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ABSTRACT

ABSTRACT

The proteolytic systems of lactic acid bacteria have important roles in the maturation and flavour
development of cheese. Lactic acid bacteria pepetidases contribute to the taste of cheese
through the production of low-molecular weight peptides and free amino acids. Although some
lactic acid bacteria peptidases have been structurally and enzymatically characterised for their
substrate specificity, there are some that are yet to be completely biochemically characterised.
The aim of the present study was to investigate the substrate specificity and three-dimensional
structure of two peptidases that could potentially be used as a tool to modify and control cheese
bitterness and possibly other flavour attributes from Lactobacillus rhamnosus, PepO and PepW.

The pepW gene was successfully cloned from L. rhamnosus into an E. coli expression system.
Recombinant PepW was purified to homogeneity and was shown to exist as a hexamer of 50
kDa subunits. Recombinant PepO was expressed from a previously established L. /actis
expression system and purified to homogeneity. PepO was shown to exist as a 70 kDa
monomer, and function as a metallopeptidase.

PepO and PepW were shown to selectively hydrolyse chymosin-derived bovine - and k-casein
peptides, and casein peptides extracted from Cheddar cheese. One conclusive PepO cleavage
site that had not been previously characterised was identified. This was the B-casein peptide
bond between Leug-Asn;. Several possible PepO and PepW cleavage sites in us-, B- and k-
casein were identified, suggesting that PepO has a broad endopeptidase activity, whilst PepW

has a specific exopeptidase activity.

PepO and PepW crystals were successfully grown for structure aetenmiiiauun by A~y
crystallography. Native data sets were collected for both PepO and PepW, and derivative data
were collected for PepO. Structure determination was attempted using Multiple Isomorphous
Replacement and Molecular Replacement techniques.

Results from the substrate specificity and structural investigation of the L. rhamnosus
peptidases, PepO and PepW, are presented in this thesis.
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PROTEOLYTIC ENZYMES: AN INTRODUCTION

1.1 PROTEOLYTIC ENZYMES

In recent years it has become clear that proteolytic enzymes mediate many important biological
processes including: fertilization, cell division and differentiation, controlled cell death, blood
coagulation and protein catabolism. Proteolytic enzymes are found in all organisms regardless
of kingdom, and the importance of these enzymes is emphasized by the fact that approximately
2% of human genes encode proteolytic enzymes (Saklatvala 2003).

Proteolytic enzymes break peptide bonds linking the amino group of one amino acid with the
carboxy group of an adjacent amino acid in a peptide chain (Figure 1.1).

Pg R i
+
+H3N—(|3—C—ITI—?—C O- + H20 ——p +H3N—C—C—0O- + H—N—C—C—0-
H H H H r|1 i

Figure 1.1 Proteolytic Enzymes Catalyse the Hydrolysis of Peptide Bonds.

1.1.1 CLASSIFICATION

Proteolytic enzymes require water to be present in the catalytic site to break the peptide bond
and are thus classified as hydrolases (EC 3). All enzymes that catalyse the cleavage of any
chemical bonds using water in the mechanism are termed hydrolases. This family of enzymes
encompass esterases, lipases, peptidases and proteases. While the systematic name of a
hydrolase enzyme always includes the term 'hydrolase’, the common name is formed by the
name of the substrate with the suffix -ase. The term “peptidase” is synonymous with "peptide
hydrolase" and has been recommended by the International Union of Biochemistry and
Molecular Biology (IUBMB) as the general term for all enzymes that hydrolyse peptide bonds
(NC-IUBMB 1992).

Peptidases (EC 3.4) are primarily classified on the basis of their action as either exopeptidases
or endopepiidases. Cxopeptidases (EC 2.4.11-19) cleave pentide bonds near the amino
terminus or the carboxy terminus of a peptide substrate, while endopeptidases (EC 3.4.21-99)
hydrolyze peptide bonds distant from the amino and carboxy termini of the peptide substrate
(NC-IUBMB 1992; Barrett 2004) (Table 1.1).
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Table 1.1 Peptidase Classification According to Enzyme Commission and Reaction Catalysed.

Peptidase EC Reaction Catalysed °

Exopeptidases 3.411-19
Aminopeptidases 3.4.11 X X(n)
Dipeptidases 3.4.13 XX
Dipeptidyl-peptidases, tripeptidyl-peptidases 3.4.14 X-X(X)dX(n)
Peptidyl-dipeptidases 3.4.15 X(n)X-X
Serine-type carboxypeptidases 3.4.16 X(n)¥ X
Metallocarboxypeptidases 3.417 X(n)X
Cysteine-type carboxypeptidases 3.4.18 X(n)¥X
Omega peptidases 3.4.19 Y X(n)

Endopeptidases 3.4.21-99
Serine endopeptidases 3.4.21 X(nX(n)
Cysteine endopeptidases 3.422 X(n)NX(n")
Aspartic endopeptidases 3423 X(n)X(n)
Metalloendopeptidases 3.424 X)X ()
Threonine endopeptidases 3425 X(n)NX(n")
Endopeptidases of unknown catalytic mechanism 3.499 X(n)X(n)

* Reaction Catalysed: !, cleavage site; n, number of residues; X, amino acid; Y, amino acid that is cyclized, or linked

by an isopeptide bond.

1.1.2 EXOPEPTIDASES

The exopeptidases can be further classified on the basis of the reaction catalysed.
Exopeptidases that act at the amino-terminus of a peptide substrate can either release a single
amino acid residue (aminopeptidases EC 3.4.11) or a dipeptide or a tripeptide (dipeptidyl-
peptidases and tripeptidyl-peptidases EC 3.4.14). Those that act at the carboxy-terminus can
also release either a single residue (carboxypeptidases EC 3.4.16-18) or a dipeptide (peptidyl-
dipeptidases EC 3.4.15). Some exopeptidases are specific for certain dipeptides (dipeptidases
EC 3.4.13) and some remove terminal residues that are cyclized, or linked by isopeptide bonds
(peptide linkages other than those of a-amino to a-carboxyl groups) e.g. omega peptidases (EC
3.4.19) (Barrett 1992; NC-IUBMB 1992, Barrett 2004).

1.1.3 ENDOPEPTIDASES

Due to difficulties defining the substrate specificity of endopeptidases, an alternative
classification system has been developed. In 1960 Hartiey described four distinct types ar
catalytic mechanism used by peptidases; serine, cysteine, aspartic and metallo, and this
observation developed into a practical system for peptidase classification (Hartley 1960, Barrett
1992). Peptidases are now classified under a hierarchical system built on the concepts of
catalytic type, clan, family and peptidase (Barrett 2004; Rawlings 2004).
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1.1.4 CATALYTIC TYPE

The concept of catalytic type of a peptidase depends upon the chemical nature of the groups
responsible for catalysis. The currently recognized catalytic types are; Serine, Cysteine,
Threonine, Aspartic, Metallo, Glutamic and some as yet unclassified. These catalytic types
partition essentially into two catalytic mechanisms: covalent and non-covalent (general acid-
base) catalysis (Salvesen 2003) (Figure 1.2).

@]
| ¢

R—C——N Rs

N

Acid Acid Base

1. Covalent Catalysis 2. Non-covalent Catalysis
Serine, Threonine, Cysteine Aspartic, Glutamic, Metallo

Figure 1.2 The Covalent and Non-covalent Catalytic Mechanism of Peptidases. (Nuc, nucleophile;
Acid, aspartic/glutamic acid; Base, usually histidine; OH, water molecule; {, cleavage
site; 111, hydrogen bond; __ | covalent bond).

The covalent catalytic mechanism of the serine, cysteine and threonine peptidases involves the
nucleopniiic atiack of the scissile neptide bond of the substrate, by a nucleophilic side chain of
the enzyme generating a covalent enzyme-substrate intermediate. The nucleophile that atiacks
the carbonyl carbon of the scissile peptide bond may be the sulfhydryl group of a cysteine
(cysteine peptidases EC 3.4.22), or the hydroxyl group of a serine (serine peptidases EC
3.4.21) or threonine residue (threonine peptidases EC 3.4.25), with the nitrogen of the imidazole
of histidine often functioning as a base (Barrett 2004).
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The catalytic mechanism of the aspartic, glutamic and metallopeptidases involves a non-
covalent intermediate and differs from the serine, cysteine and threonine peptidases in that the
nucleophile that attacks the scissile peptide bond is an activated water molecule rather than the
nucleophilic side chain of an amino acid (Barrett 2004).

The aspartic peptidases (EC 3.4.23) and recently discovered glutamic peptidases (also EC
3.4.23) have either an aspartic acid or a glutamic acid residue at the catalytic site, that activates
the water molecule, while the metallopeptidases (EC 3.4.24) contain a divalent cation, usually
zinc, at the active site centre which in conjunction with a glutamic acid residue activates the
water molecule. The imidazole ring of histidine often functions as a base for these peptidases
as it does for the serine, cysteine and threonine peptidases (Barrett 2004; Rawlings 2004).

The catalytic mechanism of a peptidase can often be predicted by amino acid sequence
analysis, for example metallopeptidases often contain a conserved HEXXH pentapeptide that
has been shown in crystallographic studies to coordinate a metal ion at the active centre
(Barrett 1992, Barrett 2004). However, the catalytic mechanism can only be reliably determined

by establishing the susceptibility of the peptidase to specific protease inhibitors.

1.1.5 CLAN, FAMILY AND PEPTIDASE

Peptidases are further classified under the concepts of clan, family and peptidase. Clans and
families are groups of homologous peptidases; a clan contains one or more families that appear
to have come from a common origin. The clearest kind of evidence for homology at the clan
level is three-dimensional structural similarity, but amino acid sequence similarity can also be
revealing. The name of a clan is formed from the initial letter of the catalytic type (S, serine; C,
cysteine; T, threonine; A, aspartic; M, metallo; G, glutamic; U, unclassified) followed by a serial
second capital letter. Each peptidase family is named with a letter denoting the catalytic type
followed by a sequentially assigned number (Barrett 2004; Rawlings 2004).

A peptidase family is a group of peptidases, all of which display a particular kind of peptidase
activity, and are closely related in amino acid sequence (Barrett 2004). Each member of the
group is assigned a unique identifier constructed of two parts, each part being separated by a
decimal point: these are the family name and an arbitrary three-digit serial number (Barrett
2004; Rawlings 2004).

Due to the rapid expansion of research on proteolytic enzymes an updatable reference resource
containing summary data on all peptidases has been established. The MEROPS peptidase
database (www.merops.ac.uk) was first published on the World Wide Web in 1996 and currently
provides information on 177 peptidase families, 49 clans and 2018 unique peptidases (Rawlings
2004) (Table 1.2).
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Table 1.2 Statistics for the MEROPS Database.

