SmL/min The PE acuvity, having had the DTT
removed by dialysis or de-salting using Sephadex G-25, was loaded followed by a 25mL wash with
20mM potassium phosphate, pH 74 Flow was stopped for 30 nunutes to allow protein to bind to the
column A further wash of 25mL 20mM potassium phosphate, pH 7 4, was followed by 1socratic
elution of bound protein usmg S50mL 20mM potassium phosphate, SmM DTT, pH 74 SmL fractions
were collected throughout the run Loading, washing and elution steps were carried out at
025ml/min Fractions collected were assayed for PE activity using the microplate assay procedure as
outlined m sectson 253 Protem determinauons for each fraction were achieved usig absorbance
readings at 280nm as descnibed m section 23 1

27. Pot lami | h i

SDS polyacrylamide gel electrophorests was ased o determune the success of the punfication of both
enzymes It was also used to determine the subunit structure of both enzymes and the molecular
weight of these subumts A non-native, discontinuous SDS PAGE system based on the method of
Laemmb, (1970) was used.

2.7.1. Sample Preparation

Samples to be electrophoresed were dialysed extensively over a 24 hour peniod agamnst 2L 62 SmM
Tns-HCI, pH 6 8, at room temperature with buffer changes at 6 and 12 hours Dialysed samples were
then diluted with an equal volume of sample solubilisation buffer which consisted of 62 SmM Tns-
HC], pH 6 8, 20% v/v glycerol, 8% w/v SDS, 10% v/v 2-mercaptoethanol and 0 01% w/v bromophenol
blue A molecular marker cocktail, contaimng six known molecular weight markers, was prepared
from a Sigma MW-SDS-200 marker kit. This mcluded carbonic anhydrase (29,000Da), ovalburun
(45,000Da), BSA (66,000Da), phosphorylase B (97,400Da), B-galactosidase (116,000Da) and myosin
(205,000Da) For gels that were subjected to Silver Staining, a speaific Silver Stain Molecular Weight
Marker kit was obtamned from Sigma. Ths kit contained no myosm or ovalbumin marker, but did
contain a Fumarase marker (48,500) Samples and markers thus prepared were incubated in a boumng
water bath for 2 mmutes prior 1o application onto the gel.
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272 Preparation of SDS Gels

The following stock solutions were prepared in deionised water

Resolving Gel Buffer 3M Tns-HCL, pH 88

Stackmng Gel Buffer 0 5M Tnis-HCL, pH 6 8

Acryl / Bis-Acryl Stock 30% w/v acrylamide, 0 8% bisacrylamide
Ammonism Persulphate 15% wiv AP freshly prepared

SDS 10% wiv

Running Buffer 0025M Tns-HC1, 0 192M Glycme, 0 1% SDS, pH 8 3

Table 2 1 outlines how these stock solutions were combined to produce a 10% resolving gel overlayed
with a3 75% stacking gel Gels were prepared m an ATTO vertical electrophoresis system (160mm x
160mm x Imm) The system was filled with running buffer and 20ul. of the appropnately prepared
samples were loaded nto the wells under the buffer The gels were then electrophoresed using a
current of 25SmA per gel for approximately 3 hours

2.7.3. Visuahsing Proteins in Polyacrylamide Gels

2.7.3.1 Staining Polyacrylamide Gels with Coomassie Brilhant

Blue
Following electrophoresis as outlined 1n section 2 7 2, gels were fixed for 30 mmutes 1 a solution of
40% v/v methanol, 7% v/v glacial acetic actd Gels were then stamed for 1 hour m a solution of 0 1%
w/v Coomassie Brillzant Blue G, 25% v/v methanol and 5% v/v acetc acid  Following staiing, the
gels were destamed for 12-24 hours m a solution of 25% v/v methanol, 10% v/v glacial acetic acid

2.7.32. Silver Staining Polyacrylarmde Gels

Polyacrylamide gels were stamed with silver using a Silver Stainmg kat obtaned from Sigma. The kat
operates according to the method of Heukeshoven and Dernick, (1985) Table 22 outlines the steps
nvolved

27.4. Recording and Storage of Polyacrylamide Gel Images

Digual images of gels were obtained using a UVP ImageStore 7500 Ths wncorporated a UVP
White/UV Transilluminator/Camera unit driven by ImageStore 7500 software Images acquired were
either stored digitally on disk, or printed using a Sony Videographics Printer UP-860 CE
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Solution 10% Resolving gel (mL) 3 75% Stacking gel (mlL)

Acryl / Bisacryl Stock 10 25
Resolving Gel Buffer 375 -
Stacking Gel Buffer 5 .
SDS 03 02
Water 14 45 113
Ammonium Persulphate 15 1
TEMED 0015 0015

Table 2 1 Volumes required for SDS PAGE resolving and stacking gels All solutions with the exception
of TEMED were prepared in delomised water (refer to section 272 ) Quantities indicated sufficient to
cast 2 x (160mm x 160mm x 1mm) gels



4N

Step Solvent Reagent Duration

Fixing 30% viv Ethanol, 10% v/v Glacial Aceuc Acid 60 minutes
Rinsing Deiomised Water 30 munutes
Silver Staining Silver Nitrate 30 minutes
Runsing Deronised Water 20 seconds
Developing Sodium Carbonate, Formaldehyde 30 minutes
Development Stop 1% Glacial Acetic Acid 5 minutes
Rinsing Deionised Water 30 minutes
Reducing Sodium Thiosulphate, Sodium Carbonate 30 seconds
Rinsing Deionised Water 24 hours

Table 2 2 Steps involved in Silver Stawning polyacrylamude gels Solutions used for Silver Staining,

Developing and Reducing were supplied as part of Sigma Silver Stawning Kit No AG-25 Durations of
each step were appropniate for a Imm thick polyacrylamide gel



28. Assay Development for Purified Serum Z-Gly-Pro-MCA
Degrading Activities

2.8.1. Substrate Solvent Deterrination

10mM Z-Gly-Pro-MCA stocks were prepared it 100% DMSO, DMF and dioxane Punfied enzyme
(PE or ZiP) was assayed 1n triphcate with suitable negative cootrols using 0 1mM Z-Gly-Pro-MCA
(+15mM DTT, 15mM EDTA 1n the case of punfied PE), prepared from each stock as descnibed 1n
secuon 2 S 1, to determme the effect of different substrate solvents on enzyme acuvity

2.8.2 Solvent Concentration Determination

0 ImM Z-Gly-Pro-MCA 1 2%, 4%, 6%, 8% and 10% dioxane (v/v) were prepared i 100mM
potassium phosphate, pH 74 Punfied enzyme (PE or ZIP) was assayed 1n triplicate with these
substrates as described 1n section 2 51 to determune the effect of solvent concentraion on enzyme

activity Suitable negative controls were prepared

2.8.3. Linearity of Enzyme Assays with respect to Time

300uL punfied enzyme (PE or ZIP) and 1 2ml. 0 1mM Z-Gly-Pro-MCA were premcubated separately
at 37°C to allow each to attan thermal equibibrium The liberation of MCA from the reaction of
substrate and enzyme combined was momtored continuously over a 2 hour persod m an incubated
cuvette holder to determine the hineanty of enzyme activaty over trme  The expeniment was repeated
for serum 1n the presence and absence of 20uL 10-4M Z-Pro-Prolmal

28.4 Lineanty of Enzyme Assays with respect to Enzyme

Concentration
A range of purified enzyme concentrations (PE or ZIP) were prepared using 100mM potassium
phosphate, pH 7 4, as diluant These samples were assayed in taphcate as described m section 2 5 1
Suiable negative controls were prepared The experiment was repeated on punfied ZIP activity as
described here, with the exception that 200mM KCl was mcorporated 1nto substrate and diluant. The
lineanty of observed ZIP activity with respect to enzyme concentration was also repeated on ZIP
activity that had been dialysed extensively agamst 100mM potassium phosphate, pH 7 4, to remove
post-gel filtrauvon KCL

2.8.5. DTT Activation of Punfied Z-Gly-Pro-MCA Degrading

Activities
0 ImM Z-Gly-Pro-MCA was prepared 1n a range of DTT concentrations from 0 to 25mM Punfied
enzyme acuvity (PE or ZIP) was assayed m triplicate with these substrates as descnibed 1n section
251 Swutable negative controls were prepared This expenment determuned the DTT concentration at
which punfied enzyme was maximally activated under assay condiions where DTT was present 1n
substrate only
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28 6. Salt Activation of Punfied Z-Gly-Pro-MCA Degrading

Activities
0 1mM Z-Gly-Pro-MCA was prepared in a range of NaCl concentrations from 0 to IM Punfied
enzyme acuvity (PE or ZIP) was assayed with these substrates m triplicate as descnbed 1o section
251 Suitable negative controls were prepared This expenment determined the NaCl concentration
at which the punfied enzyme was maximally activated under assay conditions where NaCl was present

1 substrate only

2.8.7. Optimised Assay for Z-Gly-Pro-MCA Degrading Activities

The optumised assay used to determine PE and ZIP activiuies, based on the results from the assay
development expeniments, was as described 1 secuon 2 5 1 wath the following modificanons  10mM
stock substrate was prepared m 100% dioxane and the final concentration of dioxane m 0 1mM Z-Gly-
Pro-MCA prepared in 100mM potassium phosphate, pH 7 4, was 2% (v/v) PE activities were assayed
with substrate imncorporating 15mM DTT, 15mM EDTA whie ZIP actuvittes were assayed with
substraie mcorporating S00mM NaCl unless the presence of these agents mnterfered wrth a particular
study It should be noted that the optimised assays for each enzyme were used to evalaate the success
of each punfication protocol

29. Characterisation of Purified Z-Gly-Pro-MCA Degrading A ctivities

2.9.1. Relative Molecular Mass Determunation
The relative molecular masses of punfied PE and purtfied ZIP were determined by Gel Filtration
Chromatography, Size Exclusion Chromatography usmg HPLC and SDS Polyacrylamide

Electrophoresis
29.11. Sephacryl S-200 HR Gel Filtration Chromatography

The S-200 gel filtraton column, sumilar to the column previously mentioned m sections 2 6 4 and

267, was caltbrated for relative molecular mass determmation

29.11.1. Void Volume Deterrmnation

The S-200 column was equilibrated wath 300mL 100mM potassium phosphate, pH 7 4, 200mM KCl at
Imi/mn ImL of a 2mg/mi. dextran blue solution, contaming 10% v/v glycerol, was loaded onto the
5-200 colubn under the buffer head The column was washed with equilibratton buffer at ImL/mmn
and 2ml fractions were collected Dextran blue elution was determined by monitormg the absorbance
at 620nm m fractions collected The void volume (V) of the column was calculated to be the volume

at which the absorbance at 620nm reached a maximum.
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291.1.2. Cahibration of the S-200 Column with Molecular Mass
Standards

The S-200 column was equilibrated as outlined m secuon 29111 1mL of each standard at a
concentration of 2mg/mL, containing 10% v/v glycerol, were loaded onto the S-200 column under the
buffer head The column was washed with equilibraton buffer at 1mL/min and 2ml. fractions were
collected The elution volume (V) of each standard was momtored by assaywng the fractuons for
protein using the BCA assay descnbed 1n secuon 233  Cytochrome C elution was monitored at 1ts
Amax of 405nm Standards apphed o the colump included cytochrome C (12,400Da), carbonic
anhydrase (29,000Da), BSA (66,000Da), alcohol dehydrogenase (150,000Da) and B-amylase
(200,000Da) A plot of Log molecular mass versus Ve/V g of each standard, was prepared, and a

calibration curve for the column was thus constructed.

29.113. Estimation of Relative Molecular Mass of Purified Enzymes

The S-200 column was equilibrated as outlined in section 29 111 1ml of each enzyme, containing
10% v/v glycerol, was loaded onto the S-200 column under the buffer head The column was washed
with equilibration buffer at ImL/min and 2ml. fractions were collected Elution of each enzyme
activity was momtored using the microplate assay described m secion 2 53 The elution volume for
each enzyme (V) was analysed usmg the calibration curve produced m section 29 1 1.2 to determine

a relative molecular mass

29.1.2. Biosep SEC-3000 High Performance Size Exclusion
Chromatography
A Beckman System Gold HPLC system was used to carry out high pressure size exclusion

chromatography The system was fitted with a Beckman Autosampler for sample mjection, a Beckman
Programmable Solvent Module for solvent delivery, and a Beckman Photo Diode Amay (PDA)
detecuon system The column used was a Pbenomenex Biosep SEC-3000 (7 8mm x 300mm)

29.1.2.1. Cahbration of the Biosep SEC-3000 Column with Molecular
Mass Standards.

The Biosep SEC-3000 column was equilibrated with S0mL 100mM potassium phosphate, pH 7 4, at a
flowrate of O SmL/mm The standards used to calibrate the S-200 column m section 29112 were
also used to calibrate the Biosep SEC-3000 column with the excepuion that apofernun (443,000Da)
was mncluded. SpL imections of 2mg/mL of each standard were apphied and eluted from the column
with 15ml. equilibranon buffer at a flowrate of 0 SmiL/mm. The elution of each standard was
monitored at 214nm, 280nm and by continuous scanning of the column eluant using the PDA. Peak
detection and retention tume determination for each standard was achieved usmg Beckman System
Gold peak integration software The elution volume (Ve) was calculated as the retention time
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(minutes) of each standard muluphed by the flowrate (0 Sml/min) A plot of Log molecular mass
versus Ve of each standard, was prepared, and a cahibration curve for the column was thus construcied

29122 Estimation of Relative Molecular Mass of Purified Enzymes

Punfied PE and ZIP samples were coacentrated 10 fold via reverse osmosis as outlined in section
264 and 26 7 respectively Sul. injections of concentrated enzvme were apphied and eluted from the
column with 15ml equilibrauon buffer at a flowrate of 0 SmL/mm while 0 2min fractions were
collected The fracuons collected were assayed for Z-Gly-Pro-MCA degrading activity as outlined m
section 28 7 and the elution volume (determuned as outhired m section 29 12 1 ) was analysed using
the calibration curve produced 1z section 29 121 The relative molecular mass of each enzyme was
thus determmed

29.13. SDS Polyacrylamide Gel Electrophoresis

The SDS electrophoresis of enzyme samples and molecular weight markers has been described 1
section2 7 The distance mugrated by each of the standards, punified enzyme bands and bromophenol
blue dye front was determuned by measuning the distance from the stacker-reslover interface to the
appronate band/dye front. The relative mobility (Rf) of the molecular weight standards and the
punified protewn samples were calculated by dividing the distance migrated by each standard or enzyme
sample, by the distance mugrated by the bromophenol blue dye frant. A plot of Log molecular mass of
each standard versus the Ry calculated for each standard was prepared and a calibraton curve for the

gel was thus constructed Thus calibration curve was then used to determune the molecular weight of
the punfied enzyme samples based on their respective R values

292. Temper; Eff n Purified E

The effect of assaying punfied PE and punfied ZIP at vanous temperatures was determined Punfied
enzymes were premcubated at 4°C, 20°C, 37°C, 45°C, 60°C and 80 C for 10 minutes to achieve thermal
equmhbnum after which enzyme activities were determined m triphicate as described m section 2 8 7 at
cach temperature  Activities were determined over assay tumes of 15, 30 and 45 minutes  Substrate
was premcubated at each temperature o achieve thermal equilibnum and suistable negative controls

were prepared
29.3. pH Effects on Punfied Enzymes

2931. pH Actwvity Profiles

20mL punfied PE and punfied ZIP were dialysed for 12 hours agamst 41 distilled water at 4°C
0 1mM Z-Gly-Pro-MCA was prepared m a range of 20mM buffer systems at various pH values
Enzyme acuvities were determined m tnphicate as outlined m section 2 8 7 usmg substrate prepared
over a pH range of 2.5 to 10 5 Switable negative controls were prepared The buffer systems used
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were citnc acid/potassium phospbate basic species (pH 2 5-7 5), potassium phosphate (pH 6 0-8 0),
Tns/HCI (pH 7 0-9 0) and glycine/NaOH (pH 8 5-10 5)

2932, pH Inactivation Profiles

S0uL punfied enzyme samples prepared as described mn secion 29 3 1 were prewncubated with 50ul
40mM buffer at vanous pH for 15 minutes at 37°C  The buffer systems used are descnibed 1n the
preceding section 29 3 1 Enzyme acuwvites were determined 1 tniphicate as described m section 2 8 7
using substrate prepared i 100mM potassium phosphate, pH 74  Suitable negative controls were
prepared

2.9.4. Effect of Functional Reagents on Purified Enzyme
Activities

The effect of vanous functional reagents on punfied PE and ZIP activites were mvestigated The
reagents tested and details on stock preparations of these reagents are histed in Table 2.3  50uL of each
reageat to be tested were incubated with 50pl of purified enzyme for 15 minutes at 37°C pnor to
substrate additron Samples were assayed as outlined 1 section 2 8 7, with the exception that neither
DTT vor Na(l were mncluded i the substrate used Each reagent was tested in triplicate with sustable
negative controls Fluormetric standard curves were prepared for each reagent to account for any
mner filter effect produced (filtered standard curves) Where functional reagents were prepared m
acetane or 0 1M NaOH, suitable positive controls were also prepared

2.9.5. Effect of Divalent Metal Salts on Purified Enzyme Activities

The effect of vanous divalent metal salts on punfied PE and ZIP activities were mvesugated The
metal salts used were N1SO4, MaSO4, ZnSO4, CdSO4, CoSO4, HgSO4, CuSO4, CaSO4 and MgSO4
Each salt was used at a concentration of ImM S0uL of each metal salt to be tested were incubated
with 501l of purified enzyme for 15 minutes at 37°C prior to substrate addiion Samples were assayed
as oullmed m section 2 8 7, with the exception that neither DTT nor NaCl were mcluded 1n the
substrate used. Each metal salt was tested mn triphicate with suitable negauve controls  Fluorimetnic
siandard curves were prepared for each reagent to account for any nner filter effect produced
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Functional reagent Concentraion Preparauon

DTT 20mM Dissolved w buffer @
DTNB 20mM Dissolved mn buffer with heating ®
lodoacetamide 20mM Dissolved o buffer @
lodoacetate 20mM Dissolved 1n basic phosphate buffer ©
NEM 20mM Dissolved m buffer @
Leupeptn 2mM Dissolved m buffer ©
2-Mercaptoethanol 20mM Dissolved n buffer ®
PCMB 10mM Dissolved in 10% v/v 0 1M NaOH @
EDTA 20mM Dissolved n buffer ®
CDTA 20mM Dassolved i buffer ®)
EGTA 20mM Dissolved 1n buffer ®
Imidazole 20mM Dissolved m buffer ®
8-Hydroxyquinoline 20mM Dissolved m 5% v/v acetone with heatmg )
1,10 Phenanthrohine 20mM Dissolved 1n 5% v/v acetone ©
1,7 Phenanthroline 20mM Dassolved mn 5% v/v acetone @
4,7 Phenanthroline 20mM Dissolved m 5% v/v acetone with heatmg ()
PMSF 2mM Dissolved 1n 5% v/v acetone ®
AEBSF 20mM Dissolved mn buffer ®
Puromycm 2mM Dassolved mn buffer @
N-Acetyhnudazole 20mM Dissolved 1n buffer @)
Benzamidine 20mM Dissolved m buffer @
Trypsin nhibitor 2mg/mL Dissolved 1n buffer @
Chymotrypsin mhibitor 1mg/mlL Dissolved 1n baffer )
Pepstann 1lmg/mL Dissolved 1 5% v/v acetone @
Aprotinm 1mg/mlL Dissolved m buffer @
Bacitracm 2mg/mL Dissolved 1n buffer ®
N-Decanoyt Co A 2mgfmlL Dissolved 1 buffer ®

Table 2 3 Preparaton of functional reagent stock solutions @100mM potassium phosphate, pH
74, a1 37°C ®100mM potassium phosphate, pH 7 4, with subsequent heating in a boiling water bath.
(©100mM potassium phosphate basic species at 37°C to aid solubiity and to maintan a final pH of 7 0
@Dissolved ininially in O IM NaOH followed by dilution with appropnate 100mM basic or acidic
potassium phosphate species at 37°C to mamntain pH at 70 ©Dissolved immnially in 100% acetone
Jollowed by dilution with 100mM potassium phosphate, pH 7 4, with subsequent heating in a boiling
water bath. ODissolved imnially 1n 100% acetone with subsequent diltuion with 100mM potassium
Phosphate, pH 74 ®As for # with the exception that preparation was carried out 10 minutes pror to
premncubation ®20ul 2-mercaptoethanol diluted with 10mL 100mM potassium phosphate pH7 4
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2.9.6. Substrate Specifiaty Studies on PE and ZIP

The substrate specificity of punfied PE and purified ZIP acuviues was determined using

Reverse Phase HPLC , fluonmetric and kineuc analysts methodologies

2961 Substrate Specificity Deternination Using Reverse Phase

HPLC
A Beckman Gold HPLC system, as previously described 1n section 29 12, was used The column
used was a Beckman Ultrasphere C-8 (Octyl) Reverse Phase Column (4 6mm x 250mm) which was

fitted wath a Beckman Ultrasphere Reverse Phase Guard Column (4 6mm x 45mm),

296.11 Preparation of Stock Substrates and Standard Fragments

All stock substrates and standard fragments used were prepared m a simular manner They were
mbnally dissolved in 0 SmL 100% MeOH (filtered and degassed), followed by dilution to 10mL with
100mM potassium phosphate, pH 7 4 (filtered and degassed) Table 24 lists the substrates and
standard fragments that were used

2.9.6.1.2 Reaction of Substrates and Purified Enzyme Activities

200pL of each substrate (1mM) was added to SOuL punfied enzyme acuvity (PE or ZIP) The reacuion
between substrate and enzyme was allowed to continue for 24 hours at 37°C  Suitable buffer, enzyme,
substrate and fragment controls were prepared Substrate specificity studies on PE were performed mn
the presence and absence of 15mM DTT, 15mM EDTA , and m the presence and absence of Z-Pro-
Prolinal