Catalytic Type Total Famil Clan Peptidase PDB Entry
Serine 9484 39 10 773 145
Threonine 977 4 1 57 37
Cysteine 4771 58 7 459 75
Aspartic 1501 12 6 159 36
Metallo 7581 53 15 552 84
Glutamic 10 1 1 4 1
Unknown 575 10 9 14 1
Total 24899 177 49 2018 379

1.1.6 NOMENCLATURE FOR PEPTIDASE SUBSTRATE SPECIFICITY

The system used to describe peptidase substrate specificity was introduced in 1970 by Berger
and Schechter, who proposed that the peptidase catalytic site is flanked by specificity subsites,
each able to accommodate the side chain of a single amino acid residue. These subsites are
called S (for subsites) and are numbered from the catalytic site, S1 ... Sn towards the amino-
terminus of the substrate, and S1' ... Sn’ towards the carboxy-terminus. The peptide substrate
residues that they accommodate are called P (for peptide) and are numbered P1 ... Pn, and P1’

... Pn’, respectively (Berger 1970; Barrett 1992; Barrett 2004) (Figure 1.3).

e GG

Figure 1.3 Nomenclature for Peptidase Substrate Specificity. (S, subsites; P, peptide

residue; 1, cleavage site)

1.2 PROTEOLYTIC ENZYMES IN BIOLOGY

Research into the proteolytic enzymes is rich and diverse. One of the earliest and best
understood paradigms of proteolytic activity is zymogen activation. Many enzymes are
synthesised as inactive precursors (zymogens) that are subsequently activated by cleavage of
one or a few specific peptide bonds. Zymogen activation is responsible for a great variety of
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physiological regulation, including protein digestion, and is particularly important when coupled
to cascade activation as has been well documented for blood coagulation, apoptosis and the
complement system (Neurath 1999).

Unlike the phosphorylation/dephosphorylation cascades, which are reversible, proteolytic
cascades are irreversible, and therefore must be tightly regulated to prevent the serious
deleterious effects of uncontrolled proteolytic activity (Amour 2004).

Deregulation of peptidase activity can have pathological effects and peptidases often have an
important role in the development and manifestation of disease (Saklatvala 2003). The focus of
current peptidase research is the search for inhibitors to a number of peptidases implicated in
specific diseases. For example HIV peptidase inhibitors, and angiotensin converting enzyme
(ACE) inhibitors have both been shown to be very effective drugs for the treatment of AIDS and
cardiovascular disease, respectively (Pietzsch 2003).

By virtue of their ability to introduce restricted cleavages into a polypeptide substrate,
peptidases are also valuable biochemical tools and have received a great deal of attention. In
this context proteases and peptidases are also important in a number of industries particularly

the dairy industry.

1.3 LACTIC ACID BACTERIA

Lactic acid bacteria (LAB) are gram-positive bacteria that are used in the dairy industry for the
production of a variety of fermented milk products, including cheese and yoghurt. The principal
role of LAB in the production of cheese and yoghurt is to ferment the lactose in milk to lactic
acid, reducing the pH to approximately 4.5-5. This low pH prevents the growth of undesirable
micro-organisms and contributes to casein precipitation, the initial step in cheese production
(Reid 1994b).

It has been well established that many LAB, isolated from milk products, are multiple amino acid
auxotrophs and therefore must obtain essential amino acids from the growth medium (Kunji
1996). The quantities of free amino acids and small peptides present in milk are not sufficient to
support the growth of LAB to a high cell density. Subsequently, these bacteria have developed
complex proteolytic systems to obtain essential amino acids from caseins, the primary proteins

in milk.

The proteolytic systems of LAB have received an enormous amount of attention due to their
importance in both the physiology of the bacteria themselves, and because of their involvement
in the maturation and flavour development of cheese.
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Proteolysis contributes to the taste of cheese through the production of low-molecular weight
peptides and free amino acids. A number of free amino acids, mainly those with nonpolar or
hydrophobic side chains, exhibit a bitter flavour (e.g. isoleucine, tryptophan, phenylalanine), as
do many small peptides which exhibit flavours dependent on their hydrophobicity and amino
acid composition (Lemieux 1992). Certain sequences in the caseins, including osi-casein(1-9)
and B-casein(193-209), are particularly hydrophobic and, when excised by proteolytic enzymes
result in bitter flavours in dairy products which are undesirable (Sousa 2001; Yvon 2001).

Although the direct contribution of peptides and amino acids to flavour is probably limited to a
background flavour, they are precursors of many other flavour compounds. Conversion of
amino acids through deamination, transamination, and decarboxylation to various amines,
aldehydes, acids, and sulfur-containing compounds results in the development of different
flavours (Sousa 2001). Flavour development in cheese is of major economic interest since the
final flavour of cheeses partly determines consumer choice and because the development of
flavour is a time consuming and an expensive process. An understanding of the proteolytic
enzymes involved in LAB proteolysis is necessary to enable controlled synthesis of flavour
compounds through judicious choice of LAB organisms. In the long term, the development of
genetically modified LAB strains with improved fermentation properties, and substrate specificity
will provide the ultimate tool for the control of flavour in various dairy products.

1.3.1  LACTIC ACID BACTERIA PROTEOLYTIC NETWORK

Research on the LAB proteolytic network has focussed to a large extent on the well
characterised LAB, Lactococcus lactis. Most, if not all, of the components of the L. /actis
proteolytic network have been identified and the majority of the enzymes have been purified and
biochemically characterised. Furthermore the genetics of the corresponding genes have been
studied (Stepaniak 2004).

The L. lactis proteolytic network is composed of several closely related but catalytically distinct
cell-envelope proteinases (PrtP) which are involved in the initial cleavage of casein; cell
membrane transport systems (Opp, DtpT, DtpP) that are involved in the uptake of small
peptides and amino acids; and intracellular peptidases (Pep) that hydrolyse the casein-derived
peptides (Kunji 1996; Christensen 1999) (Figure 1.4).

The L. /actis cell-envelope proteinases, PrtPs, are large monomeric serine endopeptidases with
molecular weights of approximately 200 kDa. They are associated with the cell envelope
through a membrane anchor and a cell wall-spanning region and are sometimes known as
lactocepins (lactococcal cell envelope-associated proteinase) (Barrett 2004).
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Figure 1.4 The Lactic Acid Bacteria Proteolytic Network. (PriP, cell-envelope proteinase; Opp,
DtpP, DtpT, cell membrane transport systems).

Individual strains of L. /actis produce only one form of cell-envelope proteinase, type |, type Il or
one of intermediate specificity. Both PI- and Plli-type peptidases hydrolyse 3- and k-caseins,
although with different cleavage specificities, while usi-casesin is hydrolysed efficiently only by
Plll-type peptidases (Barratt 2004). The enzyme is stabilised by Ca®* (Exterkate 1999), and in
the absence of Ca®*, PrtP undergoes autoproteolysis and is released from the cell envelope.
Whether associated with the cell envelope or not, PrtP is able to hydrolyse casein into small

molecular weight peptides that can then be taken up by the cell via cell membrane transport
systems (Barrett 2004).

1.3.3 CELL MEMBRANE TRANSPORT SYSTEMS

L. lactis has separate transport systems for amino acids, di- and tripeptides (DtpT and DtpP),
and oligopeptides (Opp) in the cell membrane. The oligopeptide transport system (Opp)
mediates the ATP-driven transport of peptides with four or more residues, and plays a centrai
role in the proteolytic network. The di- and tripeptide transport systems DtpT and DtpP are also
important components of this network, with DtpP preferentially transporting di- and tripeptides
composed of hydrophobic, branched-chain amino acid residues, and DtpT transporting more-
hydrophilic peptides (Foucaud 1995; Barrett 2004).
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1.34

INTRACELLULAR PEPTIDASES

Following transport into the cell, the casein-derived peptides are further hydrolysed by

intracellular peptidases. There are at least ten intracellular peptidases in the L. /actis proteolytic

network, the majority of which are exopeptidases (Barrett 2004, Stepaniak 2004) (Table 1.3).

Table 1.3 Lactococcus lactis Intracellular Peptidases.

Peptidase Molecular Mass ® Structure ° Class °| Substrate ®

(kDa)

Expopetidase
Aminopeptidase PepA 38-45 Hexamer, trimer M Asp/GludX(n)
Aminopeptidase PepC 50 - 54 Hexamer C XX (n)
Aminopeptidase PepN 89 - 95 Monomer M XIX(n)
Dipeptidase PepV 46 - 52 Monomer M XX
Tripeptidase PepT 23-55 Monomer, dimer M XIX-X
Prolidase PepQ 41 -43 Monomer M XV Pro
Proiinase PepP 43 Monomer M XL Pro-X(n)
X-prolyl dipeptidyl 82 -117 Monomer, dimer S X-ProdX(n)
aminopeptidase PepX

Endopeptidase
Endopeptidase PepO 70-71 Monomer M X(n)+X(n"
Endopeptidase PepF 70 Monomer M X(n)X(n")

E]

d

Molecular Mass: calculated from known amino acid sequence or SDS-PAGE.

Structure: predicted from comparison of gel filtration value with either amino acid sequence or SDS-PAGE values,

or x-ray crystal analysis.

Catalytic class: C, cysteine; M, metallo; S, serine peptidases.

Substrate; +, cleavage site; X, amino acid.

1.3.4.1 EXOPEPTIDASES

L. lactis exopeptidases include the aminopeptidases (PepA, PepC, PepN, PepT, PepP), the

dipeptidases (PepV, PepQ) and the dipeptidyl peptidase (PepX). To date, no

carboxypeptidases have been identified in this organism.

A distinguishing feature of PepA is its thermal stability. Independent research groups have

shown that PepA from L. lactis subsp. lactis and subsp. cremoris retain greater than 50%

activity after incubation at 70°C for 1 hour (Niven 1991; Bacon 1594, Baiieit 2004).