2.9.6.1.3. Reverse Phase HPLC of Samples

Following the completton of the enzyme-substrate reacttons, and preparation of sustable controls,
samples were transferred to HPLC vials and positioned n the Beckman Autosampler Running buffers
for the reverse phase chromatography were A 100% MeOH + 02% TFA (v/v) and B Ultrapure
water + 0 2% TFA (v/v) Both buffers were filtered and degassed prior to use The reverse phase
column was equlibrated with 10ml. 15% buffer A / 85% buffer B at a flowrate of lmL/min 20uL
mmections of each sample to be analysed were applied followed immediately by a 10mL hnear gradient
from 15% buffer A / 85% buffer B to 70% buffer A / 30% buffer B Following a SmL wash at 70%
buffer A / 30% buffer B and a subsequent SmL wash with 100% buffer A to clean the column, the
column was re-equihibrated prior to application of the next sample Eluant from the column was
monitored using the Beckman PDA detector previously described m sectton 2912 Wavelengths used
were 214nm, 280nm and continuous scanning from 190nm to 590nm at 4nm 1intervals Scans were
performed twice every second
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Substrate / Solubility mn Solubility 10 Stock conc

Fragment 100% MeOH * buffer** Heating needed’ (mm)Tt
LHRH Yes Yes No 10
TRH Yes Yes No 20
TRH-OH Yes Yes No 35
Bradykinin Yes Yes No 035
Substance P Yes Yes No 015
Angiotensin 1I No Yes No 020
Pro-Gly No Yes No 70
Pro No Yes No 140
Gly No Yes No 560
Z-Pro-Gly Yes Yes No 65
Gly-Pro-Ala No Yes No 35
Gly-Pro Yes Yes No 60
Ala No Yes No 150
Z-Gly-Pro-Ala Yes Yes No 55
Gly-Gly-Pro-Ala No Yes No 65
Gly-Ala-Phe No No Yes 80°C 50
Lys-Ala-Ala No Yes No 80
Gly-Phe-Ala No Yes No 45
Z-Pro-Pro No Yes No 55
Z-Pro-Ala Yes Yes No 50
Z-Pro-Leu-Gly Yes Yes No 45
Leu-Gly Yes Yes No 55
Z-Pro Yes Yes No 60

Table 2 4 Preparanon of stock substrates and fragments for substrate specificty studies using
reverse phase HPLC * Indicates whether substrate / fragment was solubilised 1n imnial 0 SmL 100%
MeOH ** Indicates whether (a) substrate/ fragment that farled to dissolve in MeOH was finally
dissolved upon addition of 100mM potassium phosphate, pH 7 4, or (b) substrate / fragment that was
dissolved in MeOH remamned m solution following addition of buffer 1 Indicates whether heating was
needed 1o dissolve substrate / fragment 11 1mM stock substrate / fragment was the intended final
concensrasion however some substrates were in short supply and had to be made up at lower
concentranons Those substrates that were made up to a final concentration greater than 1mM were
diluted appropnately prior to use in substrate specificity studies Those peptides histed 1n bold type
were also used in kinetic analysis studies as described in section 296 3 3
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2962. Substrate Specificity Determination Using Fluonmetric
Substrates
Varnous substrates, to which MCA was attached, were used for this study

29621 Preparation of Stock Substrates and Standard Fragments

All stock substrates used were prepared 1n a sunilar manner They were mmtially dissolved 1 100%
dioxane followed by dilution with 100mM potassium phosphate, pH 7 4, at 37°C so that the final
concentration of each substrate stock was ImM m a final dioxane concentration of 20% (v/v) Table
25 lbsts the substrates that were used

29.6.2.2. Reaction of Substrates and Purified Enzyme Activities

The activity of punified PE and ZIP activities against the varnious substrates was determmed 1n a similar
manner to that descnibed previously m section 2 8 7 Each substrate stock, prepared as outlined 1n
section2962 1, was diluted 10 fold with 100mM potassium phosphate, pH 7 4, (+15mM DTT for PE
activity determination or +500mM NaCl for ZIP activity determunation) to a final concentration of
0 ImM The final dioxane concentration present m each substrate was 2% (v/v) 400uL of each
substrate to be tesied was added to 100uL of punfied PE or ZIP activity The reaction mixture was
then incubated for 1 hour at 37°C followed by the addition of 1mL 1 5M acetic acid to termunate the
assay Substrates were tested in tniphcate and smtable negative controls were prepared MCA
liberated from each substrate was determmed fluonmetncatly as outlined 1n section 2 2 1

29.7. Substrate Specificity Studies on PE and ZIP Based on

Kinetic Analysis
Kineuc analyses of PE and ZIP activities agamst Z-Gly-Pro-MCA and pGle-His-Pro-MCA, coupled
with the effects of proline contaming peptides on the kinetic parameters obtaned, were investigated.

29.7.1. Determination of Ky, for Z-Gly-Pro-MCA (PE and ZIP)

The Michaelis-Menten Constant (Kyy) of punified enzymes (PE or ZIP) for the substrate Z-Gly-Pro-
MCA was determined  Stock substrates for PE and ZIP studies were 0 2mM Z-Gly-Pro-MCA, 5%
dioxane (v/v), 15mM DTT, 15mM EDTA and 0 SmM Z-Gly-Pro-MCA, 10% dioxane (v/v), 500mM
NaCl respectively A range of substrate concentrations from 0-100% stock substrate were prepared
using an appropnate diluant. Enzyme activities were determined m tnplicate as outlined 1 section
287 Sutable negative controls were prepared The results were subjected to Michaelis-Menten,
Lneweaver-Burk, Eadie-Hofstee, Hanes-Woolf and Direct Linear Plot analysis to determme Ky
(Michaehis and Menten, 1913, Lineweaver and Burk, 1934, Hofstee et al, 1959, Hanes, 1932,
Eisenthal and Cormsh-Bowden, 1974)
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Substrate Typical acuwvity detected Reference
Ala-MCA Alanine Aminopeptidase Mantle et al. ,(1983)
Arg-MCA Arginine Amnopeptidase Barrett et al. ,(1981)
Z-Arg-MCA Trypsin Nishikata et al ,(1985)
Pro-MCA Proline Aminopeptidase Yoshumoto et al. ,(1983)
pGlu-MCA PAP Type 1 Cummuns and O'Connor(1996)
Glu-Phe-MCA Chymotrypsin Zimmerman et al. (1977)
Gly-Arg-MCA DPP I Chan et al (1985)
Gly-Pro-MCA DPPIV Checler et al ,(1985)
Lys-Ala-MCA DPP II Nagatsu et al ,(1985)
Z-Arg-Arg-MCA Cathepsm B Hiwasa et al (1987)
Z-Phe-Arg-MCA Plasma Kallikrem Barrett et al. (1981)
Z-Gly-Pro-MCA Prolyl Endopeptidase Yoshimoto et al ,(1979)
pGlu-His-Pro-MCA * PAP type I O'Leary and O'Connor (1995)
Boc-Val-Leu-Lys-MCA Plasmin Kato er al. ,(1980)
Boc-Val-Pro-Arg-MCA Thrombimn Kawabata et al ,(1988)
Suc-Ala-Phe-Lys-MCA Plasmin Pierzchala et al (1979)
Z-Phe-Val-Arg-MCA Trypsmn Somorm et al. (1978)
Suc-Gly-Pro-Leu-Gly-Pro-MCA Collegenase Shoyt et al (1989)

Table 2 5. Fluorimetric substrates used to deternune the substrate specificity of punified PE and

ZIP activities The enzymes which are normally associated with activity against these substrates are
also hsted. * This substrate can also be used to detect Prolyl Endopepudase activity PAP -
Pyroglutamyl! anunopeptidase, DPP - Dipepuidyl Peptidase
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2972, Determination of Ky, for pGlu-His-Pro-MCA (PE)

The Michaebs-Meaten Constant (Km) of punfied PE for the subswate pGlu-His-Pro-MCA was
determined 0 SmM pGlu-His-Pro-MCA, 15mM DTT, 15mM EDTA was prepared i 100mM
potassium phosphate, pH 74 A range of substrate concentrabons from 0-100% of this stock substrate
was prepared 1n 100mM potassium phosphate, pH 7 4, 15mM DTT 15mM EDTA Enzyme activities
towards pGlu-His-Pro-MCA were determined in tnplicate 1o a sumlar manner to that described in
secton 2 8 7 Suitable negative controls were prepared The results were subjected to Michaehs-
Menten, Lineweaver-Burk, Eadie Hofstee, Hanes-Woolf and Direct Linear Plot analysis to determine
Km

29173. Determination of K, Values for Proline Containing Peptides

(PE and ZIP)

The effects of proline contatning peptides on the Ky values obtamed for PE and ZIP acuvities towards
the substrate Z-Gly-Pro-MCA were mnvestigated The peptides used are histed 1n Table 2 4 1n bold
type Stock substrates for PE and ZIP studies were 0 2mM Z-Gly-Pro-MCA, 5% dioxane (v/v), 15mM
DTT, 15mM EDTA and 0 SmM Z-Gly-Pro-MCA, 10% dioxane (v/v), S00mM NaCl respecuvely A
range of substrate concentrations from 0-100% stock substrate were prepared using an appropriate
diuant. A fixed concentration of each prolme contaming peptrde to be tested was incorporated 1nto the
substrate ranges Where possible the concentration of each pepiade m the substrate was mamtained at
ImM Enzyme activities were determined m inphcate as described m section 2 8 7 Surtable negative
controls were prepared The results were subjected to Michaclis-Menten, Lineweaver-Burk, Eadie-
Hofstee, Hanes-Woolf and Direct Linear Plot analysis to determme Ky and apparent Ky values The
relationsbips between the Ky and apparent Ky values thus obtamed, and the nature of the mhibition
observed, were mvestigated using Lineweaver-Burk, Eadie-Hofstee and Hanes-Woolf analyses K,
values were thus determined

2.9.8. Effect of PE Specific Inhibitors on Punified PE and ZIP
Activities
The effect of vanous PE and prohine specific pepudase mhibitors was mvesugated Table 26 Lsts
these mhbitors and details of their preparaton and use  Stock substrates for PE and ZIP studies were
0 2mM Z-Gly-Pro-MCA, 4% dioxane (v/v), 30mM DTT, 30mM EDTA and 0 2mM Z-Gly-Pro-MCA,
4% dioxane (v/v), SOOmM NaCl respecuvely 1mL of each inhitntor at various concentrations was
added to 1ml. of substrate prior to enzyme additton Thus the final concentration of substrate used was
0 ImM, 2% dioxane (v/v) Enzyme activities against these substraies were determuned n triplicate as
outlmed 1 section 2 8 7 Switable negative and posttive controls were prepared
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Inhibator

Reference

Preparation

Concentration range used (M)

Fmoc-Pro-Pro-Nitnile
Z-Thiopropyl-Thyoprolnal
Z-Pro-Prolinal
a-Ketobenzothiazole
Poststatin
Z-Phe-Pro-Mcthylketone
Z-Cyclohexyl-Prolinal
Z-Indolinyl-Prolinal
Boc-Glu(NHO-Bz)-Pyrr

Kelatorphan

Dr Sherwin Wilk (PC)
Tsuru et al (1988)
Wikk and Orlowski (1983)
Tsutsumi et al. (1994)
Nagai et al, (1991)
Steinmetzer er al (1993)
Bakker et al (1991)
Bakker et al, (1991)
Demuth er al (1993)
Barell et al (1993)

20% (v/v) Dioxane ®
50% (v/v) Dioxane ®
20% (v/v) Dioxane ®
50% (v/v) Dioxane (®
20% (v/v) Dioxane ®
Buffer ®
50% (viv) Dioxane @
50% (v/v) Dioxane @)
20% (v/v) Dioxane @
Buffer ®

26x10°15 - 2 6x10°6
19x10-14 - 1 9x10-5
28x10°12 - 2 8x10°3
69x10-13 . 69x10°6
8 1x10-13 . 8 1x104
10xt0°13 - 1 0x10°6
20x10°15 - 2 0x10°6
11x10°13 .1 1x104
8 6x10-13 - 8 6x104
10x10-10 - 1 0x10-2

Table 2 6 PE specific inhibitors used to charactense purified PE and ZIP activiies as described in section 297 (% Inhibitors were

iminially dissolved in 100% dioxane to which 100mM potassium phosphate, pH 7 4, at 37°C was added resulting in the final dioxane

concentration presented. %) 100mM potassium phosphate, pH 7 4, at 37°C (PC) - Personal Communication



3. Results



Note Error bars on all graphs represent the standard deviation values determuned for tnphcate

observations

31. MCA Standard Curves and the Inner Filter Effect

MCA standard curves were prepared as outlined m section 221 Plots of fluorimetnc intensity

observed versus MCA concentrauon are presented in Figures 311,312 ,and 313 These plots also
include standard curves prepared as described in section 222 to demonstrate the mnner filter effect
observed when using serum as the enzyme sample Table 3 1 lLists the slopes obtamed from each
curve It should be noted that the expression of MCA concentration on the X-axis of Figures 311,
312 and 313 represent the concentration contamed m 400uL used to construct the curve (refer to
secion221)

3.2. Protemn Standard Curves

Protemn standard curves were prepared using BSA as outhnedinsection 232,233 and 234 Plots
of Absorbance at 560nm versus BSA concentration are presented in Figures 321,322 and32 3 for
the Biuret , Standard BCA and Enhanced BCA assays respectively

3.3. Serum Preparation
Serum was prepared as described 1n section 24 From 9L whole blood collected, 2L unclotted blood
was removed following 24 hours at 4°C and 1 6L serum were produced following centrifugation
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Curve Slope * (No filter effect) Slope mcludng filter effect

0-25uM (Figure311) 32107 F L/uyM MCA 277 61 F1/uM MCA
0-10uM (Figure 312) 70 85 FI uM MCA 6191 F1/uM MCA
0-20uM (Figure 313) 11 16 F1 /uM MCA 985 F1/uM MCA

Table 3.1 Slopes obtained from MCA standard curves * F1 = Fluorimetric Intensities MCA
standard curves were constructed as outhined in section 2 2 1 Ths table clearly indicates Inner Filter
effect observed when serum 1s incorporated into the MCA standard curves wuth slopes reduced by an
average of approximately 12 5%
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Figures 311 and 312 MCA Standard Curves Plots of fluorimetnc intensity versus
MCA conceniration demonstrating the inner filter effect 100pL buffer (0-0) or 100uL serum (®-e)
were combwned with 400uL. MCA and Iml 1 5M acetwe acid before being analysed fluorimetncally as
outhned in section 22 1 Enussion sht widths were set to 10nm and Snm for Figures 311 and 3 1 2
respectively * MCA concentrations represented as descnbed in section 3 1
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Figure 313 MCA Standard Curve Plot of fluorimetnc intensity versus MCA concentration

demonstrating the nner filter effect of serum (®@-@) compared to that of buffer (0-0) Curve

constructed as outhned in section 221 and 222 Enussion st width set to 2 Snm. * MCA
concentrations represented as described in section 3 1

050
045
040
035
030 |
025
020
015

Absorbance @ 560nm (Biuret)

010 a
005
000

BSA concentration (mg/ml)

Figure 3.2.1. BSA Standard Curve Plot of absorbance at 560nm versus BSA concentration

obtained using the Buwret assay Curve constructed as outlined in section 232 Absorbances at
3560nm determined using a Titertek Multiscan PLUS plate reader
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Figures 322 and323 BSA Standard Curves Plots of absorbance at 560nm versus BSA
concentration obtaned using the Standard BCA and Enhanced BCA assays respectively SOuL BSA
was combined with 200uL. BCA reagent in a 96 well plate, which was mcubated for 30 munutes at 37°C
or 60°C for the Standard BCA or Enhanced BCA assays respectively as outhned in sections 2 3 3 and
2 34 Absorbances at 560nm were determuned using a Titertek Mulniscan PLUS plate reader
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34. Measurement of Z-Gly-Pro-MCA Degrading Activity in Serum

Serum Z-Gly-Pro-MCA degrading acuvites were determined as outlined 1t section 251 Z-Pro-

Prolinal insensitive Z-Gly-Pro-MCA degrading actvity «ZIP) in serum was determimned as described 1n
secuon 252 Figure 34 1 demonstrates the presence of Prolyl Endopepudase (PE) and ZIP 1n bovine
serum Figure 34 2 and Figure 3 4 3 confirm that Z-Gis -Pro-MCA degrading acuvity o serum could
not be further inhibited by increasing Z-Pro-Prolinal concentration, or by increasing the preincubation
time of serum with Z-Pro-Prohnal at 37°C pnior to substrate addiuon, respecuvely It should be noted
that the Z-Pro-Prolinal concentrations expressed on the X-axis of Figure 3 4 2 represent the hubitor
concentration present n the 204l added to serum pnor to substrate addition (refer to sechon 2 52)

35  Conversion of Fluorimetric Intensities to Enzyme Umts
Conversion of fluonimetric intensities to enzyme units, defined as pmoles MCA released per minute,

were accomplished usmg the followng formula.

Enzyme Units =FEL x667
SLOPE

where F.1 1s the fluonmetric iniensity observed, SLOPE 1s the slope of an appropnate standard curve
and 6 67 1s a factor that considers how the standard curves were constructed (refer to section 22 1)
The conversion from uM to pmoles and from hours to mnutes 1s also considered Using thus formula
and multsplying by a factor of 10 to convert to Unuts per mL, the PE and ZIP acuviues presented m
Figure 34 1 are 342 Enzyme Umits per mL and 222 Enzyme Units per mL respectively
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Figure 3.4 1. Demonstration of 2 distinct Z-Gly-Pro-MCA degrading activities in
bovine serum Plo1 of bovine serum enzyme acuvity against Z-Gly-Pro-MCA in the presence and
absence of Z-Pro-Prolinal (ZPP}) PE activity 1s represented by the disappearance of Z-Gly-Pro-MCA
degrading activity in the presence of Z-Pro-Prolinal ZIP activity 15 represented by the residual
actvity aganst Z-Gly-Pro-MCA n the presence of Z-Pro-Prolinal. Activihes determined as outhned
n sections 251 and 252 * Enzyme actvity expressed as fluorumetric intensifies
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Figures 34.2 and 343 Resistance of residual Z-Gly-Pro-MCA degrading activity
in bovine serum to Z-Pro-Prolinal inhibition Plots of bovine serum enzyme activity aganst
Z-Gly-Pro-MCA versus Z-Pro-Prolinal concentration (Figure 3 4 2 ) or increased preincubation time
with Z-Pro-Prolinal (Figure 343 ) Plots demonstrate that residual Z-Gly-Pro-MCA degrading
actiity in serum s resistant 10 Z-Pro-Prohnal inhibition regardless of inhubitor concentration or
preincubation time used PE activity in serum 1s completely inactivated by Z-Pro-Prohinal

concentrations of 106M or greater * Enzyme actiity expressed as fluorimetnric wtensities T Z-Pro-
Prolinal concentrations sn Figure 34 2 are as descnibed in section 3 4
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36. Punfication of Z-Gly-Pro-MCA Degrading Activities from Bovine

Serum

361 SP Sepharose Fast Flow Cation Exchange Chromatography

Following dialysis of 20mL bovine serum, post-dialysis precipiiate was removed by centnfugauon as
outlined 1n secton 2611 producing 21 SmL clear supernatant, pH 55 85% PE and 73% ZIP
activities were recovered following dialysis and centrifugation 1ml of the dialysed supernatant was
retained for enzyme activity and protein determinations while the remainder was applied to an SP
Sepharose column as described 1n section 26 11 Two activity peaks were detected from thts column
The first peak eluted dunng the wash and a second peak was eluted following the application of an
1socratic salt wash to the column as illustrated 1n Figure 3611 These actuvities are distnguished
according to their sensitivity towards Z-Pro-Prolinal winch 1s llustrated m Figure 36 12  Fractions 4-
12 and 51-56 were combined as the post-SP Sepharose PE (41 SmL) and ZIP (27 SmL) pools
respectuively 1mL of each pool was retained for enzyme activity and protein determinations

3 6.2 Phenyl Sepharose Hydrophobic Interaction Chromatography (PE)

The post-SP Sepharose PE pool was salted and appled to the Phenyl Sepharose column as outlined m
secion 262 PE acuvity was eluted from the column by application of a linear decreasing salt
gradient (Figure 362) Fractions 74-91 were combmed as the post-Phenyl Sepharose PE pool
(84mL) 1mL of this pool was retawned for enzyme activity and protem determimations

36 3. DEAE Sepharose Fast Flow Amon Exchange
Chromatography (PE)

The post-Phenyl Sepharose PE pool was dialysed as outlmed m section 26 3  Following dialysis the
volume of the pool bad increased to 110mL and 1its conductavity had reached 3 98 millisiemens (mS)
The conductivity of the DEAE Sepharose equilibration buffer was recorded as 3 84mS The pool was
applhed to the column as described 1n secion 263 PE was eluted from the column with an hnear
increasing salt gradient and final salt wash as illustrated 1 Figure 363 Fractions 94-111 were
combined as the post-DEAE Sepharose PE pool (82mL) 1mL of this pool was retamned for enzyme
activity and protein determinations

36.4. Sephacryl S-200 HR Sepharose Gel Filtration
Chromatography (PE)

The post-DEAE Sepharose PE pool was concentrated to 2ml. via reverse osmosis 200uL glycerol
were added to the concentrated enzyme which was loaded and eluted from the S-200 column as
outhned 1n secion 264 86mL were washed through the column before fractions were collected
Figure 3 6 4 1llustrates the elution profile of PE from the column Fracuons 11-23 were pooled
(61mL) and stored on 1ce ImL of ts pool was retamned for enzyme acuvity and protemn
determmations The effectiveness of the PE purification strategy 1s presented m Table 3 2
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Figure 3 6 1.1. Elution of PE and ZIP activities from SP Sepharose cation
exchange chromatography Plot of absorbance at 280nm ( ), Z-

Gly-Pro-MCA degrading

acnvity (@-~e) and ammomum sulphate concentration (——) versus elunion volume Plot illustrates

run through and bound Z-Gly-Pro-MCA degrading activities in bowine serum being separated by
cation exchange chromatography Pool 1 (fractions 4 - 12, 41 SmL) represents PE actvity Pool 2
(fractions 51 - 56, 27 SmL) represents ZIP acuvity SP Sepharose chromatography performed as
described in secion 2611 * Enzyme activity expressed as fluorimetnc intensities
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Figure 3612 Sensiavity of post-SP Sepharose fractions to Z-Pro-Prolnal
inhibition  Plot of enzyme actiity versus elution volume Plot illustrates Z-Gly-Pro-MCA
degrading activity in fractions assayed in the presence (0-0) and absence (®-®) of Z-Pro-Prolinal
Run through activity (=20 - 60mL) was totally inhibited by Z-Pro-Prolinal while bound activity (<250 -
280mL) was totally insensitive to Z-Pro-Prohnal inhubition  Fractions assayed as outhned in sections

2611 and2612 *Enzyme activity expressed as fluorimetric intensities
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Figure 362 Elution of PE activity from Phenyl Sepharose hydrophobic
interaction chromatography Plot of absorbance at 280nm ( ), PE activity (#-@) and
ammonium sulphate concentranion (— —) versus elution volume Bound PE activity was eluted usmg
a hinear decreasing ammonum sulphate gradient  Fractions 74 - 91 were combuned to form the post-
Phenyl Sepharose PE pool (84ml.) Phenyl Sepharose chromatography was performed as described in

section262 * Enzyme activity expressed as fluorimetric intensuies
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Figure 363 Elution of PE from DEAE Sepharose anion exchange
chromatography Plot of absorbance a1 280nm (), PE activity (0-e) and NaCl concentration
(——) versus elunon volume Bound PE activity was eluted using a linear increasing NaCl gradient
Fractions 94 - 111 were combwned to form the post-DEAE Sepharose PE pool (82mlL) DEAE

Sepharose chromatography was performed as described in secuon263 * Enzyme activity expressed
as fluonmetnc intensities
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Figure 3 6.4. Elution of PE from Sephacryl S-200 HR Sepharose gel filtration
chromatography. Plot of absorbance at 560nm ( ) and PE activity (@-8) versus elution volume

Protein was determuned using the Standard BCA assay as described i section2 3 3 Fractions 11 - 23
were combined 1o form the post-Sephacryl $-200 pool (61mL) and were stored on ice for
charactenisanon studies Sephacryl S-200 HR Sepharose chromatography was performed as outlined
wn secton2 6.4 * Enzyme activity expressed as fluonimetnic intensities
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Punification stage Total protein (mg) Total activity (Umts)' Speafic acuvity (Units/ing) Punificauon factor  Recovery (%)

6L

Serum 1,420 10,228 720 100 100
DhalysispH 5 5 1,084 8,716 804 112 85
SP Sepharose 422 4,994 11 83 164 49
Phenyl Sepharose 31 4,243 13721 1905 41
DEAE Sepharose 12 2,420 205 88 28 59 24
Sephacryl $-200 HR 11 1,197 104 29 1448 12

Table 3 2 Punfication of prolyl endopeptidase from bovine serum. * Unuts are expressed as pmoles
MCA released per nunute Pools representing each purification stage were assayed for PE actvity as
outlined in section 2 8 7, with 15SmM DTT, 15mM EDTA incorporated into substrate



36.5 Further Punfication of ZIP Using Phenyl Sepharose

Hydrophobic Interaction Chromatography (ZIP)
The post-SP Sepharose ZIP pool was applied to the Phenyl Sepharose column as described 1n secton
265 ZIP acuvity was eluted with an 1socratic disulled water wash as 1llustrated 1n Figure 36 5
Fractions 53-56 were combined as the post-Phenyl Sepharose ZIP pool (18mL) ImL of this pool was

retained for enzyme activity and protein determmations

36.6 Calcaum Phosphate Cellulose Chromatography (ZIP)

The post-Phenyl Sepharose ZIP pool was further punfied using a Calcium Phosphate Cellulose column
as descnbed 1 secion 266 The enzyme was eluted from the column following applicauon of an
lmear mcreasing phosphate gradient as 1llustrated n Figure 366 Fractions 20-24 were combined as
the post-Calcium Phosphate Cellulose pool (29mL) 1ml. of this pool was retained for enzyme activity

and protein determinations

36.7. Sephacryl S-200 HR Sepharose Gel Filtration
Chromatography (ZIP)

The post-Calcium Phosphate Cellulose ZIP pool was concentrated via reverse osinosts 1o 2mL.  200uL
glycerol were added to the concentrated enzyme which was loaded and eluted from the S-200 column
as descnbed m secuon 267 and 1llustrated i Figure 36 7 85ml. were washed through the column
before fractions were collected. Fracuons 7-12 were pooled (28 SmL) and stored on 1ce  1mL of this
pool was retained for enzyme activity and protemn determinations The effectiveness of the ZIP
punfication strategy 1s presented m Table 3 3

80




300 10

3 F | E
275 | 360 F Jo9
s F ]
250 - - 1
s 2 308
225 | ; .
- 280 | | (™ 07
g 20F E | ]
= s x : 106
& 15 & HE | g
® - 2 [ ‘ ]
8 150F & 200 F q05
- 3 S E :
% 125 = I 160 F | Jo4
: - X
100 - - | N
: 120 F- q03
075 | - ]
E 80 ';_ I —102
050 - - ‘ E
- - Jo1
025 | 40 E ______ :
000 F_ 0 1.‘.__,‘;‘1;,"".‘.::_:-v:“i‘f.:i"if‘f.‘"ﬁ“ alil Tan L radw = ()
0 25 SO 75 100 125 150 175 200 225 250 275 300 325
Elution volume (mL) Z;M

Figure 365 Elution of ZIP from Phenyl Sepharose hydrophobic wnteraction
chromatography Plots of absorbance at 280nm (), ZIP activity (@-e) and ammonwm sulphate
concentranion (— —) versus elution volume Bound ZIP activity was eluted isocraucally with a
distlled water wash  Factions 53 - 56 were combined to form the post-Pheny! Sepharose ZIP pool
(18mlL) Phenyl Sepharose chromatography was performed as descnibed in section 265 * Enzyme
actiity expressed as fluonmetnc intensiies
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Figure 3 6 6 Elunon of ZIP from Calcium Phosphate Cellulose chromatography
Plots of absorbance at 560nm ( ), ZIP actinity (#-®) and potassium phosphate concentration
(— —) versus eluton volume Bound ZIP activity was eluted with a linear wncreasing phosphate
gradient Protein determned using the Standard BCA assay as described in section 23 3 Fractions
20 - 24 were combined to form the post-Calcium Phosphate Cellulose ZIP pool (29ml) Calcium
Phosphate Cellulose Chromatography was performed as descnbed in section 266 * Enzyme activity
expressed as fluonimetnc intensities
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Figure 3.6 7 Elutwon of ZIP from Sephacryl S-200 HR Sepharose gel filtration
chromatography Plots of absorbance at 560nm () and ZIP activity (®-®) versus elution
volume Protein deternuned using the Enhanced BCA assay as described in section 2 34 Fractions 7
- 12 were combined 10 form the post Sephacry! 5-200 HR Sepharose ZIP pool and were stored on ice
for charactenisation studies  Sephacryl S-200 HR Sepharose chromatography was performed as

described in section 267 * Enzyme acuvity expressed as fluorimetnic intensuies.
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Punfication stage Total protein (mg)  Total acuvity (Umits)  Specific acuvity (Unis/mg) Punfication factor  Recovery (%)
Serum 1,420 5412 381 100 100
DialysispH 5 5 1,084 3,950 364 096 73
SP Sepharose 579 3,852 6 66 175 71
Phenyl Sepharose 16 2,132 129 44 3396 3;
Calcium Phosphate Cellulose 01 1,257 11,811 3,098 23
Sephacryl $-200 HR 009 757 8,601 2,256 14

Table 3 3 Punficanion of ZIP from bovine serum * Unuts are expressed as pmoles MCA released per

munute  Pools representing each purification stage were assayed for ZIP activity as outlined in section
287, with 500mM NaCl incorporated into substrate



368. Alternative Chromatographic Regimes Used to Further
Punfy PE

3681. Q Sepharose Fast Flow Amon Exchange Chromatography

Post-Pheny! Sepharose PE acuvity was dialysed. applied and eluted from Q Sepharose as outlined m
secion 26 81 Figure 368 1 1llustrates the elution of PE activity following application of a linear
mcreasing salt gradient. This Figure also dllustrates the failure of Q Sepharose to resolve the PE

activity from contamunating protein

36.8.2 Calaum Phosphate Cellulose Chromatography
Figure 3 6 8 2 1llustrates attempts made to bind PE acuvity to Calcium Phosphate Cellulose under
conditions descnibed 1 section 2 6 8 2

36.8.3. Biogel HT Hydroxylapatite Chromatography

Post-Phenyl Sepharose PE actuvity was prepared and apphied to Biogel HT Hydroxylapatite as outlined
mn secton 2683 Figure 3683 ilustrates that under these conditions 1t was possible to bind PE
acuvity However, elution of the PE acuvity by applying an increasing phosphate gradient faled to
resolve PE from contammahng protem

3.6.8.4. Blue Sepharose Fast Flow Chromatography
Figure 3 6 8 4 demonstrates the farlure of Blue Sepbarose to bind PE acuvity under the conditions
outlmed m section 26 8 4

3.6.85. Activated Thiol Sepharose Chromatography

DTT was removed from post-Phenyl Sepharose PE by dialysis as described 1n section 268 51

Removal of DTT from the enzyme sample was also achieved by de-salting using a Sephadex G-25
column as outlined m secion 268 52 Figure 3 6 8.5 1 1lustrates the separation of PE actvity from
DTT mn post-Sephadex G-25 fracuons Failure to bind PE activity to Activated Thiol Sepharose 1s
illustrated m Figure 36 8 5.2
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Figure 3 6 82 Elution of PE from Calcium Phosphate Cellulose chromatography
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Figure 3 6 83 Elution of PE from Hydroxylapatite Rlustration of failure to resolve PE
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Figure 36852 Elution of PE from Activated Thiol Sepharose llustration of failure
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3.7. SDS Polyacrylamide Gel Electrophoresis

SDS polyacrylamide gel electrophoresis was performed as outlined in section 2.7. to determine the
effectiveness of the purification protocols used. Post S-200 PE and Post S-200 ZIP samples were
prepared as outlined in section 2.7.1. and subjected to electrophoresis on 1mm x 160mm x 160mm
gels consisting of a 10% resolving gel overlayed with a 3.75% stacking gel. Following eletrophoresis,
gels were stained with Coomasie Brilliant Blue and Silver Stain. No bands were visualised with the
Coomassie Brilliant Blue stain. The silver stained gel image was recorded digitally as outlined in
section 2.7.4. Figure 3.7.1. represents the silver stained gel images for ZIP and PE . Molecular
weight markers applied to the gels are also presented. The appearance of multiple bands on the silver

stained gel image for PE prevented positive identification of this protein on the gel.

(b)

Major
Band

Figure 3.7.1. Polyacrylamide Gel Electrophoresis Results. SDS
Polyacrylamide Gel Electrophoresis (SDS-PAGE) was performed as outlined in section 2.7. with the
silver stained image digitally recorded as described in section 2.7.4. (a) Image illustrates a major band
obtained when purified ZIP was subjected to electrophoresis with subsequent silver staining. The
position of this band relative to the positions of the included molecular weight markers indicates that it
has a molecular weight of approximately 50,000 Da. (b) Image illustrates the appearance of multiple
bands when partially purified PE was subjected to eletrophoresis with subsequent silver staining. The
major band corresponds with BSA (66,000) and indicates that this protein is the major contaminant
present in the PE preparation. The subunit make up of PE could not be determined due to the multiple

band obtained.
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38 Assay Development for Purified Z-Gly-Pro-MCA Degrading Activities

38 1. Determunation of Suitable Solvent for Substrate

Solubilisation
Stock substrates were prepared as outhined 1n sectton 2 8 1 1n DMSO, DMF and dioxane. The effects
of using these solvents in substrate preparation are illustrated m Figures 38 11 and 3.8 12 for PE and
ZIP assays respectively Dhoxane was chosen as the most surtable solvent for subsequent substrate

solubilisation

3.82 Effect of Dioxane Concentration on Purified Enzymes

Figures 3821 and 3822 illustrate the effect of increasing dioxane concentraton m substrate
preparattons on punified PE and ZIP activities respectively 2% (v/v) dioxane was chosen as the most
swiable final dioxane concentration 1n subsequent substrate preparations for both porified PE and
punfied ZIP

383. Lineanty of Enzyme Assays with Respect to Time

Lmeanty of PE and ZIP assays was determined as outlined i section 28 3 Punfied PE activity was
hinear over a 2 hour assay period m the presence and absence of DTT (Figure 3 8.3 1.). Punfied ZIP
activity was also linear over this period as Hlustrated by Figure 3 8 3.2  Assays for both PE and ZIP
acuvities working m tandem 1n serum (Figure 3 8 3 3) and ZIP acuvity working alone i serum
(Figure 3 8 3 4 ) were linear over a 1 hour peniod at 37°C
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Figures 3811 and 3812 Effect of substrate solubihisation solvent on purified
enzyme activities Plots of enzyme activity versus solvent choice 10mM Z-Gly-Pro-MCA stocks
were prepared in 100% DMSO, DMF or diwsxane as outhned wn section 2 8 1 Punfied PE (Figure
3811) and punfied ZIP (Figure 38 1 2 ) were assayed with 0.1mM Z-Gly-Pro-MCA prepared from
these stocks as outhned in secion 251 Figure 38 11 illustrates that DMF was not a suitable
substrate solvent for determining PE activity Figure 38 12 dlustrates that DMSO was not a suutable
substrate solvent for determuming ZIP activity  Dioxane, therefore, was chosen as the single most
sutable substrate solven: for determuming PE and ZIP actvities * Enzyme activities expressed as %
actity obtained in 4% (viv) DMSO
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Figures 3821 and 3 82.2 Effect of final dwoxane concentration in substrate on
purified PE and ZIP activities. Plots of enzyme activity versus dioxane concensration for
punified PE (Figure 3 82 1 ) and punified ZIP (Figure 38 2 2 ) Investigation performed as described
insection2 82 Figures 382 1 and 3 82 2 illustrate that assays with substrate contauming a dioxane
concentration of 2% (v/v) produce maximum PE and ZIP activines respectively Increasing dioxane
concentration 1o 4% (v/v) reduces apparent sensitity of both PE and ZIP assays by greater than 50%
2% (v/v) dioxane, therefore, was chosen as the most suitable solvent concentration in substrate used to
determme PE and ZIP actvities * Enzyme activity expressed as % of acuvity obtained at a solvent

concentranion of 2% (v/v) 1 Dioxane concentranion expressed as final solvent concentration in
substrate (v/v)

92



Time (minutes)

Time (minutes)

Figures 3.8.3.1. and 3.8.3.2. Linearity ofpurified PE and ZIP assays with respect
to time. Plots ofenzyme activity versus assay timefor PE (Figure 3.8.3.1.) and ZIP (Figure 3.8.3.2.).
Assays performed as described in section 2.8.3. where enzyme activity was monitored continuously
over a 2 hour period in an incubated cuvette at 37°C. Plots demonstrate that both the PE and ZIP
assays were linear over a period of2 hours, assuring the linearity of 1 hour discontinuous assayfor
both enzymes. Figure 3.8.3.1, illustrates linearity of PE assay in the presence and absence of DTT. *
Enzyme activity expressed asfluorimetric intensities.
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Figures 3833 and 3.83 4 Linearty of Z-Gly-Pro-MCA degradation in bovine
serum. Plots of Z-Gly-Pro-MCA degradation versus assay time in the presence (Figure 38 34 ) and
absence (Figure 38 3 3 ) of Z-Pro-Prolinal Investigation performed as outlined in section 2 8 3
Plots demonstrate that Z-Gly-Pro-MCA degradation in bovine serum is hnear for up to 1 hour for PE
and ZIP activities working in tandem (Figure 38 3 3 ) and ZIP acuwity working alone (Figure
3834) assuring the hinearity of a 1 hour disconnnuous assay under similar conditions (—)

observed velocity ( ) wmmnal velocity * Enzyme actwity expressed as fluonmetnc msensities
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384 Lineanty of Assays with Respect to Enzyme Concentration

Lineanty of PE and ZIP assays with respect to enzyme concentration was determuned as outlmed in
section 2 84 Figure 3 84 1 ilustrates that the punfied PE assay was linear with respect to enzyme
concentration Figuse 3 8 4 2 demonstrates that the purified ZIP assay was not linear with respect to
enzyme concentration under the condiuions described 1n section 2 8 4 Figure 3 84 3 1llustrates the
hnear reacuon velocity of a 50% ZIP sample monitored over 1 hour as outlined i section 2 8 3
Inclusion of 200mM KCl 1n substrate and diluant produced a hpear assay response to enzyme
concentration (Figure 3 8 44 ) Following removal of post-gel filtration KClI by dialys:s as outlmed 1n
section 2 8 4, ZIP produced a linear assay response to enzyme concentration (Figure 3 8 4 5 ) where no

KCl was present m substrate or diluant

3.8.5. DTT Activation of Purnified Enzyme Activities

Figure 3 8 5 illustrates that maxsmal PE activity 1s obtamed when at least 12mM DTT 1s included m
the substrate ZIP showed a 30% decrease m observed activity at a DTT concentration of 20mM

38 6. Salt Activation of Purified Enzyme Activities

ZIP demonstrated enhanced activity in the presence of mcreasing concentrations of NaCl This
enhanced activity was maxunal at a salt concentratton of approxumately 500mM NaCl as 1llustrated m
Figure 3 8 6 while PE demonstrated a 25% decrease m activity at 800mM NaCl
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Figures 3841 and 3 8 42. Linearity of purified enzyme assays with respect to
enzyme concentration Plots of observed enzyme activity versus punfied PE (Figure 384 1 ) or
purified ZIP (Figure 3 8 4 2 ) concentration Investigation performed as described in section 2 8 4
Plots demonstrate that while the PE assay was linear with respect to enzyme concentration, the ZIP

assay was not Data from a plot of enzyme activity with respect to ZIP concentration in Figure

3482 fitted a second order regression curve better than it did a first order hnear regression. *
Enzyme activity expressed as % of actinity obtained from undiluted enzyme
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Figure 3.8 43 Lineanty of a 50% ZIP concentration assay with respect to time
Plot of enzyme activity versus time Assay performed as outhined in sectwon 2 8 3 wuh ZIP activuy
being monitored continuously in an incubated cuvette Plot illusirates that dilution of ZIP activty
pror 1o assay does not affect the stability of the enzyme under assay conditions over a period of 1
hour Therefore, the lack of hineanty with respect 1o ZIP concentration observed in Figure 38 4.2. 15
not related 1o any nstability of the enzyme when in diluted form. * Enzyme actty expressed as

Sluonmetnic intensities
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Figures 3.8.4.4. and 3.8.4.5. Linearity ofpurified ZIP assays with respect to ZIP
concentration : The effects of KCL Plots of observed ZIP activity versus TIP concentration.
In Figure S.8.4.4. ZIP activity was diluted and assayed in buffer containing 200mM KCI while in
Figure 3.8.4.5. ZIP activity, with post gelfiltration KCI removed by dialysis, was diluted and assayed
in buffer containing no KCL Investigation performed as described in section 2.8.4. Both plots are
linear with respect to ZIP concentration, A salt enhanced activity was elucidatedfor purified ZIP with
enzyme activities being increased by afactor ¢ f2.75 in the presence 0f200mM KCI. Post gelfiltration
KCI was therefore responsiblefor non-linearity of Figure 3.8.42. * Enzyme activity expressed as %
activity obtainedfrom undiluted dialysed enzyme.
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Figures 385 and 3 86 Effect of DTT and NaCl concentrations on purified PE
and ZIP actwvities Plots of PE (0~0) and ZIP (®-8) actiities versus DTT concentration (Figure
38 5) and NaCl concentration (Figure 3 86 ) respectively Figure 38 5 illustrates the DIT

enhanced actity of purified PE while ZIP activity 1s independent of DTT concentration Figure 3 86
illustrates the salt enhanced activity of ZIP while PE activity 15 inhubited by 25% at 800mM NaCl
Maximum enzyme acuvities were obtained whea 12mM DTT or 500mM NaCl are incorporated inio

substrate used to assay PE or ZIP actiwly respectively * Enzyme activity expressed as % actvity of
enzyme assayed in the absence of DTT or NaCL
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39 Charactensation of Purified PE and ZIP Activities

391 Relative Molecular Mass Determunation

3911 Sephacryl S-200 HR Gel Filtration Chromatography

A Sephacryl S§-200 gel filtration column was cahbrated as outlined 1 secion 29 11 producing a
caltbration curve for the column which 1s illustrated in Figure 3911 Also mcluded on this plot of
Log molecular mass versus Ve/V(, are the posiuons of ZIP and PE, calculated from the calibration
curve equanon based on their respective elutton volumes The calibration curve obtamed was

Log(molecular mass) = -2 8(Ve/Vg) +9 1

where V¢ and V, are elution volume and void volume (101 SmL) respectavely It was deduced from
this equation that the molecular weights of PE and ZIP are 69,700 Daltons and 184,200 Daltons

respectively

39.1.2. Biosep SEC-3000 High Performance Size Exclusion Liquid
Chromatography

A Biosep SEC-3000 column was calibrated as outlmed 1 section 29 122 producing a calibration
curve for the column which 1s 1llustrated m Fragure 3912  Also mcluded on thss plot of Log molecular
mass versus Ve are the positions of ZIP and PE , calculated from the calibration curve equation based
on their respective elntion volumes The calibration curve obtamed was

Log(molecular mass) = - 0 27(Ve) + 9 67
It was deduced from this equation that the molecunlar weights of PE and ZIP are 54,500 Daltons and
191,000 Daltans respecuvely

3.9.1.3. SDS Polyacrylamide Gel Electrophoresis
Non-nauve SDS gels were prepared as outlined 1n secion 27 A calibration curve based on the
relative mobhty of the molecular weight standards (Rf) was produced as descnbed m section 291 3
and 1s presented m Figure 3913  Also mcluded on this plot of Log molecutar weight versus Ry are
the posiions of PE and ZIP calculated from the gel calibration curve equation, based on thewr
respective Rg values. The calibration curve obtamed was

Log(molecular mass) = -1 0(Rg) + 52
It was deduced from this equation that the molecular weight of ZIP was 50,000 Daltons and that the
enzyme was tetramenc The deduced molecular weight of PE could not be determined by this method
because multiple bands were visualised on the gel
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Figure 39 1.1 Sephacryl S-200 HR Sepharose molecular mass calibration curve
Piot of Log molecular mass versus Va/V where Vi 15 the elution volume of a molecular mass standard
(0-8) or enzyme activity (0) and V 15 the voud volume of the column used (101 SmL) Ve and V,

were determuned as descnibed in sections 29111 and2 9112 Linear regression analysis of the
data obtained from the molecular mass standards produced the following calibration equation
Log(molecular mass) = -2 8(Vo/Vp) + 9 1