In contrast to PepA, the aminopeptidases PepC and PepN have very broad substrate

specificities. PepN although it has a very broad substrate specificity, shows a marked

preference for substrates containing Arg as the N-terminal residue (Tan 1991; Barrett 2004).
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PepC, a cysteine aminopeptidase that is inhibited by SH-group reagents such as
iodoacetamide, is active only in a reducing environment (Barrett 2004). While exhibiting a
broad specificity, it cannot hydrolyse peptide bonds in which a proline residue is involved. The
crystallographic structure of L. lactis PepC has recently been solved (Barrett 2004; Mistou
unpublished results), revealing a hexameric ring structure which has a prominent central
channel large enough to accommodate a peptide. The active site of each monomer has a
papain-like fold and is situated within the central channel (Barrett 2004). Insertion of the C-
terminus of each PepC monomer into its own active site leaves sufficient space for only one
substrate residue, the P1 residue of the substrate, to enter the active site, and appears to be the
underlying molecular basis for the strict aminopeptidase activity of L. /actis PepC (Mata 1999;
Barrett 2004). Site directed mutagenesis, in which the last four C-terminal residues were

deleted, converted the enzyme into an endopeptidase (Mata 1999) to prove this hypothesis.

Recently, two peptidases that have about 55% identity in their amino acid sequences to L. /actis
PepC and that have a natural deletion of these C-terminal residues have been identified in
Lactobacillus delbrueckii subsp. lactis. These have been named PepG and PepW (Courtin
2002). L. delbrueckii PepG has been shown to preferentially hydrolyse Leu rich di- and
tripeptides from the amino terminal end of peptides, PepW in contrast, has been shown to be a
strict dipeptidyl-peptidase. To date only one PepW cleavage site has been identified, Gly-
LeulLeu-Gly (Courtin 2002).

PepP is proline specific and exclusively hydrolyses oligopeptides of up to 10 residues
containing X Pro-Pro-(X)n or X{Pro-(X)n sequences at their N-termini. No hydrolysis of di- and
tripeptides with similar sequences occurs (Barrett 2004).

PepT is capable of removing the N-terminal residue from tripeptides, although it is unable to
hydrolyse the peptide bonds of di- or oligopeptides. PepT is capable of hydrolysing tripeptides
with Pro in either position P1 or P2', but is unable to cleave peptides having Pro in the P1’
position (Barrett 2004).

The specificity of L. lactis PepV is strictly confined to dipeptides, and it prefers dipeptides with
N-terminal hydrophobic residues (Christensen 1999).

PepQ activity is defined by a specificity for X-Pro peptides, where X can be any residue

(Christensen 1558, Baiieit 2004).

PepX, is a serine peptidase that is active as either a monomer or dimmer releasing X-Pro
dipeptides from the N-terminus of oligopeptides. In addition to peptidase activity, PepX has
esterase activity. The crystallographic structure of L. /actis subsp. /actis PepX has recently
been solved showing the enzyme to be a dimmer related by 2-fold symmetry (Rigolet 2002).

10
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The crystal structure of L. /actis PepX shows novel structural elements that could explain the
selectivity of the enzyme for proline-containing peptides, and may help to explain its ability to
function not only as a peptidase but also as an esterase (Rigolet 2002).

1.3.4.2 ENDOPEPTIDASES

To date only two distinct endopeptidases from L. /actis, PepF and PepO have been reported.
Two copies of the pepF gene have been located in L. /actis; pepF1 (located on a large plasmid
of L. /actis subsp. cremoris) and pepF2 (located on the chromosome of L. lactis subsp. lactis).
They have 84% sequence identity and have a broad endopeptidase activity for peptides ranging
in length from 7 to 23 amino acids (Barrett 2004).

PepO is able to cleave peptides ranging in length from 5 to at least 30 amino acids, although it
is incapable of hydrolysing di- and tripeptides, or intact a-, B- or k-casein (Tan 1991, Pritchard
1994; Baankreis 1995; Stepaniak 1995; Barrett 2004). While PepF has broad specificity, PepO
has preference for peptide bonds with hydrophobic amino acids in the P1" position (Barrett
2004).

Interestingly, the pepO gene is located immediately downstream of the genes encoding the
oligopeptide transport system (Mierau 1993), which suggests that the two systems may be
physiologically linked. However, cuiture of a L. /actis pepQ mutant generated by gene
disruption, showed that PepO was not essential for the survival of the organism (Mierau 1993,
Law 1997).

Single and multiple L. /actis peptidase knockouts have been constructed for the pepA, pepC,
pepN, pepT, pepX, pepV, pepO and pepF genes. In general, no differences were reported for
the growth rate of either single or multiple knockouts compared to the wild type strain when cells
were grown in complex media (MRS or M17 broth) or complete amino acid defined media.
When milk was the nutrient, however, there were noticeable reductions in growth rate for most
of these mutants, which increased as the number of genes knocked out increased (Mierau

1996; Christensen 1999). This observation shows that individual peptidases are not essential
for the survival of the organism, and also makes it possible to analyse the effect of each
enzyme on cheese ripening and flavour development.

| he effect ui pepiidascs cn cheese rinening and flavour development has also been evaluated
by over-expressing individual peptidases. McGarry et al. (1994) and Christensen et al. (1995)
studied the influence of L. lactis PepN on Cheddar cheese using Lactococcus strains
engineered to overproduce PepN. No significant changes in cheese ripening or flavour
development were observed (McGarry 1994; Christensen 1999). In contrast, Meyer and Spahni

11
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(1998) who studied the influence of L. lactis PepX on Gruyere cheese found that PepX had an
influence on cheese ripening and flavour development (Meyer 1998; Sousa 2001).

Flavour development in cheese is of major economic interest since the final flavour of cheeses
partly determines consumer choice and because the development of flavour is a time
consuming and an expensive process. For this reason, there is incentive to identify LAB
peptidases with novel substrate specificity that could potentially be used to modify and control
cheese bitterness and possibly other flavour attributes.

1.4 LACTOBACILLUS RHAMNOSUS PEPO

The Lactobacillus rhamnosus pepO gene is approximately 1.9-kbp long and encodes a
monomeric 70.9 kDa enzyme. The amino acid sequence contains the HEXXH-pentapeptide
characteristic of zinc metallopeptidases, and has 36% and 27% amino acid identity to L. /actis
PepO and H. sapiens neutral endopeptidase (NEP), respectively (Christensson 2002)

(Figure 1.6).

Although similar in sequence, the substrate specificity of L. lactis PepO and L. rhamnosus PepQO
is considerably different. L. rhamnosus PepO has been shown to hydrolyse peptide bonds
located in the N-terminal part of «si-casein(1-23), whereas L. /actis PepO hydrolyses peptide
bonds located within the C-terminal portion of this peptide (Christensson 2002) (Figure 1.5).

usi-casein(1-23) R-P-K-H-P-l-K-H-Q-G-L-P-Q-E-V-L-N-E-N-L-L-R-F
L. rhamnosus PepO () T T 1
L. lactis PepO (i =P

Figure 1.5 Cleavage Specificity of L. rhamnosus PepO and L. lactis PepO for asi-casein(1-23).

(T, cleavage site).

The unique substrate specificity of L. rhamnosus PepO has ramifications for flavour
development in cheese. The peptides a-casein(1-13) and ag-casein(1-17) are known to
exhibit a very bitter flavour, and have been found to accumulate during cheese ripening
(Christensson 2002). Because PepO is able to hydrolyse peptide bonds within these regions, it
has the potential to reduce bitterness by preventing the accumulation ot the peptide.

In order to understand the molecular basis for the unique substrate specificity of PepO, it is

necessary to determine the three-dimensional structure of the enzyme. The crystal structure of
H. sapiens neutral endopeptidase (NEP), which shares 27% amino acid identity with PepO, has

12
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been solved (Oefner 2000). NEP (EC 3.4.24.11) also known as neprilysin, enkephalinase,

CALLA and CD10, is a monomeric 80-92 kDa integral membrane glycosylated metallopeptidase

that is involved in

the physiological degradation of the peptides modulating blood pressure.

L. rhamnosus PepO
L. lactis PepO
H. sapiens NEP

L. rhamnosus PepO
L. lactis PepO
H. sapiens NEP

L. rhamnosus PepO
L. lactis PepO
H. sapiens NEP

L. rhamnosus PepQ
L. lactis PepO
H. sapiens NEP

L. rhamnosus PepO
L. lactis PepO
H. sapiens NEP

L. rhamnosus PepO
L. lactis PepO
H. sapiens NEP

L. rhamnosus PepO
L. lactis PepO
H. sapiens NEP

L. rhamnosus PepQO
L. lactis PepO
H. sapiens NEP

L. rhamnosus PepQO
L. lactis PepO
H. sapiens NEP

L. rhamnosus PepO
L. lactis PepO
H. sapiens NEP

L. rhamnosus PepO
L. lactis PepO
H. sapiens NEP

L rhamnosus PepO
L. lactis PepO
H. sapiens NEP

Figure 1.6
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LPHLSKLL TPDNY SEWHAWHMVINELLTCATYLSDDLEQLAGQYDF FLAGQPEASEWTHHA 310
YESFDSLINEENWSLIKAWMLTKIARGATSFFNEDLEILGSAYGRFLSNVQEARSQERHQ 309
TKLKPILTKYSARDLONLMSWRFIMDLVSSLGRTYKESRNAFRKALY GTTSETATWRRC 357
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RNQWNMPGHLENASYDPLENDITFPAGT LOPPY Y SLKWTRAENLGGTGAT LCHEISHEFD 484
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Sequence Alignment of PepO from L. rhamnosus, L. lactis and H. sapiens NEP.
(Blue, identical residues; Green, highly conserved residues; Red, HEXXH
petapeptide motif, Boxed, highly conserved domain; *, conserved residues; :, very
similar residues;., similar residues. Generated using Clustal W, Chenna 2003).
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The extracellular domain (residues 52-749), of NEP was crystallised in complex with the generic
metallopeptidase inhibitor, phosphoramidon, and its structure solved to 2.1 A resolution (Oefner
2000). The structure (Figure 1.7) reveals two largely a-helical domains which embrace a large

central cavity containing the active site.

Figure 1.7  The Three-Dimensional Structure of H. sapiens NEP. (Cartoon representation
coloured by residue from the N-terminus (blue) to the C-terminus (red). The
phosphoramidon molecule is represented as a ball and stick model in white.
Generated using Rasmol, Sayle 1995).

Figure 1.8  The Swiss-Model Predicted Three-Dimensional Structure of PepO. (Cartoon

representation coloured by residue from the N-terminus (blue) to the C-terminus

(red). Generated using Rasmol, Sayle 1995).
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The inhibitor is bound to one side of this cavity and its binding mode provides a detailed
understanding of the complex ligand-binding and substrate specificity determinants (Oefner
2000). The C-terminal domain of NEP shares 27% amino acid identity with PepO. Although
structural investigations often require an atomic model with > 30% sequence identity, it is
possible that this protein could aid in determining the three-dimensional structure of PepO. The
Swiss-Model predicted three-dimensional structure of PepO using NEP as an atomic model is
illustrated in Figure 1.8 (Schwede 2003).