From this equation the molecular mass of PE and ZIP were calculated to be 69,700 Daltons and
184,200 Daltons respectively The positions of PE and ZIP are indicated on the calibration curve
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Figure 3912 Biosep SEC-3000 molecular mass calibration curve Plot of Log

molecular mass versus Vy where Vg s the elution volume of a molecular mass standard (@ -®) or

enzyme acnvity (0) Ve was determuned as described in section2 912 1 Linear regression analysis

of the data obtaned from the molecular mass standards produced the following calibration equation
Log(molecular mass) = - 027(Vp) + 9 67

From this equation the molecular mass of PE and ZIP were calculated to be 54,500 Daltons and

191,000 Daltons respectively The positions of PE and ZIP are indscated on the calibration curve
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Figure 3913 SDS PAGE molecular mass calibration curve Plot of Log molecular
mass versus Rf Ry values were determined as described in section 29 13 Linear regresswon
analysis of the data obtained from the molecular mass standards (@ -e) produced the following
calibration equation

Log(molecular mass) = -1 XRp) + 52
From this equation the molecular mass of ZIP was calculated 10 be 50,000 Daltons The molecular
weight of PE was not determuned The position of ZIP 1s indicated on the calibration curve (0)
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392 Assay Temperature effects on Purified Enzyme Activities

The effects of assay temperature on the punfied enzymes was mvesugated as outlined 1n sectzon 2 9 2
Figure 392 1 demonstrates that PE has a narrow assay temperature profile with an opumum assay
temperature of 37°C  ZIP acuvity demonstrates a broad assay temperature profile as depicted 1 Figure

3922 with an optunum assay temperature of 37°C - 45°C

39.3 pH Effects on Punfied Enzyme Activities

The effects of vaned pH on punified enzyme activities were mvestigated as outhined 1n section 29.3 1
and 2932 Figure 3931 1llustrates that purified PE exhibits a broad pH activity profile with an
opumum pH, with respect to actvity, observed at pH 8 0 The enzyme demonstrated a preference for a
potassium phosphate buffer system Figure 39 32 illustrates the mactivation of punfied PE at pH
outside the pH range 5 0 to 9 0 Punfied ZIP also exhibits a broad pH activity profile (Figure 3933)
with an opamum pH, with respect to activity, of 8 5, and no preference towards a particular buffer
system Figure 39 34 demonstrates that mactivatton of ZIP occurs at a pH range outside 4 0 to 9.5

39.4. Effect of Functional Reagents on Purified Enzyme
Activities

The effects of various functional reagents on punfied PE and ZIP acuvities were determuned as
outhned m sectton 2 94 These results are presented mm Tables 34 and 3 5 for PE and ZIP activities
respectively Tables 34 and 35 present residual PE and ZIP acuvities following modification with
funcuonal reagent for 15 munutes at 37°C (section 2 9 4 ) when compared to unmodified enzyme
(100%) PE acuvity was mhibited by PCMB (SmM and 0.5mM), 1,7 Phenanthroline (10mM) and
AEBSF (10mM) by 50% or more Its activity was significantly enhanced by DTT (10mM and 1mM)
and N-Acetyhmidazole (10mM) ZIP activity was mhibited by PCMB (5mM), 1,7 Phenanthrolme
(10mM) and 4,7 Phenanthroline (10mM) by 50% or more Its activity was enhanced sigmficantly by
8-Hydroxyquinoline (10mM), Trypsin Inhibitor preparation (1mg/nL) and Aprotinm (500uLg/mL)

39.5. Effect of Divalent Metal Salts on Purified Enzyme Activities
The effects of vanous davalent metal salts on punfied PE and ZIP actuvities were determined as
outhned mt secuon 295 The results are presented in Table 3 6 where residual PE and ZIP activities

are expressed as a percentage of unmodified enzyme activity (100%) Both PE and ZIP activities were
hibited by greater than 80% by HgSO4
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Figures 3921 and 3922 Effect of assay temperature on purified enzyme
actiities. Plots of enzyme activity versus assay temperature for puryfied PE (Figure 392 1) and
purified ZIP (Figure 392 2 ) Investgation performed as described in section 29 2 Enzymes were
assayed over peniods of 15 munutes (A-A), 30 munutes (0-0) and 45 munutes (8-@) Plots illustrate the
comparison between the narrow temperature range of PE and the broad temperature range of ZIP PE

was optimally active at 37°C while ZIP was opumally active at 37°C to 45°C. * Enzyme actwity
expressed as % actvity obtained at 37°C
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Figures 3931 and 39.32 Effect of pH on PE activuty. Plots of PE actiwity versus pH
Investigations performed as described in section 29 3 1 and 2 9 32 Buffer systems used were cutrate
/ phosphate (®-#), phosphate (0-0), Tris/ HCI (¢ - ¢ ) and glycine / NaOH (0-0) Figure 392 1
represents the pH actiity profile of PE indicating that the enzyme has a broad pH range with an
opumum pH of 8 0 PE also demonstrates selectivity towards different buffers with optimum activity
Figure 3922 represents the pH iactivation profile of PE

illustrating the instabihity of PE outside the pH range 5 - 9 * Enzyme activity expressed as % of
actwity obtained in potasswum phosphate, pH 7 4

106



ZIP acuvity®

ZIP activity *

150
140
130
120
110

o b2 Lrem t@ea lLlJl_leljlllilllLllLILLLLlle_JJ

2 3 4 5 6 7 8 9 10 1

pH

140
130
120

Figure3934

0 l'lllll_LlIlllIII[llJJ'lJlJLLLLl‘Jl]l!lIlL'
2 3 4 5 6 7 8 9 10 11

pH

Figures 3933 and 3 9.3.4 Effect of pH on ZIP activity Plots of ZIP actity versus
PH Invesngations performed as described in section 2931 and 2 9 32 Buffer systems used were
curate / phosphate (@ -e), phosphate (0-0), Tns/ HCl (¢ - +) and glycine / NaOH (©-¢) Figure
3921 represents the pH acavaty profile of ZIP wndicating that the enzyme has a broad pH range with
an opnmum pH of 8 5 ZIP does not demonstrate selectivity towards different buffer systems Figure
3934 represems the pH wmactwvanon profile of ZIP illustrating the instability of ZIP outside the pH

ranged4-95 Enzyme acnvity expressed as % of activity obtained in potasswum phosphate, pH 7 4
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Residual PE Acuvity T (%)

Funcuonal reagent 0 1mM 0 5mM 1mM SmM 10mM
DTT - 110* - 1210*
DTNB - - 94 . 86
Todoacetamide - - 81* - 80*
lodoacetate . - 92 . 88*
NEM - . 92* . 60*
Leupeptn 88 - gs* - -
2-Mercaptoethanol . - 100 - 103*
PCMB - 50 - 33* -
EDTA - - 98 - 84
CDTA - - 95 - 62*
EGTA - - 93 - 86
Imidazole - . 81* - 72*
8-Hydroxyquinoline - - 80° - 80°*
1,10 Phenanthroline - - 96 - 51*
1,7 Phepanthrolme - - 100 - 40°*
4,7 Phenanthrolme - - 75* - 51*
PMSF 84 - 7 - -
AEBSF - . 59* - 20*
Puromycin 113* - 84 . .
N-Acetlymmidazole . - 106 . 159*
Benzamidine . - 94 - 108

5Opg/mL 100pg/ml.  500pg/ml Img/mL

Trypsin Inhibator - 74 - 67
Chymotrypsin Inhibitor 80 - 75 -
Pepstatim - - 98 -
Aprotmm 84 - 75 .
Bacnracm . 81 - 73°
N-Decanoyl Co A - - - 62*

Table 3 4 Effect of functional reagents on punified PE 1 Residual actiity 1s expressed as
perceniage activity remawnng following exposure to functional reagent when compared 1o unmodified
enzyme (100%) Enzyme was premncubated with each functional reagent for 15 minutes at 37°C prior
1o substrate addstion. * P < 005 (data analysed statistically using the Paired Student t-Test)

108



Residual ZIP Acuvity T (%)

Functional reagent 0 lmM 05mM ImM 5mM i0mM
DTT . - 103 . 107
DTNB - . 98 - 97
lodoacetamide - - 93 - 93*
Todoacetate . - 84* - 69°*
NEM - - 102 - 108
Leupeptm 113 - 110 - -
2-Mercaptoethanol - . 110 - 90*
PCMB - 64* . 44* -
EDTA - - 97 - 86"
CDTA - - 9% - 92
EGTA - - 92 - )
Imidazole - - 90 - 86
8-Hydroxyqumnoline - - 9 - 138°
1,10 Phenanthrolme - - 95 - 114
1,7 Phenanthroline - - 91 - 30*
4,7 Phenanthrolme - - 79* - n*
PMSF 94 - 55* - -
AEBSF . . 91* - 16*
Puromycin 92 - 107 - -
N-Acetlyimidazole - - 98 - 91
Benzamidine - - 93 - 95
50pg/mL 100ug/mL 500pg/mL 1mg/ml
Trypsin Inhibator - 112* . 131*
Chymotrypsin Inhibator 112 - 115 -
Pepstatn - - 111 -
Aprotinm m* . 125* .
Bacitracm - 91* . 76*
N-Decanoyl Co A - - - 79*

Table 3 5 Effect of functional reagenss on purified ZIP T Residual actiity 15 expressed as

percentage activity remaining following exposure to functional reagent when compared 10 unmodfied

enzyme (100%) Enzyme was preincubated with each functional reagent for 15 nunutes at 37°C prior
to substrate addiion. * P < 005 (dasa analysed stanstically using the Pasred Student 1-Test)
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011

Metal salt Concentrabon’ PE Residual ActivityTt  ZIP Residual Activaty tt

NiSO4 1mM 83* 69*
MnSO4 1mM 87" 71*
ZnSO4 1mM 78* 59
CdsO4 1mM 94* 80*
CoSO4 1mM 83 71*
HgSO4 1mM 5* 12*
CuSO4 1mM 85* n*
CaSO4 1mM 83* 94
MgSO4 1mM 86" 77*

Table 3 6 Effect of divalent metal salts on purified PE and ZIP 1 Concentration of metal solution
used. Actual concentration during premncubation was S00uM and during assay was 100uM 11 Residual
activity 15 expressed as percentage activity remaining following exposure to divalent metal salt when
compared to unmodified enzyme (100%) Enzyme was preincubated with each divalent metal salt for 15
minutes at 37°C pnior to substrate addiion * P < 005 (data analysed statistically using the Paired
Student t-Test)



396 Substrate Specificity Studies on Purified PE and ZIP
Substrate specificity studies on punfied PE and ZIP were performed as described 1n section 29 6 using

Reverse Phase HPLC and fluorimetnc substrate studies

3.9.6.1. Substrate Specificity Studies Using Reverse Phase HPLC

Reverse Phase HPLC was used to determine whether punfied PE or ZIP acuvities produced cleavage
products from vanious pepudes hsted b Table 24 Reactions between the punified enzymes and
peptides under mvesugation were performed as outlined m secuon 2961 2 and samples were
analysed by Reverse Phase HPLC as outlmed m secion 296 13 Table 3 7 1llustrates what peptides
were and were not cleaved by punified PE and ZIP acuvites under conditions outlmed tn section
29612 Figures 3961 to 3969 represent the spectrophotometnc data obtained from the PDA
detector (section 29 12) Plots of absorbance at 214nm versus retention ttme for LHRH, TRH,
Bradykmin, Substance P and Angiotensin II are presented Cleavage fragments produced by punfied
PE and ZIP activities on these peptides are also represented Both PE and ZIP activities produced
cleavage fragments from LHRH, Bradykinin angd Substance P The cleavage product produced by the
action of ZIP towards LHRH (Figure 39 6.2 and msert) comcided with the major cleavage product
detected following the degradation of LHRH by punfied PE activity (Figure 396 1) This was also the
case with regards to the cleavage of Bradykmn by PE and ZIP activities (Figures 3965 and3966)
No cleavage of TRH by PE was detected as illustrated by the failure to detect TRH-OH m Figure
3964 There was no similanty between the cleavage products detected for PE and ZIP activities
towards Substance P

3.9.6.2 Fluonmetnc Substrate Specificity Studies

Cleavage of fluorimetnc substrates by punfied enzyme activiies was also mvestigated as a means of
elucidating the substrate specificity of PE and ZIP activines Fluorimetnc substrates (Table 2 5 ) were
prepared and reacted with punfied PE and ZIP activities as outhned 1 section 29 6 2 MCA released
from these substrates was determined as described m secion 29622 Table 38 presents the results
obtamned from this mvestigation Punfied enzyme activiues towards the various substrates are
expressed as a percentage of their activity towards Z-Gly-Pro-MCA PE demonstrated a high relative
activity agamnst pGlu-His-Pro-MCA, a fluonmetric TRH analogue ZIP demonstrated a high relauve
activity aganst the proline ammopeptidase substrate, Pro-MCA

111



Cleavage detected following reaction

with punfied enzyme activity
Pephde PE activity ZIP acuvity
i

LHRH Yes Yes
TRH No No
Bradykmm Yes Yes
Substance P Yes Yes
Angiotensin II Yes No
Pro-Gly No No
Z-Pro-Gly No No
Gly-Pro-Ala No No
Gly-Pro ND ND
Z-Gly-Pro-Ala No No
Gly-Gly-Pro-Ala No No
Gly-Ala-Phe Yes No
Lys-Ala-Ala No No
Gly-Phe-Ala No No
Z-Pro-Pro No No
Z-Pro-Ala No No
Z-Pro-Leus-Gly No No
Z-Pro No No

Table 3 7 Results from substrate specificity studies using Reverse Phase HPLC [Investigation
was performed as descnibed in section2 9 6 1  Table indicates whether cleavage products were detected
Jollowng incubation of peptide with purified PE or ZIP activinies as outhned m section 2.96 1 2

N D - Not determuned. No result could be presented for this peptide as it was rot detected using the
method descnibed in section2 96 1 3
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Figures 396.1 and 3962 Cleavage of LHRH by PE and ZIP actwities
respectively Plots of absorbance at 214nm versus retention tme  Substrate specificiy studies
using Reverse Phase HPLC were carned out as outlined in section 2961 Plots present data
obtained from LHRH control () and LHRH following wncubation with punified PE and ZIP
activities (——) The major cleavage product detected in Figure 39 61 comncides with the cleavage

product detected in Figure 3 9 6 2 (see insert) This indicaies that PE and ZIP may share a common
cleavage site on LHRH
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Figures 3963 and 3 9.6.4. Falure to Detect TRH Cleavage by PE Plots of
absorbance at 214nm versus retention tume. Substrate specificity studies using Reverse Phase HPLC
were carried oul as outhned in section 2961 In Figure 396 3 the detection of TRH (——) and
TRH-OH () as they elute from the Reverse Phase HPLC column s illustrated TRH and TRH-OH
are well resolved by the method described w section 296 1 3 and are easily distinguishable  Figure

396 4 dlustrates that following the reaction of TRH with PE, no TRH-OH is detected ¢
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Figures 3965 and 3 9.6.6 Cleavage of Bradykimin by PE and ZIP actwities
respectively. Plots of absorbance at 214nm versus retention ime Substrate specificity studies
using Reverse Phase HPLC were carned out as outlined in section 296 1 Plots present data
obtamned from Bradykimn control (- ) and Bradykimun following incubation with purified PE and ZIP
actvities (——) The major cleavage product detected in Figure 39 6 1 cowncides with the cleavage

product detected m Figure 3 9 6.2 (see wsert) This indicates that PE and ZIP may share a common
cleavage sue on Bradykimin.
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Figures 3.967 and 39 6 8. Cleavage of Substance P by PE and ZIP activities
respectively Plots of absorbance at 214nm versus retention nme  Substrate specificity studies
using Reverse Phase HPLC were carnied out as outlined in section 296 1 Plots present data
) and Substance P following incubation wuh purified PE and
ZIP acuvities (——) A nunor cleavage product was detected following the action of ZIP toward
Substance P (Figure 39 6 8 insert) but this does nos correspond wuh any cleavage products detected

obtamned from Substance P control (
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Joliowing the acnon of PE on Substance P (Figure 3967)

116



050 -
045
040
035
030

025

020

Absorbance @ 214nm

015

010

005

(W[T{rrl',l'illil'l77!'7]l]'l|||{|Ill"lllJllill
-

Omll['r X *llllTll.JJIllllllllJIlllllllll_l
6 7 8 9 10 11 12 13 14

Retention ime (minutes)

Figure 3969 Cleavage of Angiotensin 11 by PE Plot of absorbance ar 214nm versus
retention time  Substrate specyficity studies using Reverse Phase HPLC were carried out as outlined in
section 296 1 Plot illustrates the elution of an Angiotensin 1l control ( ) and the elution of
Angiotensin Il and u cleavage products produced by the action of punfied PE (——)
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Relative PE activity (%)T Relative ZIP activity (%)T

Substrate xsd) (sd)
Z-Gly-Pro-MCA 100 (30 8) 100 (¥33)
Ala-MCA 30351 3017
Arg-MCA 40(@12) 2029
Z-Arg-MCA 10 (16.2) 110E61)
Pro-MCA 60(43) 380 (%1.5)
pGlu-MCA 10(#46) 00#26)
Glu-Phe-MCA 00@41) 0022
Gly-Arg-MCA 10#12) 00310
Gly-Pro-MCA 2052 10¢26)
Lys-Ala-MCA 00@05) 1012
Z-Arg-Arg-MCA 10@14) 70@F25)
Z-Phe-Arg-MCA 2080 40@28)
pGlu-His-Pro-MCA 63.0 (x4 6) 40@F21)
Boc-Val-Leu-LyssMCA 10(x17) 00(75)
Boc-Val-Pro-Arg-MCA 80x11) 30(x08)
Suc-Ala-Phe-Lys-MCA 00@E61) 00@E73)
Z-Phe-Val-Arg-MCA 00(56) 10E35)
Suc-Gly-Pro-Leu-Gly-Pro-MCA 100 (20.5) 10 (illds)‘

Table 3 8 Cleavage of fluorimetnc substrates by punfied PE and ZIP actviies T Actvinies are
presented as a percentage of PE and ZIP activities against Z-Gly-Pro-MCA Standard deviations are
presented in brackets Purified PE activity was highly active against pGlu-His-Pro-MCA, a
Sluonmetric analogue of TRH whereas ZIP actiity was active against Pro-MCA, the proline
amunopeptidase substrate Substrates cleaved by 10% or greater with respect to the cleavage of Z-Gly-
Pro-MCA (100%) are presented n bold type
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3.9.7. Substrate Specificaity Studies on PE and ZIP Based on
Kinetic Analysis
Kinetic analysis of the mnteracuions of PE and ZIP with vanous substrates was performed as outhmed m

section297

3.97.1. Determination of Ki, for Z-Gly-Pro-MCA and punfied PE
and ZIP Activities
A Kp, value was determined for the reaction between Z-Gly-Pro-MCA and both punfied enzyme

acuvities as outhned m section 2971 Figures 397 1 and 39 7 2 preseat the data obtamed from thus
study as Lineweaver-Burk plots The Ky, values were determined using Michaehis-Menten,

Lmeweaver-Burk, Eadie-Hofstee, Hanes-Woolf and Direct Linear Plot analyses and the resulis are
presented m Table 39 Direct Linear Plot analysis 1s statistically the more rehiable of the five analysis
methods used and accordingly Ky, values of 94uM and 267uM were obtamed for PE and ZIP activites
respectively This mdrcates that the interactton between Z.-Gly-Pro-MCA and PE 15 of a more speafic
nature than that of ZIP and the same substrate

39.7.2. Determination of Ky, for pGlu-His-Pro-MCA and purified
PE
A Ky value was determined for the reaction between pGlu-His-Pro-MCA and PE as outlined m

sechon 2972 Figure 3973 presents the data obtamned from thus study as a Lineweaver-Burk plot.
The Ky value was determined using Michaelis-Menten, Lineweaver-Burk, Eadie-Hofstee, Hanes-
Woolf and Direct Lanear Plot analyses and the results are presented m Table 39 A Ky value of 69uM

for the interaction of PE and pGlu-His-Pro-MCA was returned following Drmect Lmear Plot analysis.

3.9.7.3. Determination of K; Values for Proline Containing Peptides '

The effect of prolkne contammg peptides on the mteraction between PE and ZIP and the substrate Z-
Gly-Pro-MCA was investigated as outlined m section 293 Data obtaired was analysed usmg the five
analytical techniques previously mentioned The nature of mhibition observed when proline contaming
peptides were mtroduced nto assays between purified enzyme activities and the substrate Z-Gly-Pro-
MCA was determined using Lineweaver-Burk, Eadie-Hofstee and Hanes-Woolf plots Figures 39 7 4

103978 are Lineweaver-Burk plots 1llustratng the competitive or non-competitive nature of PE and
ZIP mhubition by selected proline contaiming pepudes The K, values for the iteractions studied are

presented m Table 3 10 PE was competitively inhibited by LHRH, TRH, Bradykmin, Angrotensm H
and Z-Gly-Pro-Ala with K, values of 523uM, 680uM, 136uM, 113uM and 894uM respectively ZIP
was competitively mhibited by LHRH, Bradykinm and Z-Gly-Pro-Ala with K; values of 475uM,

2497uM and 722uM respecuvely
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Figures 3971 and397.2 Kinetic analysis of PE and ZIP activities respectively

Lineweaver-Burk reciprocal plots of reaction velocity versus substrate concentration Data was
obtained according to the methods described in section 297 1 Ky values are represented by the

negative intercept on the X-axis Results obtaned following kinetic analysis are presented wn Table
39 Kpy values obtained for PE and ZIP interaction with Z-Gly-Pro-MCA were 94uM and 267uM

respectively * Velocities are expressed as fluonmetnc intensities
P
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Figure 3973 Kinetic analysis of PE acuvity towards pGlu-His-Pro-MCA

Lineweaver-Burk reciprocal plot of reaction velocity versus substrate concentration Data was
obtaned according to the methods described wn section 2972 Ky values are represented by the

neganive niercept on the X-axis  Results obtawned following kinetic analysis are presented in Table
39 The K value obiained for PE interaction with pGlu-His-Pro-MCA was 69uM * Velocities are

expressed in fluorimetric intensities
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(44!

Kinetc study

Km obtamed following data analysis (uM)

Michaehs-Menten Lineweaver-Burk Eadie-Hofstee Hanes-Woolf

Direct Linear Plot

PE + Z-Gly-Pro-MCA
ZIP + Z-Gly-Pro-MCA
PE + pGlu-His-Pro-MCA

88 151 95 101
320 300 271 266
66 67 66 70

94
267
69

Table 3 9 Results obtained from kinetic determunations carried out as described wn sections 271,272
and 2 7 3 respectively Table illustrates K,y determunations for PE and ZIP activities using Z-Gly-Pro-MCA
as substrate and Ky, determinations for PE actvity using pGlu-His-Pro-MCA (fluorimetric TRH analogue) as

substrate Data from each experiment was analysed using the multiple kinetic models presented PE shows a
markedly higher affinity for Z-Gly-Pro-MCA than ZIP PF demonstrates a slightly speificty for pGlu-His-
Pro-MCA than for Z-Gly-Pro-MCA
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Figures 3974 and 3975 Kinetic analysis of the effect of prohine containing
pepades on PE activity towards Z-Gly-Pro-MCA Lineweaver-Burk reciprocal plots of
reaction velocity versus substrate concentration. Investigation wnto the effect of proline containing
peptides on the interactions of PE activity towards Z-Glv-Pro-MCA were carned out as described in

secton2 973 Figure 3974 illustrates the competitive tnubition of PE by LHRH (0-0) and TRH
(V-V) when assayed with Z-Gly-Pro-MCA (@-8) Figure 397 5 illustrates the compeutive and non-

competitive inhubinon of PE by Bradykinin (0-0) and TRH-OH (A-A) respectively K, values are
presented in Table 3 10 * Reaction velocities are expressed as fluonmetric intensities
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Figure 397 6 Kinetic analysis of the effect of Angiotensin Il and Z-Gly-Pro-Ala
on PE acavity towards Z-Gly-Pro-MCA Lineweaver-Burk reciprocal plot of reaction velocity
versus substrate concentration. Investigation wnto the effect of proline contaning peptides on the
interactions of PE activity towards Z-Gly-Pro-MCA were carned out as described in section 29 7 3
Figure 397 6 ullustrates the competiive inlubition of PE by Angiotensin Il (0~0) and Z-Gly-Pro-Ala
(V-V) when assayed with Z-Gly-Pro-MCA (®#-#) K, values are presented in Table 3 10 * Reaction

velocities are expressed as fluonmetric intensities
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Figures 3977 and 3978 Kinetic analysis of the effect of proline contaiming
peptudes on ZIP activity towards Z-Gly-Pro-MCA Lineweaver-Burk reciprocal plots of
reaction velocuy versus substrate concentration Investigation into the effect of proline containing
pepnudes on the interactions of ZIP actimty towards Z-Gly-Pro-MCA were carried out as described in

secion 2973 Figure 3977 illustrates the compentive inhubition of ZIP by LHRH (0-0),
Bradykimin (¢ -¢) and Z-Gly-Pro-Ala (A-A) when assayed with Z-Gly-Pro-MCA (e-e) Figure
3 97 & illustrates the non-competiive inkubition of ZIP by TRH {(V-V) and TRH-OH (0-0) K,
values are presented i Table 3 10 * Reaction velocities are expressed as fluorimetnic wntensities
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Inhibition observed

9t

K, (uM) determmed for PE K; (uM) determined for ZIP
Peptide Conc uM)t | miwbuontype MM 1B EH HW DLP| Inibwontype MM 1B EH _ HW _DLP
LHRH 400 Competitve 460 762 504 512 523 Competitive 460 498 478 458 475
TRH 200 Compeutve 529 - 815 794 680 ; Non-competiuve 317 281 306 315 316
TRH-OH 800 Non-compeutive 508 365 490 480 412 | Non-competitve 460 416 446 457 465
Bradylanmn 175 Compettive 150 282 191 180 136 Competiive 3525 1930 2853 3648 2497
Substance P 75 Mixed - - - - - Mixed - - - - -
Angiotensin 11 100 Competiuve 125 235 153 149 113 Muxed - - - - -
Z-Pro-Gly 800 Mxed - - - - - Muxed - - - - -
Z-Gly-Pro-Ala 200 Competitive 726 - 977 1073 894 Competitive 674 896 642 608 722
Z-Pro-Pro 800 Mixed - - - - - Mixed - - - - -
Z-Pro-Ala 800 Mixed - - - - - Mixed - - - - -
Z-Pro-Leu-Gly 800 Mixed - - - - . Mixed - - - - -
Z-Pro 800 Mixed . - - - - Mixed - - - - -

Table 3 10 K, values obtained for proline containing peptides when deternuned for both PE and ZIP acuvities as outlined n section 297 3 K, values were
determined using the apparent Km and apparent Vinax parameters obtained using the following data analysis MM- Michaelis-Menten, LB - Lineweaver-Burk 1 H -
Eadie-Hofstee, HW - Hanes-Woolf and DLP - Direct Linear Plot The figures obtained form Direct Linear Plot analysis have been highlighted as they are

stauistically the most reliable  "-" = values not determined. 1 Concentration of proline containing peptide under assay conditions




3.98 Effect of PE Speafic Inhibitors on Purified PE and ZIP
Activities
The effect of vartous PE and prohne specific peptudase mhibitors was investigated as described m

section 298 Figures 39 81 to 39 8 10 1llustrate the effect that these mhibitors exerted on punfied
PE and ZIP activiies Table 3 11 presents the ICsq values determined for each mhibstor with respect

to PE and ZIP acuvity PE and ZIP acuvities were unaffected by Kelatorpban up to a concentraton of
10mM PE was strongly inhibited by a-Ketobenzothazole and Z-Indoliny! Prohnal with ICsq values

of 41x10-11M and 4 5x10-11M respectively ZIP activity was strongly inhibited by a-
Ketobenzothiazole with an observed 1Csq value of 1 5x10-11M
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Figures 3981 and 398.2 The inhibwtwon of PE and ZIP by Fmoc-Pro-Pro-

Nitnle and Z-Thiopropyl-Thyoprolinal Sem log plots of residual PE (®-#) and ZIP (0-0)
activity versus specific tnhbitor concentration Investiganions nto the effect of proline specific
pepuidase inhibitors were performed as outhned in section2 98 Figure 39 8 1 illustrates that Fmoc-
Pro-Pro-Nurile exiubits no significant inhubitory activity against ZIP but effectively inhibus PE
activity Figure 39 82 shows that PE and ZIP are inhibited in a simular manner by Z-Thiopropyl-
Thyoprolinal ICsg values determined for these wntubuors against PE and ZIP acuvisy are presented m
Table 3 11 * Enzyme actinity expressed as % of uminhibuted enzyme (100%)
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Figures 3983 and 3984 The inhibition of PE and ZIP by Z-Pro-Prolinal and

o-Ketobenzothiazole Sem log plots of residual PE (®-e) and ZIP (0-0) activity versus specific

inhibitor concentration Investigations into the effect of proline specific peptidase inhubitors were
performed as outlined in section 298 Figure 3983 illustrates that Z-Pro-Prolinal exhubits no
significant inhibitory activity against ZIP but s effective against PE actwity Figure 398 4 shows
that PE and ZIP are inhibited in a sumilar manner by a-Ketobenzothiazole IC5() values determuned
Jor these inlubitors against PE and ZIP actiity are presented in Table 3 11
expressed as % of uninhibited enzyme (100%)
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Figures 3985 and 3986 The inhubwton of PE and ZIP by Poststaan and Z-

Phe-Pro-Methylketone Sem: log plots of residual PE (@-8) and ZIP (0-0) actrwity versus
specific inkhsbutor concentration  Investigations wnto the effect of proline specific peptidase inhibiors
were performed as outlined wn section 298 Figure 3985 llustrates that Poststatin exhibits some
inhibitory activity against ZIP but 15 a more effective wnhibitor of PE activity  Figure 3986 shows
that ZIP 1s not inlubited by Z-Phe-Pro-Methylketone which 1s an effective inhubstor of PE activity
ICsp values determined for these inhibutors against PE and ZIP actuvity are presented in Table 311 *
Enzyme activity expressed as % of uninhbuted enzyme (100%)
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Z-Cyclohexyl-Prolinal conc. (M)

Z-Indolinyl-Prolinal cooc. (M)

Figures 3.9.8.7. and 3.9.8.8. The inhibition of PE and ZIP by Z-Cyclohexyl-

Prolinal and Z-Indolinyl-Prolinal Semi logplots ofresidual PE (+-+) and ZIP (0-0) activity
versus specific inhibitor concentration. Investigations into the effect of proline specific peptidase
inhibitors were performed as outlined in section 2.9.8. Figure 3.9.8.7. illustrates that Z-Cyclohexyl-
Prolinal exhibits some inhibitory activity against ZIP but is @ more effective inhibitor of PE activity.
Figure 3.9.8.8. shows that ZIP is weakly inhibited by Z-Indolinyl-Prolinal in comparison to this
inhibitors effect on PE activity. 1C50 values determinedfor these inhibitors against PE and ZIP
activity are presented in Table 3.11. * Enzyme activity expressed as % of uninhibited enzyme (100%)
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Boc-Glu(NHO-Bz)-Pyrr <enc. (M)

Kelatorphan conc. (M)

Figures 3.9.8.9. and 3.9.8.10. The inhibition of PE and ZIP by Boc-Glu(NHO-Bz)-

Pyrr and Kelatorphan. semi log plots of residual PE (=-+) and ZIP (0-0) activity versus
specific inhibitor concentration. Investigations into the effect ofproline specific peptidase inhibitors
were performed as outlined in section 2.9.8. Figure 3.9.8.9. illustrates that Boc-Glu(NHO-Bz)-Pyrr
exhibits inhibitory activity against ZIP and PE activity. Figure 3.9.8.10. shows that Kelatorphan has
no inhibitory effect on either PE or ZIP activities. 1C$q values determinedfor these inhibitors against
PE and ZIP activity are presented in Table 3.11. * Enzyme activity expressed as % of uninhibited
enzyme (100%)
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IC50 value (M)

Specific mhibitor PE ZIP
Fmoc-Pro-Pro-Nitrle 3203x10-8 ND
Z-Thiopropyl-Thyoprolinal 5472x10°8 1882x108
Z-Pro-Prolmal 1597x10-8 ND
a-Ketobenzothiazole 4163x10-11 1505x10-11
Poststatn 3 509x10-8 >10x10-3
Z-Phe-Pro-Methylketone 3099x10-8 ND
Z-Cyclohexy!-Prolnal 1450x10-8 >2 0x10-6
Z-Indolny)-Prolinal 4 540x10-11 >10x104
Boc-Glu(NHO-Bz)-Pyrr 1656x10°7 6 351x104
Kelatorphan ND ND

Table 3 11. ICsg values determined for proline specific peptidase inhibuors on PE and ZIP

actvity  Investiganons into the effect of specific inhibitors against PE and ZIP activity were
performed as outhned in section 298 Results are expressed in M units where ICsg 15 the

concentranion (M) of inlibitor needed to inhubit PE or ZIP acuvity by 50% under the conditions

described in section 2 9 8
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4. Discussion



41 Fluorimetry using 7-Amino-4-Methyl-Coumarin (MCA) .

The prumary focus of thus work centred around the study of two Z-Gly-Pro-MCA degrading activities
from bovine serum This mternally quenched substrate, so called because the attachment of MCA to
the N-blocked dipeptide compromuses 1ts fluorescent activity, was first synthesised and apphed to
prolyl endopepudase (PE) detection by Yoshumoto ef al, (1979) Pepude bond cleavage on the
carboxy! side of prohine releases free MCA, which, under constant exposure to electromagnet:ic
radiation at a wavelength of 370nm (excitation), leads to the emission of electromagnetic radiaion at a
wavelength of 440nm Fluonmetnc assays of this type provide greater semsitivity than thewr
colonmetnc counterparts In fact Yoshunoto et al, (1979) reported a 100 fold increase 1 sensiivity
when usmg Z-Gly-Pro-MCA, as opposed 1o a colorimetric substrate, Z-Gly-Pro-8-napthylamide The
use of fluonimetric substrate assays also provide a safer and less labour mtensive procedure than
radiolabelled substrate assays

4 1.1, The Inner Filter Effect

Because fluonmetnc assays rely upon the excitation of a fluorophore by electromagnetic radiation at a
specific wavelength, and the subsequent detection of emitted electromagnetc radiation at a higher
specific wavelength, their sensttavity 1s often compromised by the presence of molecules within the
reacuon mixture that also absorb at these wavelengths This phenomenon s known as the mner filter
effect. In the case of MCA based fluonumetnic assays, molecules within the reaction mixture that
absorb at 370nm will reduce the number of MCA molecules that are excited, leading to a decrease m
detected fluorescence  Also, molecules within the reaction mixture that absorb at 440nm will prevent
the detection of emitted radiation from excited MCA molecules In crude biological samples, this
effect can be quite significant, and lead to inaccurate determination of free MCA concentration within a
particular reaction muixture

To overcome this problem, MCA standard curves were constructed m a manner destgned to replicate
assay conditions Specifically, enzyme sample was incorporated into the make up of each standard
curve (secion 222 ) The effect of this on standard curves 1s clearly demonstrated in Figures 311,
312 and313 andn Table 31 where serum was incorporated as the enzyme sample The “filtered”
standard curves demonstrated a reduced slope which 1s mdicative of reduced sensitrvity

It was also observed that the percentage reduction 1n slope varies i a manner dependent on emmsston
shit width  As the emusston sht width was increased the percentage reduction i slope also increased
The reduction 1 slopes fof Figure 311 and Figure 313 were 13 5% and 11 7% respectively with
emission shit width setngs of 10nm 4nd 2 Snm respectively Expanding the emission siit width merely
broadens the bandwidth over which the fluonmeter integrates the hight emutted from a particular
sample With an emission wavelength of 440nm and an emussion shit width of 2 Snm, the fluormeter

includes light radiated from 438 75nm to 441 25nm as part of the integration calculations for that
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sample If the emussion shit width 1s expanded to 10nm the fluonimeter then includes hght radiated
from 435nm 1o 445nm as part of its integration calculauons It 1s obvious, therefore, that imcreasmg the
emission shit width will not only increase sensiuvity, but also increase the hkelihood of mner filter

effect interference

One of the more nteresting features of the nner filter phenomenon 1s the effect produced when a
fluonimetric assay 15 used to momtor a protemn purification process Starting matenal for such a process
would generally constitute a crude, hughly coloured, proten preparation, and as such, 1s more likely to
exhibit the wnner filter phenomenon than a punfied sampie Measurement of the 1itial activity m the
startmg matenal, without due consideration for the mner filter effect, will reveal lower acuvibes than
are actually present i the starting matenal  Assuming that in a single punfication step, all acavity 1s
recovered, and all contaminants responsible for the mner filter effect are removed, the yield from ts
step will be considerably higher than 100%, due to the erroneous mmtial activity determination. {t was
realised therefore, that as part of this work, the preparation of "filtered” standard curves was a useful

method m ensunng the accuracy of results obtained from fluonmetric assays

A problem arose, however, based on the need to produce "filtered" standard curves, and the
pracucahittes of preparing such curves In order to construct one "filtered” standard curve, like those
presented w Figures 311,312 or313, 100pL serum were incorporated as part of each MCA
concentration m triphcate and almost 4ml. serum were required m total It was unacceptable that 4ml.
of any enzyme sample were used merely to produce "filtered" standard curve A compromise was
therefore reached with the production of a two point standard curve It was observed from Figures
311 -313 that the nner filter effect, although reducing the slopes of mdividual standard curves, did
not affect therr lineanity On the basis of this observatton a "filtered” curve prepared using only two
points 1n tnphcate, namely a zero pomt (standard curve ongin) and either a 2uM or a 10uM MCA
pount, was used routinely These curves reduced the amount of enzyme sample needed to quantfy the
inner filter effect from 4ml. to 600uL

42  Serum Preparation

Serum preparation from whole blood was a sunple procedure mvolving clottng, subsequent clot
shrinkage, followed by centrifugation Z-Gly-Pro-MCA degrading activities m serum produced m this
manner rematned stable for up to six months when stored at -20 C, by which ume the serum batch was
normally exhausted Some batch to batch variation was observed with regard to levels of Z-Gly-Pro-
MCA degrading activiues, but these vanations did not pose specific problems due to the mmmal
vartations observed and the fact that these vartations did not affect the efficiency of the punificaton
proiocols
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4.3. Measurement of Z-Gly-Pro-MCA Degrading Activity in Bovine

Serum

PE activity n serum was measured according 10 a modification of the onginal procedure as described
i section 2 51 and the results are presented in Figure 34 1 Z-Gly-Pro-MCA was first synthesised by
Yoshimoto et al, (1979), and 1n that report the suscepubuity of Z-Gly-Pro-MCA to non-specific
degradation was examined These workers reported that the substrate was not degraded by high
concentrabions of trypsin, a-chymotrypsin, elastase, thrombir, urokmase, lescine aminopeptidase,
carboxypeptidase A or post-prohine dipepudyl ammopepudase Therefore, Z-Gly-Pro-MCA
represented a specific substrate for the detection of PE  The synthesis and use of Z-Pro-Prolinal was
first reporied by Wik ef al, (1983) It was described as a tetrabedral transition state ntermediate
analogue of the PE enzyme-substrate complex At hugh concentrations, Z-Pro-Prolina! failed to mhibit
trypsm, chymotrypsin, post-proline dipeptidyl ammopepuidase, cation-sensitive neutral endopeptidase
or membrane-bound metalloendopeptidase (enkephalinase) These workers thus concluded that Z-Pro-
Prolinal was a selective inhibitor of PE  The use, therefore, of the specific PE substrate Z-Gly-Pro-
MCA, coupled with the specific PE mhibitor, Z-Pro-Prolmal, has formed the basis of a definitive assay
for PE activity over the last decade In this hight, the observation that residuat PE acuvity against Z-
Gly-Pro-MCA (40%) was detected 1 bovine serum mn the presence of Z-Pro-Prolinat was unexpected
(Figure 34 1) Increased Z-Pro-Prolinal concentrations (Figure 3 4 2.) and increased preinrcubation
tunes (Figure 3 4 3 ) fatled to reduce this restdual PE activity  The possibility that there may have been
a second Z-Gly-Pro-MCA degrading activity m bovine serum was not considered a likely possibility at
this pomnt. Instead, 1t was thought that incomplete mhibition of PE activity m serum could be explamed
by eisther, (a), the high levels of protemn m serum nterfering m some way with the enzyme-mhibitor
mteracuon, or (b), the susceptibiliy of Z-Pro-Prohinal to degradation by aldehyde and alcohol
dehydrogenases (Friedman et al , 1984) may have effectively reduced the concentration of wntact Z-
Pro-Prolinal available to mhibit the enzyme It was decided, therefore, to continue with efforts to
pursfy PE from bovine serum

4.4. Purification of Z-Gly-Pro-MCA Degrading Activities from Bovine

Serum

4.4.1 Ion Exchange Chromatography

Imual attempts to purify PE from bovme serum focused on the use of 10n exchange resms Both anion
and cation exchange resins were considered Figure 36 11 1s representanve of the proten and activity
profiles that were obtaned repeatedly from both cation and anson exchange columns under various
conditions This type of profile, acuvity binding to the column with a sagnificant amount of activity
also running through the column (unbound), 1s normally associated with a binding capacity problem
which can be related to an msufficiently large column, overloadmg the column with too much enzyme
sample, or non-ideal binding and running conditions Increasing the size of the varous 10n exchange
columns tested, followed by a substantial reduction i the amount of enzyme sample applied to the
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column, failed to improve the acuvity binding profite Column configurauons and binding conditions
were also optiused, but failed, without any apparent explanation, to prevent a relentless run through of
enzyme acuvity The observation that sumlar Z-Gly-Pro-MCA degrading acuvity profiles (bound
activity and run through activity) were obtained whether the column used was an anon or cation
exchange resin, was also nexphicable The presence of two disunct Z-Gly-Pro-MCA degrading

activities 1n bovine serum now seemed a likely possibihity

Confirmation of this was forthcommg when, fracuons obtained from an SP Sepharose cation exchange
columa (section 2 6 1 1), were assayed 1n the presence and absence of Z-Pro-Prolinal The resulung
profiles presented 1 Figure 36 1 2 confirmed that there were mdeed two Z-Gly-Pro-MCA degrading
activities 1 bovine serum, a PE activity that was totally mhbited by Z-Pro-Prolinal, and a Z-Pro-
Prolinal msensiuve Z-Gly-Pro-MCA degrading peptidase, henceforth designated as ZIP  This
realisaton subsequently explamed why it was not possible to totally mhibit Z-Gly-Pro-MCA degrading
activity m bovine serum (Figure 341) Attentton now focused on the punfication of both of these

actviaes

The SP Sepharose column proved most useful 1n separaung PE and ZIP acuviues, allowing these
enzymes to be further punfied mdependendy of one another The applied protein was separated
roughly mto two equal parts, the ren through pool contatming PE, and the bound pool containing ZIP
activity  Antempts to resolve bound ZIP acuwity further from bound protewn, using gradient elution
techniques, failed to improve activity-protein resolution and the smmpler 15ocratic elutton waith high salt
was retamned The recovery of apphed PE activity was relatively low (approx 57%) and this was
thought to be caused by the long term exposure of this activity to low pH The recovery of ZIP activity
from thss column was practucally 100%

One final element of the SP Sepharose profile depicted in Figure 36 11 should be discussed, the
apparent "split” or “shouldered” PE and ZIP activity peaks Responsibility for this lay with the non-
quantitabive microplate assay used to determme activaties 1n post-column fractions, described i section
253, and the nner filter effect, which has already been discussed. Figure 4 1 ilustrates the hight
paths taken by excited and emitied hght through samples that are beng fluorimetrically analysed mn a
cuvette or m one well on a 96 well plate A hypothetical fluorophore 1s placed at a distance farthest
from the excitaton source and the emsssion detector In the case of the cuvette, the total distance
travelled through the sample by excitation and emission radiation 1s 1 4cm, while m the case of the
well, total distance travelled by radianion through the sample 1s 2cm. In a cuvette based assay the final
sample concentration (% v/v) 1s approximately 6 5%, while 1n the well assay this percentage 1s
approximately 35% The increased exposure of excitation and emission radiation to the enzyme
sampie, coupled with the 1ncreased concentration of enzyme sample in the well, amphfies the mner
filter effect of the assay mixture
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This amphification of the inner filter effect was so severe in fractions towards the centre of the run
through and bound protein peaks of the SP Sepharose column, that the fluorumetric activity 1 these

fractions seemed to decrease, producing "spht” or "shouldered” peaks

442, Further Punfication of PE

The post-SP Sepharose PE pool was salted and applied to a Phenyl Sepharose hydrophobic mteraction
column Elution of PE activity from the column with a decreasing salt gradient produced very good
resolution between enzyme and contaminating protem, as illustrated m Figure 362 Recovery of
applied enzyme activity was 84% and, coupled with a punfication factor of 12 for the column, this step
proved to be the most successful part of the entire PE purification