1.5 LACTOBACILLUS RHAMNOSUS PEPW

Recently the L. rhamnosus HNOO1 genome has been sequenced, and analyses have revealed
the presence of a 1.347 kb gene, pepW, encoding a putative protein of 448 amino acids, that
has been named PepW (Lubbers unpublished results). PepW is 93%, 52%, 44% and 37%
identical to aminopeptidase C (PepC) from Lactobacillus casei, Lactococcus lactis, and

bleomycin hydrolase from H. sapiens (hBH) and S. cerevisiae (Gal8), respectively (Figure 1.9).

The name PepW was given due to incorrect sequence analysis of the pepW gene, which
suggested that the putative peptidase, PepW, was missing the C-terminal residues needed to
be classified as a PepC. Despite further analysis showing that the gene did indeed code these

residues, the name of the gene and its protein product have been retained.

Although the substrate specificity of PepW is completely unknown, it is likely to have broad
specificity, like the closely related LAB PepC peptidases (Barrett 2004). Substrate specificity,
however, will only be unequivocally established experimentally using a number of different
substrates. It may be informed by a three dimensional structure, which would allow
comparisons with the structures of the yeast and human bleomycin hydrolases, which have
been solved to 2.2 A (Joshua-Tor 1995) and 2.6 A resolution, respectively (O'Farrell 1999;
Barrett 2004).

Bleomycin hydrolase (EC 3.4.22.40) is a highly conserved cysteine peptidase from bacteria to
humans that hydrolyzes the anticancer drug bleomycin (Joshua-Tor 1995). The enzyme is an
intracellular homohexameric cysteine peptidase of approximately 300 kDa (Barrett 2004). The
structures of the H. sapiens and S. cerevisiae bleomycin hydrolases are very similar overall,
adopting an unusual hexameric ring structure which has a prominent central channel of ~22 A
diameter (Joshua-Tor 1995; O'Farrell 1999, Barrett 2004). The six papain-like active sites are
situated within the central channel, in a manner resembling the organization of active sites in
the proteasome (Joshua-Tor 1995). The three-dimensional structure of the yeast bleomycin
hydrolase is shown in Figure 1.10.
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L. rhamnosus PepW MSAEITSGDLDQFKODLOAT PAANALOKAVMNNGINATAENTDSKVAMTE-TFSIELDTG 59

L. lactis PepC - -MTVTSDFTQKLYENFAENTKLRAVENAVTKNGLLSSLEVRGSHAANLP-EFSLDLTED 57

H. sapiens hBH SESGLNSEKVAALIOKILNSDPQFVLAONVGTTHDLLDICLKRATVQRAQH-VFQHAVPQE 59

S. cerevisiae Gal6 M5SSIDISKINSWNKEF(SDLTHQLATTVLKNYNADDALLIUKTRLOKQDNRVFNTVVSTD 60
. . . . * .

L. rhamnosus PepW - = AVNOKQSGRCWMFAALMIMEHGIQAQFK IKIFELSONY TFFWDEFEFSNYFYENVLK 117

L. lactis PepC - - PVINOKDSE FAALMIFFHKFINEFKTEFEFSOAYT YEf SHWFMEQIIG 115

H. sapiens hBH GKPITLKSHGRCWIFSCLIVMELPFMKKLN IERFEFS0SVLFFWIKVERCYFFLSAFVD 119

S. cerevisiae Galé STPVICKSSGRCHLFAATHOLELNVLSELNLERFELSQAYLFFYDELEFANY FLDQIVS 120
A:*ii'iiiti:i:_ * :i . ek ::i+:ti * it:ii * . :i . .t

rhamnosus PepW TA--DOPLYSREVAFLLATPOODAGOWDMLSALIBEYGIVPKBVMPET - YSSSKSNELNG 174

L,

L. lactis PepC

H. sapiens hBH

S. cerevisiae Gal6

KRVYPES-QASSSERELNG 170
KCFPES-YTTEATRRMND 178
FEDLYGDLPYSTTASRKWINS 178

*

L. rhamnosus PepW LLNLELEKDAVTLEKLVADK-ASDAD TEAAKQKMLAEDYRIWAYTLONPPTK- - - - FDFE 229
L. lactis PepC YLNKLLEQUAEILEYTIEQ----DGIVQAVKEELLQEVFNFLAVTLGLPFON----FEFA 222
H. sapiens hBH ILNHFMEEFCIRLFNLVHSG-ATKGE I SATQDVMMEEIFFVVCICLUGNEPET - - - - FTWE 233
S. cerevisiae Gal6 LLTTILEEFAETLETALKERSADDSI IVTLREQMOREIFFLMSLFMDI PFVQPNEQHTWE 238
* o . W : 3 i e T Eoe L o
L. rhamnosus PepW YRODDENYHIDRELTPQTFFKEYVE- -WNLDDYQST INAPTADKPYRHLYTVEMLGNVYG 287
L. lactis PepC FENKDUNEYKKFVG-TPKEFYNEYVii- - IDLNNYVEVINAPTADN PYNKSYTVEFLGHVVG 279
H. sapiens hBH YEDKDENYQKIGPITFLEFYREHVKPLFUMEDKICLVIDPRPQHKHNKL Y TVEYLSHMY G 293
S. cerevisiae Galb YWDKDKKIHTIKS-TPLEFASKYAK- -LDPSTPVSLINDFR - -HF FGKLIKIDRLGHVLG 293
- v_!:: - - * . . - A:it . - S . . i'i—::i
L. rhamnosus PepW SREVRHLMLII DTFEDLAT KO LEAGESVH PGS DVEOSSDRQLAILDTHI YKKDDLENTDF 347
L. lactis PepC KEVKHLNVEMDRFEKLATAUMQAGET VW DVGUESNESAGLLTMDS 'DFKSSLDIEF 339
H. sapiens hBH RKTLYNHQPIDFLEKMVAASIVDGEAY DVGKHFNSKLGLS!MHNLYDHELVFGVSL 353
S. cerevisiae Gal6 DAVIYLNVONETLSKLVVIRLONNKAVFFGSHTPKFMOKKT VMU IELWNYP-AIGYNL 352
* . * . . . ‘. [ A . . * . . - - -
L. rhamnosus PepW P-MTEAERLDYGES LMTHAMY LTGVIL - - -VDGKPTEREENSWOEEKVGEECGYFVASTAYW 403
L. lactis PepC I-QSKAGRLIVGES LMTHAMY LAGVDLD--ADGNS TEWENVENSWGKDAGQEAYFVASTDEW 396
H. sapiens hBH KNMNEAERLTEGESLM THAMCFTAVSEKDDQUUGAFTVWR) ENSWGEDHGHEG TLCMTIEY 413
S. cerevisiae Galb P-QQUASEIRVHES LMTHAMLITSCHVD-ETSKLELRYR)ENGWGKDS KD LY VMTQKY 410
* * . : e ox W w kW "o -::*ititt:_ * * T -
L. rhamnosus PepW FOQFVYOVVISKEYLFAELQDVIKNEYDKPTVLAFWDFMGALANSR 448
L. lactis PepC MDEYTYOIVVREDLLSEEELAAYE- - -AKPQVLLEWDEPMGALN-- 436
H. sapiens hBH FSEYVYEVUVDRFHVPEEVLAVLE- - -QEPIILPAMDIMGALA-~ 453
S cerevisiae Galé FEEYCFQIVVDINELPKELASKFTSGKEEPIVLPIWDFMGALMK- 454
s L s :.:*1 . q * . :\\ :i 1*'*1‘***_

Figure 1.9 Sequence Alignment of PepW from L. rhamnosus, L. lactis PepC, H. sapiens hBH,
and S. cerevisiae Gal6. (Blue, identical residues; Green, highly conserved residues;
Red, (Cys, His, Asn) catalytic triad; Boxed, highly conserved domains; *, conserved
residues; :, very similar residues; ., similar residues. Generated using Clustal W,
Chenna 2003)).

A striking feature of the molecule is the projection of the C-terminus of the protein into the
active-site cleft. Intriguingly, the yeast bleomycin hydrolase has DNA-binding activity, and has
been shown to bind to the upstream activating sequences (UAS) of the GAL system (hence the
designation Gal6) (Joshua-Tor 1995). L. lactis PepC has also been shown to bind DNA (Xu
1994, Barrett 2004; Xu unpublished results), although human bleomycin hydrolase does not
have this nucleic acid binding activity (Barrett 2004).
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The Swiss-Model predicted three-dimensional structure of PepW obtained using a combination of
native and mutant H. sapiens and S. cerevisiae bleomycin hydrolase structures as atomic models

is illustrated in Figure 1.11.

Figure 1.10 The Three-Dimensional Structure of the S. cerevisiae Bleomycin Hydrolase.
(Cartoon representation coloured by residue from the N-terminus (blue) to the
C-terminus (red). The mercury atoms (Hg) are represented as space-fill models in
white. A monomer is shown on the left, with the hexamer being modelled based on

crystallographic symmetry on the right, Berman 2002).

Figure 1.11 The Swiss-Model Predicted Three-Dimensional Structure of PepW. (Cartoon

representation coloured by residue from the N-terminus (blue) to the C-terminus

(red). Generated using Rasmol, Sayle 1995).
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1.6 PROJECT AIMS

This research aims to investigate the substrate specificity and three-dimensional structure of the
L. rhamnosus peptidases, PepO and PepW.

Aims:

1. Clone the pepW gene into a suitable expression system using standard molecular

cloning techniques.

2. |solate and purify recombinant PepO and PepW using traditional chromatographic
methods for the former, and methods that exploit the purification tag of the latter.

3. Investigate the substrate specificity of PepO and PepW towards casein-derived
substrates, using reverse-phase high pressure liquid chromatography, mass-
spectrometry and protein sequencing techniques.

4. Grow suitable crystals of PepO and PepW for structure determination using x-ray
diffraction.

5. Solve the three-dimensional structure of PepO and PepW using molecular
replacement and/or multiple isomorphous replacement techniques.

Information obtained from this research will contribute to our fundamental understanding of the
role of specific structural motifs for peptidases in general and in particular the L. rhamnosus
peptidases, PepO and PepW. The structural and functional characterisation of L. rhamnosus
PepO and PepW could in the future be used to inform the genetic engineering of proteolytic
enzymes designed to develop new cheese flavours.
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PART 1:

SUBSTRATE SPECIFICITY OF THE
L. RHAMNOSUS PEPTIDASES,
PEPO AND PEPW.



CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

Part 1 of this thesis focuses on the substrate specificity of the L. rhamnosus peptidases, PepO
and PepW. While knowledge of the substrate specificity of PepO is limited, it has previously
been shown to have a novel endopeptidase cleavage specificity towards as-casein(1-23) that
has ramifications for flavour development in cheese. The substrate specificity of PepW
although completely unknown, is thought be a strict aminopeptidase activity. The aim of this
section of work was to investigate the substrate specificity of the L. rhamnosus peptidases,

PepO and PepW, towards uss-, - and k-casein-derived peptide substrates.

1.2 OBJECTIVES AND STRATEGIES

The objectives of this section of work were:

1) Clone the L. rhamnosus pepW gene into a suitable expression system using standard

molecular cloning techniques.

2) Express and purify the recombinant L. rhamnosus PepO and PepW enzymes from L.
lactis and E. coli respectively, using traditional chromatographic techniques, for the

former and methods aimed at exploiting the purification tag on the latter.

3) Express and purify two L. /lactis cell envelope proteinases PrtP using an extraction
technique based on autoproteolysis.

4) Prepare bovine as-, 3- and k-casein peptides by proteolytic digestion using chymosin

and L. lactis cell-envelope proteinases.

5) Investigate the substrate specificity of PepO and PepW for the a.1-, - and k-casein
peptides using high-pressure liquid chromatography, mass-spectrometry and protein
sequencing techniques.
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CHAPTER 2

MOLECULAR CLONING

2.1 INTRODUCTION

Molecular cloning is an important tool in the endeavour to understand the structure, function and
regulation of individual genes and their products. This Chapter describes the cloning of the

L. rhamnosus pepW gene into a suitable expression system to produce recombinant protein to
allow the biochemical characterisation of the putative peptidase, PepW.

The first step in preparing a suitable expression system is to obtain the target gene. Knowledge
of the DNA sequence allows selective amplification of the gene by the polymerase chain
reaction. Following amplification, the gene is cloned into an appropriate expression system, the

choice of which is critical for successful production of recombinant proteins.

In general, bacterial hosts are the easiest to use in terms of the preparation of the expression
construct, the growth of the recombinant organism and the purification of the resulting protein.
Although bacteria are often not suitable hosts for cloning eukaryote genes (due to problems
arising from host-inability to carry out post-translational modification and protein folding), they
are ideal host organisms for cloning bacterial genes. The difference in codon usage between
gram positive and gram negative organisms must be taken into consideration when choosing a

host organism to express the recombinant gene.

The well characterised bacterium, E. coli, is routinely used as a heterologous host, and as a
consequence the greatest selection of cloning vectors exists for use with this host organism.
The simplest E. coli cloning vectors, and the ones in most widespread use are those based on
small bacterial plasmids. All plasmid vectors possess at least one DNA sequence that can act
as an origin of replication, restriction endonuclease sites that allow the insertion of additional
DNA, and a gene encoding antibiotic resistance as a selectable marker. More complex plasmid
vectors, in particular expression vectors, possess additional components including a promoter,

terminator and ribosome binding site.

The promoter is the most important component of an expression vector because it controls
transcription initiation. The promoter is recognized by RNA polymerase and determines the rate
at which mRNA is synthesized.

An efficient expression vector requires not only a strong, regulatable promoter, but also a
ribosome binding site and a terminator. In most expression vectors these components form a
cassette, into which the target gene is inserted. In some cassettes, the restriction

endonuclease sites used to insert the target gene are not immediately adjacent to the ribosome
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binding site, but are separated by a DNA sequence encoding either a gene, or gene fragment,
called a tag. Insertion of the target gene so that it is in frame with this tag generates a fusion
protein. Fusion tags are commonly used to facilitate detection and purification of the target
protein, but can also influence protein solubility and/or stability. As fusion tags may alter the
properties of the target protein, easy removal from the target protein is an advantage. This may
be achieved by the inclusion of a sequence coding for a specific protease site before the target
protein and after the tag, allowing subsequent enzyme assisted removal of the tag. Itis
important therefore that the protease used will not hydrolyse the target protein, necessitating the
choice of proteases that are highly specific, and that recognise uncommon mctifs.
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2.2 METHODS

2.2.1 Agarose Gel Electrophoresis

DNA fragments were separated on the basis of size by agarose gel electrophoresis. Typically
10-20 uL DNA were mixed with 6x loading dye (0.2% bromophenol blue, 50% glycerol) and
loaded onto a 1% agarose Tris-acetate-EDTA (40 mM Tris-HCI, 20 mM acetic acid, 2 mM
EDTA, pH 8.0) gel. The gels were routinely run at 80 V until the dye front had migrated to the
other end of the gel. The gels were stained with ethidium bromide and the DNA bands
visualised by ultraviolet (UV) illumination. A 1 kb DNA ladder was routinely used, and
quantitative DNA standards were used when required.

2.2.2 Genomic DNA Preparation

L. rhamnosus HNOO1 genomic DNA was isolated from a 20 mL culture grown anaerobically
overnight at 37°C in MRS broth (Composition in g/L; peptone from casein, 10.0; meat extract,
80.0; yeast extract, 4.0; D(+)-glucose, 20.0; di-potassium hydrogen phosphate, 2.0; Tween 80,
1.0; di-ammonium hydrogen citrate, 2.0; sodium acetate, 5.0, magnesium sulphate, 0.2,
manganese sulphate, 0.04). The cells were harvested by centrifugation (6,000 g for 10 min at
4°C), resuspended in 20 mL MRS and incubated at 37°C for 2 hr, before being harvested as
above. They were then washed twice with 4 mL 50 mM NaCl, 5 mM EDTA, 30 mM Tris pH 8.0,
then re-suspended in 0.5 mL 25% Sucrose, 1 mM EDTA, 20 mg/mL Lysozyme, 20 ug/mL
Mutanolysin, 50 mM Tris pH 8.0, for lysis at 37°C for 1 hr. After this time 200 uL 20% (w/v) SDS
was added and incubation continued at 65°C for 1 hr, followed by the addition of 10 uL
Proteinase K (20 mg/mL) and incubation at 65°C for 15 min. An equal volume of a
phenol/chloroform/-isoamyl alcohol (25:24:1), was then added to the solution which was
incubated at room temperature for 5 min after which time the supernatant was separated from
the genomic DNA by centrifugation (4,000 g for 10 min at 4°C). RNase was added to a final
concentration of 100 pug/mL, and the solution incubated at 37°C for 30 min before re-extracting
the DNA as above. An equal volume of chloroform/isoamyl alcohol (24:1) was added to the
solution which was incubated at room temperature for 5 min before being centrifuged (13,000 g
for 5 min at 4°C) to separate the aqueous phase. Genomic DNA (aqueous phase) was isolated
by ethanol precipitation (overnight at 4°C), and the pellet resuspended in 100 uL 10 mM Tris pH
8.0.

2.2.3 Polymerase Chain Reaction

The polymerase chain reaction (PCR) was used to amplify the 1.3 kb L. rhamnosus pepW gene.
Conditions for a typical PCR reaction were as follows: 100 ng of L. rhamnosus HNOO1 template
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was amplified with 50 pM of both forward and reverse primers:

Forward primer: CAGCGGAATTCATGTCTGCAGAAATTACTTCAGGCG
Reverse primer:. CTGTAGCGGCCGCTTATCTTGATGCCAAAGCACCCA

The mixture contained 2.5 units of Pwo DNA polymerase, 200 uM deoxyribo-nucleotide
triphosphate (dNTP), in 1x standard Pwo polymerase buffer containing MgSOy in a total

reaction volume of 20 uL. The thermo-cycling program used was: initial denaturation at 95°C for
5 min followed by 30 cycles of primer annealing at 55°C for 30 sec with extension at 72°C for 90
sec and denaturation at 95°C for 30 sec. A positive PCR control using a proven combination

of primers and template was included, as was a negative control in which no template DNA

was added to the reaction mixture. The PCR products were purified with a Roche High Pure
PCR Product Purification Kit and PCR amplification confirmed by agarose gel electrophoresis.

2.2.4 Restriction Endonuclease Digests

200 ng of PCR product and 200 ng of pET32a-Trx-His-rTEV vector were digested with 5 units of
EcoRl and Notl, in 1x REACT3™ buffer (50 mM Tris-HCI, 10 mM MgCl;, 100 mM NaCl, pH 8.0)
in a reaction volume of 50 uL, at 37°C for 2-3 hr. Restriction endonuclease (RE) digestion was
stopped by incubation at 65°C for 15 min and the digested products purified with a Roche High
Pure PCR Product Purification Kit

2.2.5 Ligation of DNA Fragments

50 ng RE-digested PCR product and pET32a-Trx-His-rTEV were ligated with 2 units of
bacteriophage T4 DNA ligase, 1x ligase buffer (660 mM Tris-HCI, 50 mM MgCl;, 10 mM DTT,
10 mM ATP, pH 7.5) in a final volume of 10 uL, at 12-16°C overnight. Controls included ligation
reaction mixtures containing RE-digested pET32a-Trx-His-rTEV DNA only, and a mixture
containing PCR product and pET32a-Trx-His-rTEV without T4 DNA ligase.

2.26 Transformation

Transformation of E. coli Top10 and BL21(DE3) competent cells was carried out using ligated
DNA fragments and plasmid DNA (section 2.2.7) respectively. Top10 competent cells were
used in this research because they are resistant to phage contamination, which had been a
problem in the laboratory. Typically, 100 uL Top10 or BL21(DE3) competent cells were
incubated with 5 uL ligation reaction and 50 ng plasmid DNA respectively, at 4°C for 10 min.
The reaction mixture was then heat shocked at 42°C for 60 sec, incubated at 4°C for a further 5
min, before being plated onto LB (Luria-Bertani) agarose plates (Composition in g/L: tryptone,
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10.0; yeast extract, 5.0; NaCl, 5.0; agarose, 15.0) with ampicillin selection (100 pug/mL final
concentration) and incubated at 37°C overnight. Controls included transformation of 100 pL
competent cells with 50 ng uncut pET32a-Trx-His-rTEV vector, and 100 uL competent cells with
no additional DNA. Single colonies were grown aerobically at 37°C in 4 mL LB liquid media (1%
Tryptone, 0.5% yeast extract, 1% NaCl) with ampicillin selection (100 ug/mL ampicillin)
overnight and stored as glycerol stocks at -80°C.

2.2.7 Plasmid DNA Preparation

Plasmid DNA from the Top10 transformants was isolated by inoculating 4 mL LB-AMP liquid
media with a single colony and the culture grown aerobically at 37°C overnight. The cells were
harvested by centrifugation (9,000 g for 1 min at 4°C) and the plasmid DNA isolated with a
Roche High Pure Plasmid Isolation Kit. Plasmid DNA isolation was confirmed by agarose gel

electrophoresis.