The post-Phenyl Sepharose PE pool was apphed to a DEAE Sepharose amon exchange column and
eluted from that column with an increasing salt gradient, as described 1 section 2 6 3, and 1tlustrated
m Figure 363 Some resolution of protein was obtamned and 60% of the applied activity was
recovered However, the overall punfication factor for the column was only 1 5

The punfication strategy for PE 1s presented m Table 3.2 The greatest punification factor obtamed was
29 with an overall yield of 24% Thus provides some msight mto the difficulties encountered during
the development of the procedure  Whether the final aim of a punification 1s hagh yteld or hugh levels
of punty, successful steps must resolve the protemn of mnterest from contammating protemns without
serious detrunental effects on the activity or mtegnty of the protewn of mierest Sections 26 8 and
368 document some of the alternative methods attempted to further purify PE following the
successful Phenyl Sepharose step  Single protocols for each regime attempted are presented 1n sections
268 and3 68 butmany different protocols were attempted usmg each of the resins mentioned The
failure of these alternative procedures to further punfy PE could be broadly divided nto two
categones, (a) fadure to resolve protem or (b), fatlure to maintam PE activity

Failure to resolve PE activity from contamnating protewn proved to be a difficult problem to overcome
m order 1o further punfy PE activity following the Phenyl Sepharose hydrophobic mteraction step It
was possible to bmd PE activity to Q Sepharose (Figure 3 6 8 1 ) and Hydroxylapatte (Figure 36 8 3)
columns under condtions outlined 1 sections 26 8 1 and 2 6 8 3 respectively  Although no reference
10 the use of Q Sepharose amon exchange chromatography could be found 1n the relevant PE hiterature,
Hydroxylapatite has been used by many groups successfully Table 4 1 lists workers that have used
Hydroxylapatite as an mtegral part of successful PE punficatons However n the case of bovine
serum PE, under no circumstances was 1t possible to resolve protein and enzyme actvities

Combinations of low flow rates and shallow phosphate gradients failed to make Hydroxylapatite a
useful part of the bovine serum PE punfication strategy
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Author Source Punfication Factor Obtained (Fold)
Kowda et al , (1976) Lamb kidney 6
Knsatschek et al , (1980) Lamb kidney and pitustary nr
Yoshimoto et al , (1980) Flavobacterium 3
Monyama et al , (1988) Porcine muscle 4
Sattar ef al, (1990) Aganicus bisporous 2
Kalwant et al , (1991) Human bram 9
Ohtsuka et al , (1994) Flesh fly 10

Table 41 Use of Hydroxylapaute in prolyl endopepndase purifcation These workers published

Hydroxylapatite purification steps as successful parts of PE purification strategies However, Hydroxylapatite

Jaled to bind bovine serum PE and could not be used for its purification nr - Not Reported



Q Sepharose, being an amon exchanger, was expected to work 1 a sumlar manner to DEAE
Sepharose, but again, no resolution between protemn and activity was forthcoming The resolution
obtained by using the DEAE Sepharose failed 10 equal some resolutions obtained by other workers
using this techmique (Table 4 2 ), with the punfication factor achieved using this column being a mere
15 fold

There 1s one possible factor that may be responsible for this lack of resolunon Although many of the
workers presented m Table 4 2, used anumal ussues as thewr sources, no purification of PE from serum
has been reported It is obvious that the greatest single source of protein contaminant ih bovine serum
18 bovine serum albumin. With a pI of 50, and considenng that PE has a stmuilar pI (Wilk, 1983), it
would be very difficult to separate these protems on the basis of charge using an anton exchange resin

Other techniques used simply failed to bind PE activity Calcium Phosphate Cellulose (Figure
36 82), which can be used under sumilar operating condittons to Hydroxylapatite, failed repeatedly to
bind PE activity, and 1n fact, this column failed to bind any of the post-Phenyl Sepharose PE pool
proten  Browne and O'Cuinn, (1983), used Calcium Phosphate Cellutose as part of their punfication
of PE from guinea pig brain, but are the only workers 1n the literature to have done so, or to have
reported this techmque as a successful purificaion step It 1s very likely that the Calcium Phosphate
Cellulose produced m our laboratory had dafferent chromatographic properties to that used by Browne
and O'Cuinn in 1983 This 15 a common problem associated with the use of this "home-made” resin.

Assuming that BSA was a major contam:nant, 1t was hoped that Blue Sepharose, a resm used regularly
for binding albumins as well as NAD* and NADP* linked enzymes, might belp 1n the punification of
PE The resm not only faled to bind PE activity, but fractions collected 1n the wasb from the column
repeatedly displayed bigh losses of PE activity (Figure 3684 ) No reports of the use of Blue
Sepharose to purnify PE acuvity were found 1n the Iiterature

One otber chromatographic technique was mvestigated thoroughly as a possible part of the PE
purification strategy, Actuvated Thiol Sepharose affinity chromatography Figure 4 2 demonstrates
how Activated Thiol Sepharose may be used to bind proteins The protein sample must be reduced
with a suutable reducing agent, convertng all dasulphade bonds to thiols The reducing agent, 1 this
case DTT, must then be removed quickly, as 1t wall displace the capping group, and prevent protemn
bmnding to the column, i the same way that high salt will prevent protemn binding to an 10n exchange
restn  However, 1 the absence of DTT, thiols will revert slowly to disulphides, which wall not bind the
resin It can be a difficult process, but previously it has been used with suoccess m our laboratory
(Cummuns and O'Connor, 1996)

141



(44!

Punfication Factor Obtamed (Fold)

Author Source
Koida et al, (1976) Lamb kidney 25
Orlowski et al , (1979) Rabbit bran 5
Yoshumoto et al , (1981) Lamb bram 34
Browne et al (1983) Guinea-ptg bram 8
Moriyama ¢f al , (1988) Porcine muscle 42
Kalwant et al , (1991) Human bram 3
Kusuhara et al , (1993) Rat skin 3

Table 4 2 Use of DEAE anton exchange in prolyl endopeptidase purifcasion. These workers published DEAE
amwon exchange purification steps as successful parts of PE punification strategies DEAE amion exchange
chromatography was also used as part of the bovine serum PE purification strategy, however the efficiency of

this step was hindered by the presence of BSA which has a pi equal to that reported for PE



Actvated Thiol Sepharose
— Thiol enzyme
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Figure 4 2 Protein punfication strategy using Activated Thiol Sepharose (ATS) (a) Protein in
reduced form i1s apphed to ATS resin that is capped with 2-Thiopynidone linked te Sepharose via a
8lurathione spacer arm. The protein binds covalensly va a disulpiude bond 10 the resin, displacing the
capping group (2-Thiopyndone) (b) Application of a reducing agent (RSH) such as DTT, reduces the
disulphide bond, eluting the bound protein from the resin
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Unfortunately, having optimised the removal of DTT using Sephadex (G-25 as a de-salung column,
neither PE nor great amounts of contarmnating protein bound to the column as iHustrated m Figure
36852 This plot may be somewhat misleading 1n that the A280nm protern profile seems to suggest
that quite alot of protein was bound to the column, and under these conditions, the column could have
been used successfully as a punfication step However the A280nm peak bound to the resin 1s not
representative of protein Rather, 1t 1llustrates the elution of the capping group, 2-Thiopyndone, from
the column following the apphication of DTT 2-Thiopyndone absorbs maximally at 343nm but
interferes sigmficantly with A280um determinations Subsequent analysis of protem 1n fractions
obtained from the column mdicated that 95% of the appbed protem was recovered 1n the run through

peak

44.3 Further Punfication of ZIP
The separatton of the bovine serum Z-Pro-Prohinal msensiive Z-Gly-Pro-MCA degrading peptidase
(ZIP), from bovine serum PE bas already been discussed (Sectton4 4 1)

The second step used m the purification of ZIP was, as for PE, a Phenyl Sepharose hydrophobic
mteraction column This column, when run as descnibed 1n section 26 5, produced excellent
resolution between ZIP activity and contammnating protem (Figure 36 5) The 1socrauc elution of ZIP
activaity with distilled water could not be improved upon using gradient elution techmiques Indeed,
gradient elution merely broadened the eluting ZIP peak without any resolutran of protein  Recovery of
applied acavity (55%) coupled with a purification factor of 19 for the column, made this step a good
bulk protein separation step (Table 3 3 )

The post-Phenyl Sepharose ZIP pool could be loaded directly onto a Calcnm Phosphate Cellulose
Column This restn was produced m the lab as outhined 1n section 26 6 As a "home-made" resm, 1t
proved to be a very successful punfication tool Used as outlined i section 26 6, 1t produced
excellent resolution between contaminating protemn and ZIP activity (Figure 366) 59% of the
apphied ZIP activity was recovered, and, coupled with a punification factor of almost 100 fold for the
column, this step proved 1nvaluable 1n the overall ZIP punification strategy (Table 3 3 )

As a final step, the post-Calctum Phosphate Cellutose ZIP pool was concentrated and apphed to a
Sephacryl S-200 HR Sepharose gel filtration column  The elution profile presented m Figure 36 7,
shows that further resclution of activity from protemn was achieved

The punfication strategy for ZIP, presented 1n Table 3 3., illustrates the success of the ZIP punfication
It would seem that application of the post-Calcium Phosphate Cellulose ZIP onto the S-200 gel
filtration column was unwarranted, as the overall punfication factor dropped after this column
However, this drop can be explamned by a loss m yield rather than a fallure to further punify the
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enzyme As Figure 3 15 llustrates, punificanon of ZIP was achieved by the gel filtration step On this

basis the gel filtration step was retaned as part of the ZIP purification

45 Z-Gly-Pro-MCA Degradation Assay Development

Having punified both enzyme acuviues, 1t was decided to re-evaluate the assay procedure described n

section 251 This assay was a modification of the procedure of Yoshumoto ef al , (1979) In fact 1t

was a modification of a modification of the oniginal procedure

Yoshmmoto et al , (1979), first synthesised Z-Gly-Pro-MCA for PE detecuon Their assay procedure
mvolved the addition of 50puL. 0 SmM Z-Gly-Pro-MCA m 100% dioxane to 3mL 100mM phosphate
buffer, pH 7 0, followed by the addiuon of 50ul. enzyme solution Thus, the final substrate
concentration was 0 08mM Z-Gh-Pro-MCA and the final solvent concentration was 0 16% (v/v) In
1983, Browne and O'Cuinn modified the onginal procedure adding 10pl. enzyme sample to 490ul
0 2mM Z-Gly-Pro-MCA m 100mM potasswum phosphate, pH 74, 2ZmM DTT, 2mM EDTA, m a final
concentration of 5% (v/v) DMF O'Leary and O'Counnor, (1995), made a further modification of this
procedare  O'Leary developed the assay m this laboratory as part of her work here In this procedure,
400uL 0 ImM Z-Gly-Pro-MCA m 100mM potassium phosphate, pH 7 4, with a final DMSO
concentration of 2% (v/v) was added to 100pl. enzyme sample As part of the work presented here,
problems arose with the preparation of 0 1mM Z-Gly-Pro-MCA m a final DMSO concentrauon of 2%
(v/v) At this final DMSO solvent concentration, substrate solubihty was quite poor, resulting 1n an
unreliable protocol for substrate preparation Imtially this problem was overcome by preparing
substrate m a final DMSO concentration of 4% (v/v), which proved to be more reliable, and this ts the
method described m section 2.5 1 To make substrate preparation even more reliable and reproducible
a further change m the methodology was made  Substrate had been prepared by dissolving the required
amount of Z-Gly-Pro-MCA m 1ml. DMSO, bnnging the volume finally to 50mL with 100mM
potassium phosphate buffer at 37°C  This not only had the potential for maccuracies 1n weighing out
the small amounts of substrate peeded but also forced the user to make up substrate batches of at least
50mL to confidently produce a 0 lmM substrate solution, when far less substrate might actually be
neceded The preparation of 10mM Z-Gly-Pro-MCA stock m 100% DMSO, and subsequent
preparaton of 10mE batches of O 1mM substrate from this stock as described 1 section 2 51 led to an
easier and more flexible procedure for substrate preparation

The decision to re-evaluate the assay procedure descnbed i section 25 1 was primanly due to the
discovery of the ZIP acuvity The assay systems descnibed thus far were designed to detect and
quanufy PE activity It was unclear whether they would be sufficient for accurate and reproducible
determinations of ZIP activity
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45 1. Determunation of Switable Solvent for Substrate
Solubilisatton

To re-evaluate the assay the basics were first considered What was the most suitable solvent to be
used for stock subsirate preparation, and what final concentrauon of this solvent would provide
opumum solubility, with due consideration to enzyme activity 7 The determination of what was the
most suitable solvent for stock substrate preparation was mvestigated as described 1n secion 28 1, and
the results are presented in secion 38 1 and Figures 3811 and3812 InFigure 38 11, although
no discermble difference may be made between the acuvity of PE when assayed with substrates
prepared in DMSO or dioxane, DMF adversely affected the activity of the enzyme, reducing the
sensiivity of the assay by 60% when compared to the other solvents

The same results presented for ZIP i Figure 3 8 1 2 demonstrated that 20% reduced sensitivity was
observed when DMSO was used as the substrate solvent. Substrate solubility 1n all three solvents at a
final concentrauon of 4% (v/v) was satisfactory On the basis that dioxane produced the lowest
deletenous effects on assay sensitivity for PE and ZIP, 1t was chosen as the most suitable solvent to use
for substrate solubihisation

4.5.2. Effect of Dioxane Concentration on Purified Enzymes

Havmg decided that dioxane was the best choice of solvent i which to prepare 10mM substrate stock,
the optimum final concentration of solvent in 0 1mM buffered substrate was mvestigated as outlined m
secion 282 Section 382 and Figures 3821 and 3822 llustrate the results obtatned as part of
this investigaton It was observed that for both PE and ZIP activitics, a final solvent concentratnon of
2% (v/v) dioxane mn substrate produced opumal results Increasing this concentration to 4% (v/iv)
reduced the sensiivity of both assays by greater that 50% Substrate solubility at a final concentration
of 2% (v/v) dioxane was attamned easily m a reproducible manner Therefore the preparation of 10mM
stock substrate m 100% dioxane, with the use of 0 1mM substrate with a finat dioxane concentration of
2% (vIv) was accepted as bemg the optimum substrate make up for both PE and ZIP activiies

Once satisfied with substrate make up, the two most 1mportant considerations for developmg a
quantitative and accurate assay are lineanty of the assay with respect to (a) tume and (b) enzyme

conceatration

4 5.3. Lmearity of Enzyme Assays with Respect to Time

Figure 43 represents the typical progression of an enzyme-substrate reaction velocity curve The
change 1 reaction velocity over time may be due to substrate depletion, mstability of the enzyme under
assay condiions, or inhibition of the enzyme by product formed Using a continuous assay system,
this decrease 1n reaction velocity over time may be observed but does not cause any specific problems,
provided the decrease 1n reaction velocity 1s caused by substrate depletion A tangent to the reaction

curve, drawn through the ongmn, represents the mitial rate of reaction, which may be used m
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quanutative activity measurements However, in a disconunuous assay system, where activity
measurements are only determined at one discrete point along the reaction curve, deviation from
lineanty 1s not detected, and may lead to maccurate activity esumates A hypothetical reaction curve 1s
presented in Figure 4 3 At 25 minutes, determmation of the amount of product formed using ether a
conunuous, (represented by mitial velocity measurements) or discontinuous assay leads to idenncal
results, 1e 20 units However, at 100 minutes, 45 umts are observed when determining the amount of
product formed using a discontinuous assay, while the mnitial velocity determination (the true activity

measurement) 1s 80 umts
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Figure 4 3. Progress of an enzyme-substrate reaction velocity curve Plot of
product formed versus assay time Dewviation of observed velocity from imtal velocity due to

substrate depletion, enzyme instability or inhubitor production over the assay penod.

In order to overcome thus difficulty with discontinuous assays, the progression of the reaction curve m
a linear fashion, over the assay period must be confirmed Sections 283,383, and Figures 3831 -
3834 outline how this hneanty was confirmed and what results were obtamed From Figures
3831 and 3832 1t1s apparent that Z-Gly-Pro-MCA degradation by purnified PE and ZIP was lincar
with respect to tme for up to two hours Given that the assay described m sectzon 2 51 1s a one hour
discontinuous assay, the lineanty of this assay was assured for punfied PE and ZIP activity
measurements However, Figures 383 3 and 38 3 4 demonstrate that a loss m hneanty was apparent
over the two hour penod when Z-Gly-Pro-MCA degradation by PE and ZIP activittes m serum, and
ZIP acuvity alone m serum, were studsed respectively Because the curvature was only observed m the

crude serum samples, 1t was reasonable to assume that this loss n lmeanty was due to enzyme
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depleton caused by proteolysis This curvature did not, however, affect the reacuon curve over the

first sixty minutes, and therefore a one hour discontinuous assay was sull vahd

4 5 4. Lineanty of Assays with Respect to Enzyme Concentration

A quantitatve assay system determining the levels of activity i given enzyme sample should be Iinear
with respect to enzyme concentration  This aspect of the Z-Gly-Pro-MCA assay was mvestigated as
outhined 1n section 2 8 4, and the results obtained are presented in section 3 8 4 and Figures 384 1 -
3845 The PE assay was found to be hnear with respect to enzyme concentration as llustrated 1n
Figure 384 1 It was immediately apparent however, that the ZIP assay posed problems i this regard

Figure 3 84 2 llustrates that activiies observed from dilutions of punfied ZIP with phosphate buffer
were not consistent with ZIP concentration, and mn fact the data fitted a second order linear regression
analysis quite well The linearity of a 50% punfied ZIP sample with respect to tume over the assay
penod was confirmed m Figure 3 84 3 confirming that the lack of lineanty seen in Figure 384 2 was
not due to wmstabiity of the enzyme under assay conditions, caused by dilution effects While
pondenng these resulls m an attempt to understand why the purified ZIP assay would not behave
hnearly with respect to enzyme concentration, 1t was noted that apart from the varying concentration of
Z1P produced by dilutng with phosphate buffer, one other factor was bemng vaned, the concentration of
salt m the enzyme sample The punfied ZIP and PE used for these studies were post-Sephacryl S-200
HR Sepharose gel filtration samples, and as such, contamed 200mM KCI as part of the gel filtration
running buffer Dilution of ZIP activity with phosphate would produce a pattern of varied salt
concentrations for each ZIP concentration Repeating the experument with the mclusion of 200mM
KCl m diluant and substrate, produced a linear response to enzyme concentratton (Figure 3844 )

When the experiment was again repeated, with post-gel filtraton KCl first removed by dialysis, and
with no KCl mncluded m eather diluant or substrate, lineanty of the punfied ZIP with respect to enzyme
concentration was again apparent (Figure 3 84 5) It was also noted that enzyme activity in Figure
3844, when expressed as a percentage of ZIP activity with o salt included, was approximately 2 75
tunes that of the dialysed ZIP sample These results not only helped validate the punified PE and ZIP
assays, but also revealed a itherto unobserved enhancement of ZIP activity 1n the presence of salt.