2.2.8 DNA Sequence Analysis

The insert DNA was subjected to DNA sequence analysis before proceeding further. Typically,
700 ng of plasmid DNA from the transformed Top10 cells was incubated with 10 pM T7
promoter or 10 pM T7 terminator primers and sequenced using the dye-termination method
described by Rosenthal (1992) on an ABI Prism 377 automated DNA sequencer (Rosenthal
1992).

2.2.9 Sequence Analysis
DNA and amino acid sequence analyses of the pepW gene and its protein product were carried

out using the Basic Local Alignment Search Tool (BLAST) available via the National Centre for
Biotechnology Information (NCBI) web server (Atschul 1990).
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2.3 RESULTS AND DISCUSSION

2.3.1 L. RHAMNOSUS PEPW CLONING

Analyses of the L. rhamnosus HNOO1 genome revealed the presence of a gene encoding a
putative peptidase, PepW, that appears to have evolved as a result of gene duplication
(Lubbers unpublished results) (Figure 2.1).

Hindlil
EcoR! Psti BamHI

1 500 1000 1500 2000 2500 3000 bp

| > S

ORF pepW gene

Figure 2.1 Operon Containing the pepW Gene.

The L. rhamnosus pepW gene is 1.347 kb in length'and encodes a protein of 448 amino acids,
that is 52% identical (according to BLAST) to the protein encoded by the open reading frame
(ORF) within the operon, and 83%, 67% and 62% identical to aminopeptidase C (PepC) from
Lactobacillus casei, Lactobacillus plantarum, and Lactobacillus gasseri, respectively (Atschul
1990). The putative PepW primary sequence contains domains that are conserved in PepC
strongly suggesting that it is a cysteine peptidase (Atschul 1990) (Figure 2.2).

1 50 100 150 200 250 300 350 400 448 aa

[ Pept_C1-like ]

( PepC ]

Figure 2.2 Conserved Domains of the Putative Peptidase, PepW. (Generated using BLAST,
Atschul 1990).
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To investigate the protein coded by this gene it was necessary to clone it into a suitable
expression system, produce and purify the recombinant protein. This was achieved using a
modified pET32a expression vector (Figure 2.3).

The pET32a vector contains strong T7 bacteriophage transcription and start and termination signals that
provide high-level protein expression, induced by T7 RNA polymerase. The pET32a expression
vector contains however, an unnecessarily large fusion construct (Trx-His-Thrombin-S-tag-

Enterokinase site

BamH| S-tag BamH!
Thrombin rTEV site
His-ta His-ta
f1 orlgln !Lfsc!g f1 ongm Msc!g
Trx-tag Trx -tag

pET32a vector lacl C%a Trx-His-rTEV vecto)— lacl

Vo 2

on on

g R
pepW gene

f1 origin
Not/
\\

Amp” pepW

EcoRl

pET32a-Trx-His-rTEV-pepW  mm— (TEV

oo ,\ His-tag
Trx-tag

facl

Figure 2.3 Cloning Strategy for the pepW Gene. The pepW gene was cloned into a
modified pET32a vector, pET32a-Trx-His-rTEV, using the EcoR/ and Not! sites
within the multiple cloning site (MCS).
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Enterokinase) that requires removal by enterokinase. A modified pET32a vector (a gift from Dr
Rosemary Brown, Massey University, Palmerston North, New Zealand) was used, in which the
large construct had been excised using Msc/ and BamH! and replaced with a sequence
encoding a His-tag and rTEV protease cleavage site (His-rTEV) generating the construct,
pET32a-Trx-His-rTEV (Figure 2.3).

The pET32a-Trx-His-rTEV construct contains in addition to the His-rTEV tag a 109 amino acid
N-terminal thioredoxin (Trx) tag which itself is highly soluble and enhances the solubility of
proteins fused to it (LaVallie 1893). The vector contains a strong T7 late promoter upstream
from the fusion construct that is specifically recognised by T7 RNA polymerase, and a multiple
cloning site downstream from the fusion construct. The EcoR/ and Not/ sites of the multiple
cloning site were chosen as suitable insertion sites for the L. rhamnosus pepW gene, as the
pepW gene does not contain recognition sequences for these enzymes. The EcoRI site is close
to the rTEV protease cleavage site, resulting in the reduction of the number of extra residues

remaining at the N-terminus of the protein after removal of the fusion tag

PCR amplification of the 1.3 kb pepW gene from L. rhamnosus HNOO1 was successfully carried
out using forward and reverse primers with flanking EcoR/ and Not/ sites respectively
(Figure 2.4)

L. rhamnosus HNOO1 genomic DNA
12,000

pET32a-Trx-His-rTEV vector cut
with EcoR! and Not!

5,000

2,000
1.650 1.3 kb pepW PCR product
cut with EcoR/ and Not!

1,000

500

Figure 2.4 Agarose Gel Electrophoresis Analysis of pepW Cloning. (Lanes 1 and 5, 1
kb ladder (bp); 2, L. rhamnosus HNOO1 genomic DNA; 3, pET32a-Trx-His-
rTEV vector; 4, PCR product).
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Following RE digestion of the PCR product with EcoR/ and Notl, it was successfully ligated into
the pET32a-Trx-His-rTEV vector. E. coli Top10 competent cells were then transformed with the
pET32a-Trx-His-rTEV-pepW construct and plated on LB-AMP plates. DNA sequence analysis
confirmed that the pepW gene was successfully ligated in-frame and without errors into the
EcoRI and Notl sites of the pET32a-Trx-His-rTEV vector (Appendix ).

The pET32a-Trx-His-rTEV-pepW construct was then used to transform BL21(DE3) cells for
protein expression. BL21(DE3) cells contain a DE3 lysogen encoding the T7 RNA polymerase
gene under control of the lacUV5 promoter. Induction with isopropyl-thiogalactoside (IPTG)
activates transcription and expression of the T7 RNA polymerase, which in turn activates
transcription and expression of the target gene downstream from the T7 promoter on the

expression vector.

The expression and purification of L. rhamnosus PepW from this expression system will be

discussed in Chapter 3.
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PROTEIN EXPRESSION AND PURIFICATION

3.1 INTRODUCTION

The purification of a peptidase, like the purification of any other protein, should begin with
consideration of the goals of the purification. These may range from investigations into the
biochemical properties of isolated enzymes to detailed structural studies of purified proteins or
protein subunits (Beynon 1989). Such considerations will dictate the degree of purification
required to obtain protein in sufficient purity and quantity. A systematic approach exploiting
protein properties can be used to develop a suitable protein purification strategy (Table 3.1).

Table 3.1 Protein Properties Exploited in Purification.

Protein property Technigue

Charge lon exchange (IEX), Chromato-focussing, Isoelectric Focussing
Hydrophobicity Hydrophobic interaction Chromatography (HIC)

Size Size exclusion Chromatography (SEC)

Biorecognition Affinity Chromatography (AC)

The selection and combination of the purification techniques are dependent upon the
biochemical properties of the target and host organism proteins. If little is known about the
target protein, an effective general approach is to carry out ion exchange (IEX), followed by
hydrophobic interaction chromatography (HIC) and finally size exclusion chromatography
(SEC).

lon exchange chromatography.(IEX) separates proteins according to the net surface charge of
proteins and is dependent upon pH. When the pH of the solution is above a protein's isoelectric
point (pl) it will be negatively charged and will bind to an anion exchanger, conversely at a pH
below its pl it will be positively charged and will bind to a cation exchanger. Typically,
conditions are chosen under which the target protein, binds to the matrix while the majority of
contaminating protein do not. An alternative strategy is one in which the target protein does not
bind, in contrast to most of the impurities. The ionic interaction between protein and matrix is
enhanced at low ionic strength, and reduced at high ionic strength. IEX chromatography is
commonly used as the first step in protein purification because it has a high binding capacity.

Hydrophobic interaction chromatography (HIC) separates proteins according to differences in

hydrophobicity. The separation is based on the reversible interaction between a hydrophobic
stationary phase and the hydrophobic regions of a protein. This interaction is enhanced by a
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high ionic strength buffer, which makes HIC a suitable purification step following IEX. HIC like
IEX has a high binding capacity and is commonly used towards the beginning of the purification
strategy.

Size exclusion chromatography (SEC) separates molecules according to differences in size.
Unlike IEX and HIC, proteins do not bind to the stationary phase. SEC is often used as a final
purification step as only a small volume of concentrated protein sample can be applied to the

column.

If the target protein has been fused to a purification tag, affinity chromatography may be used.
Affinity chromatography (AC) separates proteins on the basis of a reversible interaction
between the target protein and a specific stationary phase ligand. The advantage of AC is the
high selectivity for the target protein. Often AC can achieve the purification required without the
need for additional purification steps, although its removal may require additional steps.

In all protein purification strategies the number of steps necessary to reach the required
purification should be minimised, without compromising the quality of the end product.
Protein purification should be monitored at each purification step. A protein purification table
recording the protein yield, volume, activity and specific activity where appropriate, is a useful

tool for monitoring the purification procedure.

In addition to the normal challenges associated with protein purification, there are specific
problems associated with the purification of proteolytic enzymes which complicates the
interpretation of a purification table. Proteolytic degradation is a major concern, and can occur
as a result of host proteolytic enzymes and autoproteolysis. While purification tables are both
useful and helpful, they should be viewed cautiously and always with the above-mentioned
considerations in mind (Beynon 1989).
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3.2 METHODS

3.2.1 Growth of Genetically Modified Bacteria

Bacterial expression systems using E. coli and L. lactis host organisms were used in this
research. E. coli BL21 transformed with pET32-Trx-His-rTEV-pepW was used to express L.
rhamnosus PepW, and L. lactis subsp. lactis NZ3000 transformed with pLB004 (a gift from
Fonterra Research, Palmerston North, New Zealand) was used to express L. rhamnosus PepO.
E. coliand L. lactis cultures were grown aerobically at 25°C and anaerobically at 30°C

respectively.

3.2.2 Induction of Protein Expression

E. coli BL21 pET32a-Trx-His-rTEV-pepW was grown aerobically at 25°C in 200 mL LB liquid
media containing a final ampicillin concentration of 100 ug/mL. When an ODggonm of 0.5 was
reached protein expression was induced with IPTG (0.25-0.75 mM IPTG final concentration).
Following induction, the culture was grown for a further 3 hr and harvested. As a control, a
culture was grown as above without the addition of IPTG. L. /actis subsp. lactis NZ9000
pLB004 was grown anaerobically at 30°C in 1 L M17 media (Composition in g/L: beef extract,
5.0; yeast extract, 2.5; peptone, 5.0; soytone, 5.0; D(+)-lactose, 5.0; ascorbic acid, 0.5; sodium-
B-glycerophosphate, 19.0; magnesium sulphate, 0.25) containing 1 mL chloramphenicol (5
mg/mL) in ethanol. When an ODggonm Of 0.5 was reached protein expression was induced with
1.5 mL nisaplin (10mg/mL) in 0.1 M HCI. Following induction the culture was grown for a further
3 hr and then harvested. As a control, a culture was grown as above without the addition of
nisaplin.

3.2.3 Harvesting and Lysis of Cells

Bacteria were harvested by centrifugation (5,000 g for 15 min at 4°C) and then lysed. The E.
coli cells were lysed by sonication at 50 Hz using a VirTis VirSonic Digital 550 Ultrasonic Cell
Disrupter. L. lactis cells were lysed by two passes through either a Wabash French pressure
cell (Aminco Instruments Co.) at 15 kPSI, or a ‘ZPlus’ 1.1 kW Benchtop Cell Disrupter (Constant
Systems, Model code Z5/40/AE/GA) at 15 kPSI. Cell debris was removed by centrifugation
(13,000 g for 15 min at 4°C), and the supernatant and pellet collected for solubility analysis.
Samples were taken prior to centrifugation for whole cell extract analysis. Protease inhibitors
were not added to the cell lysate to prevent possible inhibition of target peptidase activity.

3.24 Immobilised Metal Affinity Chromatography

5.0 mL protein (approximately 5.0 mg/mL) samples were loaded onto a Chelating sepharose
(Amersham) column (10 x 100 mm) loaded with nickel and equilibrated with 0.5 M NaCl, 50 mM
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Tris pH 8.0. Proteins bound to the column were eluted with an increasing imidazole gradient (O-
100%) with 1 M Imidazole, 0.5 M NaCl, 50 mM Tris pH 8.0 at a flow rate of 1.0 mL/min over 50
minutes. Purification was carried out using a low pressure BIO-RAD Econo System at 4°C, and
monitored at 280 nm using a SEKONIC SS-250F recorder. All further chromatography was
carried out on a BioLogic DuoFlow System (BIO-RAD) using Version 3.0 software, Model 2128
Fraction collector collecting 1.0 mL fractions, and BioLogic QuadTec UV-Vis Detector
measuring absorbance at 214 nm and 280 nm.

3.2.5 Anion Exchange Chromatography

20.0 mL protein samples (approximately 20 mg/mL) were dialysed against 50 mM Tris pH 8.0
before loading onto a Source-""Q (Amersham) column (20 x 100 mm) equilibrated with 50 mM
Tris pH 8.0. Proteins bound to the column were eluted by a linear salt gradient of 0-1.0 M NaCl
(in 50 mM Tris pH 8.0), at a flow rate of 1.0 mL/min over 50 minutes. Purification was carried at
4°C.

3.2.6 Hydrophobic Interaction Chromatography

5 mL protein samples (approximately 5 mg/mL) were loaded onto a Source-phenyl (Amersham)
column (15 x 100 mm) equilibrated with 1.25 M Ammonium sulphate, 50 mM Tris pH 8.0.
Proteins bound to the column were eluted with a descending salt gradient of 1.25-0.0 M
Ammonium sulphate (in 50 mM Tris pH 8.0), at a flow rate of 0.4 mL/min over 75 minutes.

Purification was carried out at room temperature.

3.2.7 Gel Filtration Chromatography

250 uL PepO (approximately 10mg/mL) and PepW (approximately Smg/mL) protein samples
were loaded onto a Superdex 200 column (10 x 300 mm) (Amersham) equilibrated with either
0.15 M NaCl, 50 mM Tris pH 8.0 (PepO), or 0.1 M NaCl, 2 mM DTT, 50 mM Tris pH 7.5
(PepW), and the proteins were eluted isocratically at a flow rate of 0.25 mL/min over 120
minutes. Purification was carried out at 4°C. Sigma Gel Filtration Molecular Mass Markers
(12,400 to 200,000 Da) were used to calibrate the column for molecular weight determination of
the eluting proteins.

3.2.8 Proteolytic Removal of Purification Tag
The removal of the purification Trx-His-tag was carried out with recombinant Tobacco Etch Virus
(rTEV) protease cleavage. Typically 10 mL protein (approximately 0.75 mg/mL) was digested

with 200 uL 1 mg/mL rTEV at room temperature for 15-20 hr and cleavage was monitored by
SDS-PAGE.
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3.2.9 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out
according to the protocol of Davis (1964). Typically 10-20 uL protein samples were mixed with
(2-4 uL) 5x loading dye (0.25 M Tris-HCI pH 6.8, 6% SDS, 40% glycerol, 0.04% bromophenol
blue) boiled at 100°C for 1 min and loaded onto either a 7.5% or 12% acrylamide SDS-PAGE
separating gel with a 4% stacking gel. The gels were routinely run at 200 V until the dye front
had migrated to the other end of the gel, after which the gels were stained with Coomassie Blue
(R-250). Broad and low range markers were routinely used in the 7.5% and 12% gels
respectively.

3.2.10 Edman N-terminal Sequencing

Purified protein was run on a 12% SDS-PAGE gel under standard conditions and electro-blotted
onto a polyvinylidene fluoride (PVDF) membrane at 60 V for 90 min. The blot was briefly
stained in Coomassie Blue to visualise the protein band and dried. The band was excised and
the amino acid sequence derived using the chemical degradation method developed by Edman
(1950) on an Applied Biosystems 476A automated protein sequencer.

3.2.11 High-Performance Liquid Chromatography (HPLC)-based Peptidase Activity Assay

The high-performance liquid chromatography (HPLC)-based peptidase assays were carried out
using a Phenomoenex Jupiter Cg column (5, 4.6 x 2560 mm), on a Dionex Summit HPLC
system connected to a UVD-340S Photo Array Detector, using Chromeleon Version 6.4
Software. Peptidase activity was detected using a discontinuous assay based on reverse
phase (RP) HPLC separation of the reaction products from substrate. Typically, 100 plL of 0.65
mg/mL asq-casein(1-23) was incubated with 40 ulL protein sample at room temperature for 0-2
hr. 20 ulL aliquots were taken at time intervals (0-2 hr) and an equal volume of 2%
trifluoroacetic acid (TFA) added to stop proteolysis. 60 uL 1% TFA was added to give a total
volume of 100 uL, the samples centrifuged (10,000 g for 1 min at 4°C) to remove precipitated
protein and 80 uL of the supernatant injected onto the column which had been pre-equilibrated
with 0.1% TFA in deionised water. The peptides bound by the column were eluted by an
increasing gradient of 0.08% TFA in Acetonitrile and monitored at 214 nm and 280 nm. The
disappearance of the substrate peak and appearance of product peaks indicated peptidase
activity.

3.2.12 Concentration and Storage of Enzymes

Protein concentrations were determined using the Bradford Assay as described by Bradford
(1976) or by their absorbance at 280 nm. Protein samples were concentrated to a minimum of
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2.5 mg/mL by ultrafiltration using Vivaspin concentrators with a molecular weight cut off of 10
kDa, filtered (0.22 um filters) to prevent growth of microorganisms and stored at either 4°C for
short periods or -20°C or -80°C for extended periods.

3.2.13 Amino Acid Sequence Analyses

Amino acid sequence analyses of PepO and PepW was carried out using ProtParam a fully
automated program that allows the computation of various physical and chemical parameters
including: molecular weight, theoretical pl, amino acid composition, atomic composition,
extinction coefficient, estimated half-life, instability index, aliphatic index and grand average of
hydropathicity, available from the Expasy web server (Gasteiger 2003).
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3.3 RESULTS AND DISCUSSION

3.3.1 L. RHAMNOSUS PEPO EXPRESSION AND PURIFICATION

Recombinant L. rhamnosus PepQO was expressed in a Lactococcus lactis nisin-inducible
expression system developed by the Netherlands Institute for Dairy Research (NIZO, Ede, The
Netherlands). The nisin-inducible expression system is based on a two-component signal
transduction pathway involving a cell surface histidine-kinase, NisK, and a response-regulator
protein, NisR (Kuipers 1997). Nisin signals transcriptional activation by activating NisK, which in
turn activates NisR, enabling it to bind to and activate transcription from the nisA promoter
upstream of the L. rhamnosus pepO gene (Figure 3.1).

Figure 3.1  Lactococcus lactis Nisin-Inducible Expression System for L. rhamnosus PepO.
(NisK, cell surface histidine-kinase; NisR, response-regulator protein; P, phosphate
group; +, activation)

The L. lactis nisin-inducible expression system provides a tightly controlled, food-grade system
for the overproduction of LAB peptidases. L .lactis is a well characterised LAB that is routinely
used in the dairy industry, and nisin is a 3.5 kDa antimicrobial peptide that is widely used as a
food preservative. Nisaplin, an impure solution of nisin, effectively induced the overexpression
of recombinant PepO in the L. /actis expression system. Approximately 90% of the
overexpressed protein was soluble, as estimated by SDS-PAGE (Figure 3.2).
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Molecular 1 2 3 4 5 6
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Figure 3.2 SDS-PAGE Analysis of Nisin Induced Expression and Solubility of PepO.
(Lanes 1 and 6, low-range marker; 2, uninduced and; 3, nisin-induced cell extract;
4, insoluble fraction and; 5, soluble fraction of the nisin-induced cell extract).

Recombinant PepO had a mass of about 70 kDa as estimated by SDS-PAGE, close to the
theoretical mass of the protein (70.9 kDa). Overloaded protein bands often appear to run

further than when loaded at ‘normal’ levels (i.e. 1-2 ug protein/band) (Figure 3.2).

Peptidase activity was assayed using a previously established HPLC-based activity assay using
asi-casein(1-23) (Christensson 2002), however, no significant difference was observed between
the cell free extracts of uninduced and induced samples. The peptidase activity detected was
therefore not due to PepO, and it was not possible to verify that the overexpressed protein was
L. rhamnosus PepOQ, or that the protein was active.

As the interpretation of peptidase activity assays on impure protein samples can often be
erroneous, due to the presence of endogenous peptidases, substrates and/or inhibitors.
Purification of the overexpressed protein was carried out, and peptidase activity assays and
Edman N-terminal sequencing of the purified enzyme used to confirm that the protein was
indeed L. rhamnosus PepO.