It was apparent from results obtamed for the assay Linearity with respect 10 enzyme concentration
mvestgation (Figures 3 84 4 and 3 84 5) that the sensitivity of the ZIP assay could be mcreased by
incorporating NaCl mto the substrate It was also apparent from results obtamed for the assay hinearity
with respect o tune investigation (Figure 3 8 3 1) that the sensitivity of the PE assay could be
mcreased by mcorporating DTT into the substrate In order to produce the most sensitive assay for
each enzyme, mvestigations were performed as outhned m sechion 285 and 28 6 to determune the
effect on observed PE and ZIP activittes m the presence of increasing concentrations of DTT and NaCl
and the results are presented i Figures 38 5 and 3 8 6 respectively
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455 DTT Activation of Purified Enzyme Activities

Figure 38 5 1llustrates the effect of increasing DTT concentrauon on PE and ZIP actviues  ZIP
activity demonstrated no mcreased activity w the presence of DTT In fact, at a DTT concentration of
20mM, the observed ZIP actuvity was decreased by 30% PE however demonstrated a sigmficant
increase 1 observed acuvity in the preseace of low concentratons of DTT At a DTT concentration of
12mM observed PE acuvity increased by 12 fold At DTT concentrations of greater than 12mM no
deletenons effects on observed PE acuvity were detected mdicating that PE could be assayed in the
presence of excess DTT (greater than 12mM) without affecting the sensitivity of the assay Thas
mcreased PE activity in the presence of DTT agrees with the Iiterature on PE where DTT 1s normally
included as part of substrate preparations used to detect this enzyme The extent to which this punified
bovine serum PE activity 1s enhanced by low levels of DTT 1s quite different however to that
previously reported  Orlowski et al , (1979) reported a 40% increase 10 observed activity from PE that
had been purified from rabbit brain at a DTT concentration of 1mM From Figure 3 8 S 1t 1s clear that
ata DTT concentration of 1mM the observed activity of PE 1s enhanced by approximately 300% The
precise nature of the DTT activation of PE 1s not well understood Reducing agents are normaliy
associated as being necessary components of assay systems designed to detect cystemne protease
activines The mechamistic class assigned to PE by this work and by the literature will be discussed m
detai] later It 1s generally accepted, however, that PE 1s a senine protease with a cystemne residue
located near the active site  In the case of cystemne proteases, the presence of redacing agents such as
DTT, acuvates the active stte cysteme residue, ncreasing its ability to inttiate a nucleophillic attack
upon a bound substrate In the case of PE, 1t 1s possible that activation of the cystemne residue by
reducing agents may play some role w the bmding of substrate, or stabtlising the covalent tetrahedrat
intermediate formed during the catalysss of peptide bond scission

45.6. Salt Activation of Purified Enzyme Activities

Figure 3 86 1llustrates the effect of mcreasing NaCl concentrauon on punfied PE and ZIP acuvities
PE exibited a decreased observed acuvity m the presence of hagh concentrations of NaCL At IM
NaCl the decrease m observed PE actuivity was approxmmately 25% Thas result 1s m stark contrast to
that obtained by Polgar, (1991) where PE acuvity, punified from pig muscle, was enhanced wn 2 linear
fashion up to 0 3-0 5SM NaCl at pH 80 Polgar also showed that purified porcine muscle PE
demonstrated a double sigmoidal pH profile and concluded that two different catalytic forms of the
enzyme existed at pH 6 0 and at pH 8 O due to the fact that two pKj3 values of 537 and 6 16 were
determined for the enzyme This qualified his salt enhanced PE activity results which only occurred at
pPH 80 AtpH 60 no enhanced activity was detected and shight imnhibition of PE at low salt
concentrations were evident It 1s difficult to reconcile Polgars' observations and those presented here
because the method used (section 2 8 6 ) determined the effect of NaCl on PE actvity at a pH of 7 4
This pH 1s above both pK, values determmed by Polgar and therefore PE would be 1 the same
1omisation state at pH 74 or at pH 8 0 Orlowsk et al , (1979) reported no effect on punfied rabbit
bran PE activity when NaCl was mcluded m the substrate
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ZIP activity was enhanced 1n the presence of NaCl with maximum observed acuvity being obtaned at
500mM NaCl The mcrease mn acuvity detected was approximately two fold (Figure 383 5)

Increased activity 1n the presence of saits 1s commonly attnbuted to increased stabshty of a protemn
molecule 10 the presence of such salts Certain salts such as NaCl and ammonium sulphate can reduce
the solubility of hydrophobic groups on a protein molecule by increasmng the 1omc strength of the
solution In addition, these salts enhance the formation of water clusters around the protemn which
causes a loss of the total free energy of the system (Volkin and Khibanov, 1990) The salt utself 15
excluded from the water shell thus formed around the protein  This 1s also known as preferential
hydration (Tunasheff and Arakawa, 1990) and causes the protem to become more compact and
therefore more stable Increased stability, however, does not necessarily account for enhanced activity

During the discussion on assay linearity with respect to tume 1t was obvious that ZIP activity towards
the substrate Z-Gly-Pro-MCA was stable over the assay period employed Likewise a 50% ZIP sample
was stable for a ssmilar period  Polgar, (1995), examined the sait activauon of PE with regards to
stabihity effects and concluded that NaCl actually de-stabihses PE via a mechamism opposing
preferential hydration He suggests that NaCl penetrates the zone of preferennal bydration and binds to
the enzyme at specific sites  The binding of NaCl will weaken possible electrostatic forces that may
stabilise the protem conformation. Polgar also suggests that the reduced water shell surroundmg PE m
the presence of NaCl can account for wmcreased catalytic acuvity It must be remembered that this 15
Polgars’ account for the activaton of PE by NaCl, a result that 1s not consistent with thas study His
conclusions are presented here as a possible mechamism for the enhanced actvity of ZIP in the
presence of NaCl At NaCl concentrations greater than SO0mM NaCl no deletenous effects on ZIP
activity were observed This indicates (as was the case with PE and DTT) that ZIP could be assayed m
the presence of excess NaCl (>500mM) without affecting the sensitivity of the assay It should be
noted however that at NaCl concentrations approaching 1M m 100mM potassium phosphate, pH 7 4,
some substrate solubility problems were observed

Having determuned the optimal conditions for a sensitive and accurate fluonmetnic assay for PE and
ZIP using the substrate Z-Gly-Pro-MCA, a finalised protocol for such an assay was formulated, and 1s
presented 1 section 2 8 7

One final question was left unanswered with regard to the salt enhanced actvity of ZIP It was
apparent, for ZIP, that consideration of salt 1n the design of limearity with respect to enzyme
concentration experuments was necessary, but was saft dependence alone responsible for the second
order data presented m Figure 3 84 2 ? Looking closely at Figure 3 8 6, 1t 15 apparent that over a 0 -
200mM salt range the increase 1n ZIP activity 1s linearly enhanced by 0 - 50% Assummg that diluted
ZIP would respond 1n a sumilar fashion Table 4 3 was constructed to estumate activity that would be
observed when a ZIP sample containing 200mM salt was dduted with buffer contamng po salt. The
table was constructed as follows If ZIP (+200mM salt) was diluted with buffer (no salt) m a ratio of
11 then the final enzyme concentration would be 50% of the undiluted ZIP and the final salt
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[Z1P] followng Acuvity [Salt] following Asamed Expected acuvity +
diluton (%) expected (%)  dilution (mM)*  enhancement (%)** enhancemem(%)T

25 25 50 125 28 125
50 50 100 25 625
75 75 150 375 103 125
100 100 200 50 150

150
135
120
105
90
75

ZIP acuwvity

60
45
30
15

5
-
g
:
3
3
3
E

0
0 10 20 30 40 S0 60 70 80 90 100

ZIP concentration (%)

Table 43 and Figure 4 4. ZIP activities expected when enzyme containing 200mM salf 1s
diluted with buffer containing no salt * Salt concentranon based an 200mM salt present in undilwed
enzyme sample ** Assumed on the basis that 0 - 200mM salt produces a lmear activity increase of 0
-50% (Figure 386 ) t Expected activity plus expected activity x (assumed enhancement) % The
data obtained is presented graphically in Figure 4 4, a plot of ZIP activity versus ZIP concentration,

clearly dlustranng a second order curve (®-0) expected ZIP actvay (0-0) ZIP actinity determuned
according to assumed salt dependence
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concentration would be 100mM Therefore the activity expected from the diluted sample would be
50% of the undiuted ZIP activity plus the enhanced acuvity obtained from ZIP in 100mM salt It 1s
assumed that because 0 - 200mM sait produces a linear increase  ZIP acuvity of 0 - 50% (Figure
386) then 100mM salt will produce an acuvity increase of 25% Thus the actual acuvity observed
will be 50% of the undiluted ZIP plus a 25% enhancement, » bach leads to a final actuvity of 62 5% of
the undiluted enzyme If thas logic 1s apphed to a range of dilutions, as s presented 1n Table 4 3, and
the data obtained 1s plotted (Figure 4 4), a second order curve 1s produced This model therefore
confirms that salt present 1 the post gel filtraton ZIP was responstble for the data obtatned m Figure
3842

4.6. Ch nsation of Punified PE ZIP Activita

4 6.1. Relative Molecular Mass Determination

The molecular weight of both PE and ZIP were determmed by SEC-HPLC, Gel Filtration
Chromatography and SDS PAGE as outlmed 1 section 291 The results of these investigations are
presented m sechon 391 and Figures 3911 - 3913 The nauve molecular weight of PE was
estumated to be 69,700Da and 54,500Da by gel filtration chromatography (Figure 391 1 ) and SEC-
HPLC (Figure 39 1 2) respectively Muluple bands visualised following SDS-PAGE of PE, meant
that the subumt structure or molecular weight of PE could not be reliably determuned by this method.
The molecular weights obtained agree well with the previously published molecular weights
determined for PE from vanous sources (Table 44) In all cases but one, PE was monomeric One
report suggested that PE had a molecular weight of 115,000Da and that the enzyme was diumeric
(Koida et al , 1976) but this result was later corrected (Yoshmnoto ef al, 1977) The native molecular
weight of ZIP was estmated to be 184,200 and 191,000 by gel filtraton chromatography (Figure
3911) and SEC-HPLC (Figure 39 1.2)) respecuvely Two bands were visualised following SDS
PAGE usmng Silver Stain (Figure 3 7.2), the major of the two having a molecular weight of 50kDa
(Figure 3913) This mdicates that ZIP exists as a tetramer of four subunits of equal molecular
weight. The discrepancy between figares obtamned from gel filtraton chromatography on S-200
Sepharose and SEC-HPLC are difficult 1o reconcile, though these types of methods for determining
molecular weight are accurate to approxunately 10% (Welling and Welling-Wester, 1989) The basis
upon which this value 1s obtained 1s not explained by Welling, but one msight into the use of gel
filtraton methods for molecular weight determination 1s discussed. As wath all quanutative methods,
the determination of a final result 1s based on the measurement of a single parameter In the case of gel
filtranon methods this parameter 1s volume (mL) The calibration curve 1s constructed on the basts of
volumes at which the molecular mass standards elute from a column and the determmation of the
molecular weight of any unknown molecule 1s determined based on its eluton volume from a column
The cahibration curve equations for the $-200 HR Sepharose and Biosep SEC-3000 columns are
presented m sections 3911 and 391 2 respectively Closer examinaton of these equations reveal
that 1ml. of eluant coliected from these columns represents a molecular weight range of 4,000Da for
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the S-200 HR Sepharose column and 30,000Da for the Biosep SEC-3000 column Considering these
facts coupled with the fraction sizes collected as part of each method, the error m S-200 HR Sepharose
and Biosep SEC 3000 gel filtrauon estunauon of molecular weights could be as large as 8,000Da and
3 O00Da respecuvely However, careful and precise column calibration and determunauon of elution

volumes means that gel filtration chromatography as a method for determuning molecular weights 1s

generally accepted as a reliable procedure

4 6.2 Assay Temperature Effects on Punfied PE and ZIP

The effects of assay temperature on the punfied enzyme actvities were investigated as outlined 1n
section 29 2 and the results are presented m Figures 3921 and 3922 It should be noted that the
method outhined m section 2 9.2 mcluded the preincubation of enzyme and substrate for 10 minutes at
each temperature tested pnor to substrate addiion  This protocol, although allowing for the possibility
of heat denaturation to occur before the assay was imtiated, was necessary to avord results inconsistent
with the actual ability of enzyme to tolerate and catalyse substrate hydrolysis at the temperatures under
mvestiganon Failure to preincubate the enzyme and substrate, resuling in a lack of thermal
equilibrium, wounld lead to observed results that were representative of the rate of thermal equibibration
and the rate of thermal inactivation, partcularly at the hugher temperatures which would have proven
dfficult, if not mpossible, to mterpret comrectly The himitations of this experimental design lie 1n the
fact that results obtained relate specifically to the method employed and may not be extended to form
further hypotheses on the thermal stabihity of the enzymes under invesugation This method does,
bowever, provide useful mformation mto the difference between the punfied PE and ZIP acuvities In
Figure 39.2 1 the narrow temperature optunum of PE 15 tlustrated This profile 1s centred narrowly
about 37°C It 1s obvious, therefore, that at the two lower temperatures of 4°C and 20°C that there was
pot enough free energy within the system to allow catalysis to occur The lack of free energy m the
sysiem caused by lower temperatares can theoretically affect the binding of enzyme to substrate, the
catalysis of the reaction iself, the dissociation of enzyme and product(s) following catalysts, or
combmations of all three of these factors The lack of activity at the lower temperatures 1s not stabihity
related as PE was punfied at 4°C and stored on ice prior to charactensation experiments No cold-
labile charactenstics were observed for PE - At temperatures of 45°C and greater, 1t 1s probable that PE
underwent heat denatration leading to low or non-existent activities bemg observed.

ZIP demonstrated a quite dafferent temperature profile, with an opumum assay temperature of 37 C -
45°C Inacuvanon does occur, however, at temperatures greater than 45°C  The most nteresting
observation was the acuvity of ZIP at the lower temperatures At 4°C, punfied ZIP hydrolysed
substrate at a rate equivalent to 70% of the rate of hydrolysis at 37°C  Although no further
nvestigations were performed mto this aspect of ZIP acuvity agamst Z-Gly-Pro-MCA, t 1s apparent
that lower amounts of free energy are required by the enzyme to hydrolyse Z-Gly-Pro-MCA than those
required for PE 10 catalyse the same reaction. Agam, this lower energy requirement for the hydrolysis
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of Z-Gly-Pro-MCA by ZIP could be related to substrate binding, catalysis of the reaction or release of

the products formed

463 pH Effects on Punfied Enzymes

Investigations mto the effects of pH on the actvity and stability of purified PE and ZIP were performed
as described 1 secion 2931 and 293 2 with results being presented n Figures 3931 -3934
Two distct investigations were conducted on each punified enzyme The first, as described m section
2931, determned the pH and buffer system at which optimal enzyme actuvity could be observed
The second study, conducted as outlimed m section 29 3 2, demonstrated the pH range over which the
enzyme remained stable, retamning its abshity to hydrolyse substrate This study and the results obtained
from 1t were important for the design and mplementauon of further charactensauon work, which may
have wvolved madvertent pH changes For example, 1n the functional reagent studies that wall be
discussed, some compounds used were only shightly soluble in neutral buffers and had to be prepared
in highly basic or acidic solutions Premncubation of these compounds weth punfied enzyme activity
may have resulted m observed mhibition that was caused solely, or 1n part, by the pH of the solution
being tested and not the functional reagent itself The study outlined in section 29 3 2 set the pH
limats that could be successfully used mn charactensing PE and ZIP activities

Figures 3931 and 39 3 2 1llustrate the pH opumum and pH mactivation profiles for PE respectively
The cnitena upon which the opumum pH for PE acuvity was determined was based on maximum
acuvity observed Thus 1t was determined that the pH opumum of PE was pH 8 0 1 a potassium
phosphate buffer system On closer examination of the data presented 1 Figure 39 3 1 however, 1t
was noted that n a Tns-HCI buffer system, the pH at which maximum PE activity was obtained was
pH 835 Because potassium phosphate buffer could not be used at pH 8 5, the possibility exusts that the
pH opumum for PE 1s actually 8 5, but that the enzyme retains a preference for phosphate buffer
Following the discussions where 1t was concluded that PE activity was not enhanced by the presence of
NaCl, 1t 1s unlikely that this preference for phosphate buffer 1s related to the 1onic strength of the buffer
systems used In Figure 39 3 2, the pH mactvation profile of PE 1s presented From this data it was
determined that PE was mactivated outside the pH range 50 - 90 It was also observed that greater
than 50% PE activity could be detected over the pH range 50 - 100 These results are only relevant
and rehable under the conditions used to perform the study, 1€ premncubation at each pH for 15
munutes at 37°C and cannot be extended to longer imes or dafferent temperatires  The results obtamed
from the mnvestigation mto pH effects on PE acuvity agree well with previously published mformation
(Table 4 4)
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Source Molecular Subunit pH Opumum pH Stability Optumum Reference

sl

weight structure Range Temperature ("C)
Agaricus bisporous 78,000 - 75 50-90 37 Sattar er al (1990)
Flavobacterium 74,000 Mono 70 50-90 40 Yoshimoto ef al (1980)
E coli 75,000 Mono 90 - - Sommer (1993)
Shakashimeyt 76,000 Mono 68 575-74 37 Yoshimoto er al (1988)
Rat brain 70,000 Mono 70-80 - - Rupnow et al (1979)
Rat bran 70,000 - 75-80 - - Andrews (1980)
Bovne brain 75,000 Mono 75 50-90 40 Yoshumoto et al (1983)
Bovine pituitary 76,000 - 74 60-82 40 Kmnisatschek et al (1979)
Lamb brain 77,000 Mono 70 55-90 45 Yoshimoto et al (1981)
Lamb kidney 115,000 D1 75-80 - - Koida et al (1976)
Porcine hiver 72,000 Mono 65 60-70 - Mornyama and Sasaki (1983)
Rat muscle 69,000 - 70-75 50-90 - Daly et al (1985)
Rat skin 70,000 Mono 58 - 40 Kusuhara et al (1993)
Felsh fly 84,000 Mono 75 - - Ohtsuki er al (1994)
Bovine serum 70,000 - 8§ 0 50 - 90 37 This Investigation

Table 4 4 Molecular weight and subunit make up of PE from various sources The molecular weights obtained for bovine serum PE agree
well with the data presented here The dimenc lamb kidney PE was later corrected by Yoshimoto et al (1977) Result for bovine serum (in bold

type) were obtained as part of this investigation



The pH opumum and pH mactuvation profiles for ZIP are presented m Figures 3933 and 3934
respectively The pH at which optimum ZIP actvity was observed was 8 5, but 1n contrast to PE, no
buffer preference was exhibited by ZIP acuvity The pH 1nacuvation profile produced for ZIP
indicates that ZIP activity was stable over a pH rage of 45 - 10 5 with greater than 50% of the
observed activity being retamned over the pH range of 35- 100 Once more, it should be noted that
these figures relate only to the method used to mvestigate these pH effects

4 6.4. Effects of Functional Reagents on Purified PE and ZIP

Activities
The interaction between enzymes and various functional reagents can be used to determined the
mechanistic class of the enzyme There are four mechanisuc classes, serine, cysteme, metailo- and
aspartc  To understand how functional reagent studies help to 1dentify the mechanmistic class of a
particular enzyme, a brief discussion on enzyme catalysis and the subtle differences between the
catalytic activities of each mechanisuc class 1s warranted  Thas discusston will focus on the catalysis of

pepuide bond scission by proteases and peptidases

Peptade bond scission 1nvolves the following steps , (a) nucleophillic attack on the slightly
electrophullic carbonyl carbon atom, (b) base catalysis to remove the proton from the attacking
nucleophule, (c) electrophillic assistance which influences the carbonyl oxygen and (d) aad catalysis to
faciluate the leaving of an amune The difference between the mechamstic classes of proteases lies, not
m the steps themselves but, m the vanety of groups m the active site that perform each of these
funcuons Figure 4 5 1llustrates these steps with regard to a serine protease

In the case of serine proteases, oxygen from the hydroxyl side cham of serine imtiates the nucleophullic
attack, whale a neighbouring histidine residue stabilises this interaction A covalent enzyme substrate
mteraction producing a tetrahedral ester mtermediate results  Cysteine proteases also form a covalent
mtermediate  The side chan sulpbur of a cysteme residue 1s the attacking nucleophile, with a
neighbounng hisndine again stabilising the attack The metallo- and aspartic proteases do not mnitiate
the nucleophilic atiack upon a peptude bond using an active site functional group, and therefore do not
form covalent intermediates  Instead, the metal atom or pair of aspartic acid residues present i the
active sites of these proteases co-ordmate the nucleophillic attack on the peptide bond by water
molecules  So 1t 1s clear that although there are common steps involved n the catalysis of peptide bond
sciss10n, each mechamstic class performs these steps 1 distinct ways It 1s this speafic difference
between the proteases that can be utillised to determne the mechantstic class to which each protease
belongs via functional reagent studies (Dunn, 1989)
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(A) Michaelis Complex (B) Tetrahedral Intermediate
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Figure 45 Schematic representation of the main steps involved in
peptide bond scission The figure illustrates the mechanism of serine protease catalysis
(A) Following substrate binding and formation of the Michaelis Complex, oxygen, located on the side
chain or serine, undergoes nucleophillic attack on the carbonyl carbon of the substrate peptide bond.
(B) A tetrahedral intermediate 1s formed The intermediate 1s stabilised by the removal of a proton
Jrom the attacking oxygen by lstidine and by electropmillic assistance offered by hydrogen atoms
exposed 10 the enzyme substrate complex. (C) Formation of the Acyl Enzyme Intermediate results in
the leaving of the Py’ amine (D) Release of the bound P product via acid catalysis using water,

results in return of free enzyme
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4641, Functional Reagent Studies on PE.

Investigations were carried out as described 1n section 29 4 and the results diustrating the effect of
funcuonal reagents on punfied PE, activity are presented in Table 34  Those results that are

sigmficant with regards to the mechamisuc classificaton of PE are as follow s

4.6.41.1 Enhanced PE Activity 1n the Presence of DTT

The activation of punfied PE by increasing concentrations of DTT 1o substrate have been discussed
(secuon4 5) In Table 3 5 PE demonstrated a 10 fold mcrease m observed activity 1n the presence of
10mM DTT This DTT enhanced activity has bemg reported previously and the values presented m
Table 3 5 agree well with published results (Kato ez al , 1980, Orlowska ez al , 1979, Walter, 1976)
This DTT enbanced acuvity 1s normaily mdicative of a cystemne protease for reasons which were
discussed previously An interesting point, with regards to the values presented in Table 3 4 for DTT
activation of PE activity, 1s that at low DTT concentrations (1mM), the activaton of DTT 1s
significantly lower than that obtained when DTT was supplied to the assay mixture by substrate alone
(Figure 385) Ths seems to suggest that the premcubauon of enzyme wath DTT leads to less
enhanced achvity than reduction of the substrate with DTT pnor to assay mtiation

4.6 4.1.2. Inhibition of PE by Cysteine Protease Inhibitors

Punfied PE was mhbited by 10doacetamide (10mM), NEM (10mM) and PCMB (5mM) by 20%, 40%
and 70% respectively Of these three compounds PCMB 1s the most effective and specific cysteine
protease mlubitor However, all three compounds may mteract with cystene residues that are not
located 1n the active site of an enzyme (Andrews et al, 1980) The mhbibinon of PE by cysteme
protease inhibitors has been widely reported, the most effective mhibiion bemg observed with PCMB
(Daly et al, 1985, Mizutam et al , 1984, Rosen et al , 1991, Taylor and Dixon, 1976) Andrews et al,
(1980), having determmed that PE was a serme protease, proposed that the mhibition of PE by cystemne
protease mhibitors was the result of the mnteraction of these compounds with a ron-catalytic cysteme
residue located near the acuve site  This has been previously reported far other serme proteases (Ba
and Hayashi, 1979) The results presented here agree well with results obtamed by Polgar, (1991) He
related the size of the compounds interacting with the cysteme residue near the acuve site of PE with
thewr abiity to mhibat the enzymes activity Smaller thiol reagents, such as 1odoacetanude, were less
likely to exert stearic effects on the binding of substrate to the active site and therefore were less likely
to sigmficantly mhibit the enzyme Larger thiol reagents such as NEM, were of sufficient size to
nterfere with the binding of substrate to enzyme and therefore exerted a stronger mhibitory effect.
Thss increase of inhibitory activity with relationship to thiol reagent size was consistent with the
ghest levels of mhibiion being exerted by PCMB

4.6.4.1.3, Inhibition of Purified PE by Serine Protease Inhibitors
Punfied PE was sigmificantly mhibited by AEBSF (80% mhibiuon at 10mM) and 10 a lesser extent by
PMSF AEBSF 1s a very specific sertne protease inhibitor and its mhibition of PE 1s indicative that PE
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1s a senne protease PE has been confirmed as a senine protease by many authors (Kusuhara et al,
1993, Strohmeier ef al , 1994, Yoshimoto er al , 1983), however no reports of the use of AEBSF have
been published AEBSF was chosen as 1t represented a non-toxic but extremely potent alternative 0

DFP

46414 Inhibition of PE by Phenanthrolines

PE was mhibited by 10mM 1,10-, 4,7- and 1,7-phenanthroline by 50%, 50% and 60% respectively

The mhibition of proteases by the chelator, 1,10-phenanthroline, 13 nonmnally indicauve of a metallo-
protease However, EDTA and 8-hydroxyquinolime did not mhibit PE activity significantly Thus,
coupled with the fact that 1,7- and 4,7-phenanthroline are not chelators, indicates that the inhibition of
PE by phenathrohines was not due 10 metal chelatior, but rather, 1t was due to some structural sundarity
between these compounds Czekay and Baver, (1993) reported that pyroglutamyl aminopepudase type
IT (PAP I) purified from rat brain was a metallo-protease, but was also mhibited by 4,7- and 1,7-
phenanthroline They proposed that the inhihttion of this enzyme by the phenanthrolines was probably
due to the non-specific hydrophobic mierachon of the enzyme with the aromauc structures shared by
these compounds They supported this observation with the fact that PAP II interacted strongly with
phenyl sepharose hydrophobic mteractrton chromatography media. Thus explanation, therefore, could
be applied to the effect of the phenanthrolmes towards PE activity, as 1t also imteracts strongly with
phenyl sepharose (Figure 362)

4 6.4.2. F R n ZIP

The results illustrating the effect of functional reagents on punified ZIP acuvity are presented m Table
35 and the invesbgations were carned out as described m section 294 Those results that are
signuficant with regards to the mechamstic classificabon of ZIP are as follows

46.42.1. Inhibition of ZIP by Cysteine Protease Inhibitors

Punfied ZIP was inmibited by PCMB (SmM) and NEM (10mM) by 55% and 30% respectively Unlike
PE, there was no sigmficant inhibition obtamed with the other cysteme protease inhibitors  Of these
two compounds PCMB 1s the most effecive  However, as with PE, these two compounds may mteract
with cysteme residues that are not located m the active site of an enzyme and ZIP may not be a cysteine
protease This 1s supporied by the fact that ZIP activity was not enhanced by the presence of reducing
agents such as DTT or 2-mercaptoethanol (Table 3.5) The steanc effect discussed earhier with regards
to the mhubitton of PE by PCMB and NEM may also apply to ZIP

46.4.2.2. Inhibition of Purified ZIP by Serine Protease Inhibitors

Purified ZIP was significantly inhibited by AEBSF (85% inhibition at 10mM) and to a lesser extent by
PMSF (45% mhibiuon at ImM) AEBSF has already been discussed as a specific non-toxic mhibitor
of serine proteases Its inhibiton of ZIP 15 therefore indicative that ZIP 1s a senne protease
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46423 Inhibition of ZIP by Phenanthrolines

Like PE, ZIP was mhitated by 10mM 1,7- and 4,7-phenanthroline by 70% and 80% respecuvely This
inbition 1s probably best explained by the same process whereby the phenanthrolines mhibited PE
activity (Czekay and Baver, 1993) The supporuing argument made by these authors that the
mteraction of an enzvme with the aromauc structures of the phenanthroline compounds was
hydrophobic 1m nature. 1s also supported by the interaction of ZIP with phenyl sepharose (Figure
365) Itismterestmg  note that ZIP interacted with phenyl sepharose 1 a stronger manner than PE,
demonstrated by the peed 1o use distslled water to elute the enzyme from the column The increased
capacity of ZIP for hydrophobic interacuon may be responsible for the greater inhibition demonstrated
by ZIP when exposed & the phenanthrolines

4.6 5. The Effect of Divalent Metal Salts on Purified PE and ZIP
Actrvities

The effect of divalent metat salts on purified PE and ZIP acuvities was determmed as described m
section 2 9 S and the results are presented 1n Table 3 6 Of sigmificance 1s the fact that both PE and ZIP
acuvities were wmhibited strongly by HgSO4 (approximately 90% mhibition observed for both
enzymes) Inactivatiom by heavy metal poisoning 1s well documented (Vatlee and Ulmer, 1972)
Heavy metal cabons snch as mercury (Hg2+) are known to react with protemn sulphydryl groups,
converting them to mescapuides, as well as histudine and tryptophan residues In addition, dssulphide
bonds can be hydrolytically degraded by the catalyuc action of mercury (Volkin and Khbanov, 1990)
This supports the evidence presented thus far, that mteracaon with cysteme residues or with sulphydryl
groups of both PE and ZIP leads to an mhibition of both enzymes The mhibition of PE by Hg2+ 1s
well documented 10 the hterature (Yoshimoto ef al , 1981, Strohmeter et al., 1994, Satar er al , 1990,
Mizutan ef al., 1984) Likewse the mhibition presented for Zn2* 1s also m agreement with previous
reports (Yoshmmoto et al., 1988, Kato ez al , 1980; Kalwant and Porter, 1991) However, these authors
also reported sagnificant mbition of PE by Cu?* and Ni2* which was not observed m this work ZIP
activity, although strongly inhibited by only Hg2+, demonstrated a greater sensitivity to mhibition by
divalent metal salts that PE (Table 3 6)

4 6.6, Substrate Speaficity Studies on Purified PE and ZIP

Substrate specificity stmches were carried out as outlined 1n sections 296 and 29 7 and the results are
presented m section 39.6 Three methods of mvestigation were employed to determine the substrate
specificity of both PE amd ZIP  Reverse Phase HPLC focused on detecting cleavage products produced
when various peptides were mcubated with PE or ZIP  Fluonmetric substrates were used to determine
the ability of both enzymes i releasing MCA from the carboxyl terminus of a variety of peptides

Kinetic analysis of the effect of prolme contaiming peptides on the release of MCA from Z-Gly-Pro-
MCA by punfied PE and ZIP activites was also mvestigated The relevance of results obtamned from
these mvestigations will be discussed with regards to PE and ZIP substrate specificity
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4661. Substrate Specificity Studies on Purified PE

Table 3 8 presents the results obtamed when PE was mcubated with various fluonmetnic substrates o
deteroune 1ts ability to release free MCA from these pepudes This not only belped to elucidate the
substrate specificity of PE but also indicated whether the punfied PE preparation may have contained
secondary pepuidase contaminants PE exhibited activity agamst the fluonmetnc TRH analogue, pGlu-
His-Pro-MCA (TRH-MCA) and Suc-Gly-Pro-Leu-Gly-Pro-MCA The release of MCA from TRH-
MCA poses mterestng questions with regards to the specificity of PE towards TRH and its analogues

PE cleaved lus substrate at approximately 60% the rate at which 1t cleaved Z-Gly-Pro-MCA (Table
3 8), yet the cleavage of the natural pepude, pGlu-His-Pro-NHj, was not detected usmg Reverse Phase
HPLC as 1illustrated i Figures 396 3 and 39 64 The product expected following the deamidation of
TRH by PE 1s TRH-OH Figure 39 6 3 1llustrated clearly that the HPLC method employed could
distinguish easily between TRH and TRH-OH It 1s likely that the fatlure to detect TRH-OH following
incubatton of TRH wrth PE 1s not because TRH was not cleaved by PE, but that the HPLC method was
not sensitive enough 10 detect any TRH-OH that was produced The Ky, determined for PE activity
towards TRH-MCA was 69uM (Table 3 9 ), however the compettive action of TRH on PE activity
towards Z-Gly-Pro-MCA produced a K; of 680pM (Table 3 10 ), dlustrating a 10 fold decrease mn
specificity  Ths K value suggests that PE might not play an important physiological role with regard
to TRH The resalts presented 1 Table 3 8 indicate that there 1s no major contaminating peptidase
acuivity 1n the punfied PE preparation as no significant cleavage of substrates other than TRH-MCA
and Suc-Gly-Pro-Leu-Gly-Pro-MCA was observed Reverse Phase HPLC vestigations showed that
PE hydrolysed the troactive peptides LHRH (Figure 3 9 6 1 ), Bradykmun (Figure 3 9 6 5), Substance
P (Figure 3 96 7)) and Angiotensin II (Figure 3969 ) The cleavage of these substrates by PE has
been previously reported (Bai, 1994, Barell et al., 1989, Blumberg ef al , 1980; Chappell et al., 1990,
Emson and Wilhams, 1983) Resvlts obtamned from kmetic analysis of the mteraction of PE towards
these pepudes are presented i Table 3 10 PE exhibits a low specificity towards LHRH (K, of
523uM) sumular to the figure obtamned for TRH However a higher specificity towards Bradykmin (K,
of 136uM) and Angiotensin I (K, of 113pM) was observed These specificiies approxsmate to the
specificity of PE towards 1ts fluonmetric substrate, Z-Gly-Pro-MCA (K of 94uM)

4662, Substrate Specificity Studies on Purified ZIP

ZIP exhibited significant activity agamnst the fluorimetnc substrate Pro-MCA, the substrate commonly
used to detect prohine aminopepuidase activity  However, ZIP activity agamst Z-Gly-Pro-MCA cannot
be explamed by the action of an aminopeptidase activity and therefore the cleavage of Pro-MCA by
punfied ZIP preparation could represent a contaminating peptidase acuvity Reverse Phase HPLC
mvesugations demonstrated that ZIP cleaved LHRH, Bradykinin and Substance P The cleavage
products obtained from the action of ZIP towards L HRH and Bradykitn mdicate that PE and ZIP may
share a common cleavage site on each bioactive pepuide In both cases, the fragment obtamed
followmng incubanion of LHRH and Bradykinin with ZIP, corresponded to the major fragment observed
when these substrates were incubated with punified PE (Figures 3961,3962,3965 and3966)
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Kinenc analysis of these interactions (Table 3 10) indicate that ZIP exhibits a sumudar specificity
towards LHRH as does PE (K; of 475uM) but its specaficity towards Bradykinin 1s approximately 20
fold lower (K, of 2497uM)

467 The Effects of Proline Specific Peptidase Inhibitors on

Purified PE and ZIP Actinties
The 1nvestigation wnto the effect of prolme specific inbibstors was carned out as outlined 1n secthion
298 and the results are presented 1n section 398 Having first discovered ZIP actuvity m bovine
serum and 1dentified 1ts resistance to Z-Pro-Prohinal inmbition (Figures 34 2 and 3 4 3 ) other PE and
prolmme specific peptidase mnhibitors were sought from varous mternational groups This hist of
inhibitors 1s presented in Table 26 The mvestigation carned out using these mhibitors was simple m
nature and was implemented solely to determine the sunilanties or differences obtained when either
ZIP or PE activiies were determined 1n the presence of these compounds ICsg) values were calculated
to tlustrate the differences 1n sensitivity of both enzymes to mmhibition by these compounds, and are
presented m Table 3 11 All compounds with the exception of kelatorphan mhibited PE acuvity The
least effecuve of these was Boc-Glu(NHO-Bz)-Pyrr with an IC5( value of 1 6x10°’M Thss ihibitor
was synthesised by Demuth ef al , (1993} as part of a series of amno dicarboxylic acid pyrrohdide
inhbitors designed to inhibit prolime specific peptidases such as PE and DAP IV Figure 4 6 (a) shows
the structural similanty between the mhibitor and the Cys-Pro sequence of residues found m Oxytocin
and Vasopressin, both natural substrates of PE The most effecive mlubitors based on their very low
IC5( values were a-Ketobenzothiazole and Z-Indolinyl Prolinal The former was obtamned from
Tsutsumu et al , (1994) and 1ts structure 15 presented 1n Figure 4 6 (b) It was synthesised as part of a
senes of mbibitors produced to wnhibit PE activity specifically Tsutsumi et al. reported an ICs() value
of 5 0x10"IM for the acton of this nibitor aganst PE activity, 1n companson to the value presented
in Table 3 11 of 4x10-11M Bovine serum PE was therefore 100 tumes more sensitive to the mhibitory
action of a-Ketobenzothiazole than that of the partially purified porcine kidney PE used by Tsutsum ef
al Z-Indolinyl-Prolinal, supplied by Dr Steven Faraci (Bakker et al, 1991) demonstrated an IC5
value of 5 0x10-11M agamst PE actvity The structure of this compound 1s llustrated m Fig 4 6 (c)
Bakker ef al descnbed this compound as a slow tight binding imhibitor of PE activity
ZIP acuvity was resistant to inhibition by Z-Pro-Prolinal, Foc-Pro-Pro-Nitrile, Kelatorphan and Z-Phe-
Pro-Methylketone With the excepton of kelatorphan, all of these mhibitors are denvauves of Z-Pro-
Prolinal ZIP was inhibited to some extent by Z-Indolinyl-Prolmmal and Boc-Glu-(NHO-Bz)-Pyrr with
ICs(g values of approxumately 10x104M  Also of interest was that Z-Thopropyl-Thioprolinal, a
denvative of Z-Pro-Prolinal (Tsuru ef al, 1988) was a potent mhibitor of ZIP activity (IC50 = 1 8x10°
8M) The most potent inhibitory activity observed against ZIP was that of a-Ketobenzothiazole, which
was also the most potent PE 1nhibitor tested The IC5( values observed for a-Ketobenzothiazole
ichibiton of PE and ZIP were comparable at 4 1x10-11M and 1 5x10-11M respectively
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Oxytocin, Vasopressin Boc-Glu(NHO-Bz)-Pyrr
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Figure 4 6. (a) Structure of BOC-Glu(NHO-Bz)-Pyrr and uts relationship to the Cys-Pro bond

found n oxytocin and vasopresswn, natural substrates for PE (b) Structure of the PE inubitor, o-
Ketobenzothiazole This inhubuor was the most potent inhibitor tested for both PE and ZIP activities

(¢) Structure of Z-Indolinyl-Prolinal, a very potent inhubitor of PE activity
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47. General Summary

Two disunct protine specific peptidases were detected 1n bovine serum using the substrate Z-Gly-Pro-
MCA, a reportedly specific fluonmetric substrate for proly! endopepuidase (PE) One of these
acuvities was mhibited by Z-Pro-Prolinal, a PE specific inhubitor, and was subsequently designated PE
The second acuvity resisted mhibition by Z-Pro-Prohinal, even at h:gh concentratons and increased
preincubation imes  This acivity was subsequently designated Z-Pro-Prohnal insensitive Z-Gly-Pro-
MCA degrading peptidase (ZIP)

Both PE and ZIP acuvities m bovine serum were successfully separated using SP-Sepharose cation
exchange chromatography and were subsequently punfied independently of each other

4.7.1. PE - Summary and Conclusions

PE acuvity was partially punified, following its separation from ZIP, using Phenyl-Sepharose
hydrophobic mteraction, DEAE-Sepharose anion exchange and Sephacryl S-200 HR gel filtration
chromatographies, with a final yield of 24% and a final punfication factor of 30 achieved The enzyme
had a nafive molecular weight of 70,000 Da, as determined by gel filtrauon chromatography The
subunit structure of the enzyme could not be determined by SDS PAGE due to the appearance of
muluple bands followmg visualisation of the gel by silver staming

A pH opumum of 8 0, with a preference for phosphate buffer was determuned for the partally punified
PE. The enzyme was stable over a pH range of 5-9 Optimal activity was obtamned from PE at a
temperatore of 37°C with httle activity being detected above or below this temperature

PE acuvity was inhibited by AEBSF ndicating that the enzyme may be a member of the sernne
protease famuly The enzyme was also mhibited by PCMB and activated by DTT, indicating the

possible presence of an essential cysteme residue close to the active site

PE hydrolysed the substrates Z-Gly-Pro-MCA and pGlu-His-Pro-MCA, with Ky, values of 94uM and
62uM respectively The enzyme also cleaved a variety of prohine containing bioactive peptides
mncluding LHRH, bradykmin, substance P and angiotensin II  These peptdes also compettively

whibited PE activity towards Z-Gly-Pro-MCA  PE demonstrated relatively high specificiues towards
bradykinin and angotensin IT with K, values of 136uM and 113uM respectively

The enzyme was inhibited by a range of PE specific mhibitors with the highest mhibitory activity bemng
observed for a-ketobenzothiazole (IC50 = 41picomolar) and Z-Indolinyl Protinal (ICsg = 45

picomolar)

In conclusion, bovine serum PE activity, punfied and charactensed dunng this investigation, has
revealed itself to be sumilar to PE activities 1solated from other sources with regard (0 1ts biophysical
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and biochemical charactenstics, and 1ts substrate specificity However, based on s poorly mvestigated
acuvity towards proline coutaining bioacuve peptides, this serum form of PE mav play an important

physiological role 1 the metabolism of such pepudes

47.2 ZIP - Summary and Conclusions

Z-Pro-Prolinal msensitive Z-Gly-Pro-MCA degrading peptidase (ZIP) activaty was punified, following
1ts separation from PE, usmg Phenyl-Sepharose hydrophobic nteraction , Calcium Phosphate Cellulose
and Sephacryl S-200 HR gel filtratton chromatographies, with a final yield of 14% and a final
punfication factor of 2250 achieved The enzyme had a native molecular weight of 185,000 Da, as
determuned by gel filraton chromatography The subumit structure of ZIP was determined to be
tetramenic based on the rdentaficatton of a major band of 50,000Da by SDS PAGE following
visualisation of the gel by silver staining

The enzyme extubited a pH opumumn of 8 5, and was stable over a pH range of 4-9.5 Optimal activity
was obtamed from ZIP at a temperature of 37°C- 40 C wath sigmificant act:vities bemg observed at 4°C
and 20°C

The enzyme was inhibited by AEBSF mdicating that 1t 1s probably a member of the serine protease
famuly

ZIP hydrolysed the substrate Z-Gly-Pro-MCA with a Kq, value of 267uM bemng determmed. The
enzyme also cleaved a vanety of prohine containing bioactive peptides mcluding LHRH, bradykmm
and substance P These pepudes also mhubited ZIP activity towards Z-Gly-Pro-MCA with bradykinm
and LHRH demonstrating competitive K, values of 2 SmM and 475uM respectively

The enzyme was mhibited by some of the PE specific mhibitors tested  Highest mhibutory activity was
observed for a-ketobenzothazole (IC50 = 15 picomolar)

The investiganon of ZIP activity 1 bovine serum leads to the following conclusions.

(1) The fluonmetric assay used to assess PE activity 1 serum, using the substrate Z-Gly-Pro-MCA, 1s
not valid unless the activity observed can be completely inhibited by Z-Pro-Prolinal.

(2) ZIP acuvity, 1solated and charactensed from bovine serum, 1s prohne specfic based on 1ts
mhrbition by PE specific mhubitors, particularly those that are based on a proline dipeptde structure,

and 1ts abihty to release free MCA from the fluonmetnc substrate, Z-Gly-Pro-MCA.

(3) The brophysical and biochemical charactenistics, determined for ZIP durmg this mvestigation, are
dissumular to those of any mdividual proline specific peptidase, previously charactensed.
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(4) The ability of ZIP to release free MCA from the substrale Z-Gly-Pro-MCA mdicates that it migh
be classified as either an endopepudase or carboxypepudase acuvity However, the enzymes ability
cleave LHRH, bradykinin and substance P indicate that 1t 1s a proline specific endopepudase To date.
the only reported proline specific endopepidase activity matching these substrate specificin
requirements has been prolyl endopeptidase (PE) This invesugauon has determined that ZIP activin

1 bovine serum 1s distuact from PE

Therefore, ZIP acuvity may represent a novel proline specific endopeptidase locahised 1n serum and
may, like PE, play an important physiological role in the metabolism of proline containing bioactive

pepudes
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Appendices



A 1. Kinetic Analysis
Data obtained from relevant kinetic nvestigations were subjected to analvsis based on Michaelis-
Menten, Lineweaver-Burk, Eadie-Hofstee, Hanes-Woolf and Direct Linear Plot models

A.l1.1 Michaehs-Menten Analysis
The rate equation for the Michaelis-Menten mode! of enzyme catatysed reaction ts as foliows

Vo = Vmax{S]/ (Km + [S])

where Vg = mual velocity, Viax = maxunal velocity, {S] = substrate concentration and Kg; 1s the

Michaelis-Menten rate constant.

A.1.2, Lineweaver-Burk Analysis
A double reciprocal transformation of the Michaehs-Menten rate equanon leads to the followmg

lNo = KmNmax[S] + UVmax

A plot of 1/V, versus 1/[S] produces a straight line  The slope of this line represents Kyy/Vmax. the
Y-axis mtercept represents 1/Vpax and the X-axis mtercept represents -1/Ky

A.1.3. Eadie-Hofstee Analysis
This rate equation represents a denvation of the Michaelis-Menten rate equation and 1s as follows.

Vo/[S]1 = Vmax/Km - Vo/Km

A plot of V[S] verus Vg produces a strarght ime  The slope of the Ime represents -1/Kp,, the Y-axis
mtercept represents Vg x/Km and the X-axis mntercept represents Vmax

A1lA4. Hanes-Woolf Analysis
Thus rate equation also represents a denvation of the Michaehs-Menten rate equation and 1s as follows.

[S/Vo = Km/Vmax + [S)/Vmax

Plotung [S}/Vg versus [S] produces a straight ne  The slope of the lme represents 1/Viyax, the Y-
axis intercept represents Kiyy/Vinax and the X-axis mtercept represents -Ky,

Data obtamed from knetic studies was entered 1nto a SigmaPlot worksheet. The data was transformed
to produce the relevant X and Y axis cordiates applicable to each of the four previously mentoned
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models Curve fitung protocols, based on the four models, were created and run to determine Km

values for the data.

A1lS. Direct Linear Plot Analysis

This method 1s based on plotuing substrate concentration and 1mtal velocity values as lines w n
parameter space rather than as points 1n observanon space Where as iz the previously mentioned
models, substrate concentration and 1nit:al velocity values were used to place a pont m observauon
space at particular X, Y coordinates, in this model a line 1s constructed by joming a pownt at a distance
of -[S] from the ongm on the X-axis 0 a pont at a distance V from the ongin on the Y-axis and
extendmg that line into posiave X and Y space Ploting multiple hnes nsmg muluple substrate
concentration and mmbial velocity combinations will lead 1deally to a umgue mtersection point, whose
X and Y coordinates represent Ky and Vipax respectively

Vmax

V3

/

-83 -82 S1 Km

In pracuise, many mntersection pownts are obtamed and the Ky and Vmay parameters are represented by
the median values Beacuse the median value of the hst of possible deterrnmations 1s used, the Direct
Lmnear Plot 1s less sensitive to the effects of outliers, making 1t statistically better than the previous
models A simple BASIC program was created to take data obtained from kmetic mvestigations and
calculate the intesection point of Ines created as described, and to determme the median values

A.2. i 1_Analysi

Standard deviations were used 10 express error bar amphtudes on all plots The mathematics used to
produce the standard deviation (s d ) from triplicate determinations were as follows.

Mean=(a+b +c)/3
Variance = (a2 + b2 + c2)/3 - Mean?
sd = Vanancel/2

Where a, b, and ¢ represent the three mdividual determinations
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