The purification strategy chosen for PepO was based on one previously established purification
(Christensson 2002), and involved ion exchange, hydrophobic interaction and size exclusion
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chromatography. Purification was monitored at each step by SDS-PAGE, and peptidase activity
assays.

lon exchange chromatography (IEX) which separates proteins according to the net surface
charge was chosen as the first step in the purification procedure. Because of its low calculated
pl (4.886), anion exchange chromatography was used. However, even at pH 8.0 PepQ bound
only weakly to the resin being eluted at approximately 0.05 M NaCl. Fortunately, the majority of
E. coli proteins remained bound to the column at this salt concentration providing a very efficient

purification step (Figure 3.3).

Molecular 1 2 3 4 5 6
Mass (Da)
97.400 AW ot
6200 w W WP W W@ @ 0

45,000
21,500 - -
14400 L

Figure 3.3 SDS-PAGE Analysis of PepQ Purification. (Lanes 1 and 6, low-range marker;
2, nisin-induced cell extract; 3 IEX purified; 4, HIC purified; 5 SEC purified PepO).

IEX purified PepO samples displayed more peptidase activity than the crude cell extracts
(Figure 3.4).

HIC was selected as the second step in the purification procedure because the separation
principle is complementary to ion exchange. HIC was carried out using a pheny! substituted
resin (Source-Phe, Amersham) with a lyotrophic salt [(NH,4),SO4]. The protein mixture was
introduced to the column in 2 M (NH4),S04. PepO bound strongly to the Source-Phe resin
eluting at approximately 0.2 M (NH,4),S0O,, while most contaminating proteins eluted earlier at
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> 1 M (NH4)2S0O4. The HIC purification step removed all minor contaminants, giving > 99% pure
protein, as estimated by SDS-PAGE (Figure 3.3). HIC-purified PepO samples had a higher
level of peptidase activity than both the crude cell extracts and IEX purified samples (Figure
3.4). A small percentage of the HIC purified PepO was used for crystallisation trials (Part 2,
Chapter 2).

Size exclusion chromatography using a SuperdexTMZOO resin (Amersham) which gives excellent
resolution between 10-200 kDa was carried out as a final purification step to transfer the
enzyme into a low ionic strength buffer and to remove minor contaminants (Figure 3.3). PepO
eluted from the Superdex™200 column as a single peak within the range of 68-72 kDa,

demonstrating that the enzyme exists as a monomer.

Peptidase activity assays revealed that the SEC purified PepO had a significantly higher level of
activity towards as1-casein(1-23) than the cell extract, IEX and HIC purified samples (Figure
3.4). A small percentage of the SEC purified PepO was taken for crystallisation trials (Part 2,
Chapter 2).
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Figure 3.4 PepO Peptidase Activity During Protein Purification. Peptidase activity was
monitored by an HPLC-based activity assay that measured the initial rate of
hydrolysis of «s-casein(1-23). (Refer to Table 3.2)

A purification table summarising the purification of L. rhamnosus PepO to sufficient purity and
quantity for structural and functional investigations is shown below (Table 3.2).
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Table 3.2 Purification Table of L. rhamnosus PepO.

Purification Step | Total Protein | Volume | Total Activity® | Specific Activity® | Yield® | Purification ®
(mg) (mL) (units) (units/mg) (%) (Fold)

Cell Extract 1880 47 328 0.02 100 1

IEX 286 26 46.4 0.16 141 8

HIC 180 24 59.0 0.33 180 2

SEC 38 8 355.4 9.35 1084 6

Total Activity, 1 unit of PepO activity is defined as 1 pM of substrate hydrolysed per minute at room
temperature and pH 6.5.

Specific Activity was calculated by dividing the total activity (units) by the total protein (mg).

Yield, expressed as a percentage, was calculated by dividing the total activity of each purification step
by the total activity of the first purification step.

Purification, expressed in fold, was calculated by dividing the specific activity of each purification step by
the specific activity of the previous purification step.

Interpretation of the PepQ purification table (Table 3.2) is difficult because the total activity and
the percentage yield both increased as the purification proceeded. For most enzyme
purifications, both of these parameters decrease as the purification proceeds, due to the
inevitable loss of enzyme that occurs at each step. The total activity of the cell extract, IEX and
HIC protein samples, was relatively low compared to that of the SEC protein sample. This was
surprising because L. /actis has a number of enodogenous peptidases (including L. /actis PepQO)
that could potentially hydrolyse the agi-casein(1-23) substrate. The low total activity in the initial
purification steps could possibly result from the presence of an inhibitor in the medium,
substrate competition or the absence or competition for metal ions. PepO is a metallopeptidase
(Chapter 5) that requires a metal ion for activity. The absence of this metal ion during the initial
purification steps could result in the unexpectedly low total activity, however, metal ions were
not added at any stage during the purification. It is unlikely that PepO activity was suppressed
by the ionic strength of the buffer as the buffers contained a similar ionic strength following IEX
(0.05 M NaCl), HIC (0.2 M (NH4)>S0O4) and SEC (0.15 M NaCl). It was beyond the scope of this
project to investigate this further.
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3.3.1 L. RHAMNOSUS PEPW EXPRESSION AND PURIFICATION

Recombinant L. rhamnosus PepW was expressed in an E. coli IPTG-inducible expression
system as described in Chapter 2. IPTG induces expression by displacing the /ac repressor
from the lacUV5 promoter upstream of the gene encoding the T7 RNA polymerase. The T7
RNA polymerase binds to the T7 promoter upstream of the pepW gene and initiates
transcription (Figure 3.5).

IPTG

O T7 RNA polymerase
+
— _____ -<—F

T7p07 gene lacUV5

O Trx-His-rTEV-PepW

f

——> ___J3—

pepW gene

Figure 3.5 E. coli IPTG-Inducible Expression System for L. rhamnosus PepW.
(lacUV5, lacUV5 promoter; T7, T7 promoter; T7p07, T7 RNA polymerase
gene; +, activation).

The pepW gene encodes a protein of 448 residues with a theoretical molecular mass of 50.8
kDa. The trx:his:rtev:pepW fusion gene however, encodes a protein of 588 residues with a
theoretical mass of 66.1 kDa. The E. coli IPTG-inducible expression system effectively
overproduced the Trx-His-rTEV-PepW fusion protein (Figure 3.6), with approximately 80% of
the protein being soluble, as estimated by SDS-PAGE. Above 0.5 mM IPTG, cleavage of the
fusion tag was observed in the soluble fractionated samples, although this was not observed in
the whole cell extracts (Figure 3.7).
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Figure 3.6 SDS-PAGE Analysis of IPTG Induced PepW Expression. (Lanes 1 and 5, low-
range marker; 2, uninduced cell extract; 3, 0.25 mM IPTG; 4, 0.5 mM IPTG and;
5, 0.75 mM IPTG induced cell extract).
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Figure 3.7 SDS-PAGE Analysis of PepW Solubility. (Lanes 1and 10, low-range marker;

2, pellet (insoluble) and 3, soluble fraction of uninduced sample; 4, insoluble
and 5, soluble fraction of 0.25 mM IPTG sample; 6, insoluble and 7, soluble
fraction of 0.50 mM IPTG sample; 8, insoluble and; 9, soluble fraction of 0.75

mM sample).
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It is difficult to conceive of an explanation as to why autocleavage occurred in the soluble
fractionated samples and not the whole cell extracts. Samples for the whole cell extract and
solubility analyses were taken from the same sonicated culture. The only difference between
the samples was that the soluble fractionated samples were centrifuged (13,000 g for 15 min at
4°C) prior to SDS-PAGE analysis. It is therefore possible that cleavage was brought about by
some E. coli proteases or that the protein product of the more highly induced samples is not
folded properly and is unstable. This was not investigated further.

As cleavage of the fusion tag prior to purification prevents its use in affinity chromatography,
0.25 mM IPTG was used to induce expression of PepW. The first step in the purification of
PepW used immobilised metal affinity chromatography (IMAC) exploiting the His-tag. Because
there is no established assay for PepW, purification was monitored purely by SDS-PAGE.
IMAC purification selectively and efficiently purified the enzyme as shown in Figure 3.8.

Molecular 1 2 3 4 5

Mass (Da)
97,400 P -
66,200 Ny - 4— TRX-His-rTEV-PepW

- m—— <4— PepW
45,000 —
21,500 <4— rTEV protease
14,400
' ‘
Figure 3.8 SDS-PAGE Analysis of PepW Purification. (Lanes 1 and 5, low-range marker;,
2, IMAC purified; 3, rTEV treated; 4 SEC purified PepW).

Removal of the Trx-His-rTEV tag was carried out using rTEV protease followed by size
exclusion chromatography (Superdex™200) (Amersham) to remove the rTEV protease, Trx-His-
rTEV tag and other minor contaminants. It also served to transfer the enzyme into a low ionic
strength buffer. Approximately 25.0% of PepW eluted from the Superdex™200 column as a
broad peak corresponding to a range of molecular weights from 45.0-55.0 kDa. The remaining
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75% eluted in a volume that corresponds to a theoretical molecular weight of 290-310.0 kDa (if
the standard curve was extended), demonstrating that the enzyme exists predominantly as a
hexamer, a small percentage of PepW exists as a monomer. The S. cerevisiae bleomycin
hydrolase has also been found to exist as a hexamer and monomer, both of which are active
(Zhendong 1996).

Substrate specificity investigations of the L. rhamnosus peptidases are discussed in Chapter 5.
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PREPARATION OF SUBSTRATES

4.1 INTRODUCTION

An important property of any peptidase is its substrate specificity. Despite all efforts, it is at
present not possible to computationally predict substrate specificity for the majority of
peptidases. To determine the substrate specificity it is necessary to isolate and purify the
peptidase before biochemically characterising individual peptide substrates and products. This
Chapter describes the preparation of potential substrates that were used to characterise the
substrate specificity of the L. rhamnosus peptidases, PepO and PepW, in Chapter 5.

Knowledge of the substrate specificity of PepO is limited and PepW is completely unknown. To
investigate the substrate specificity of these enzymes potential substrates that would be
available to the enzyme in a starter culture were generated by partially recreating the LAB
proteolytic network in vitro (Figure 4.1).
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OO« dn ha
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Figure 4.1 The LAB Proteolytic Network. (PrtP, L. /actis cell-envelope proteinase; Opp,
oligopeptide and; DtpP, DtpT, di- and tripeptide transport systems).

The substrates that both PepO and PepW are most likely to encounter are derived from
proteolytic digestion of the bovine casein by chymosin and L. /actis cell-envelope proteinases
(PrtP). There are four main caseins in bovine milk; os1-, as2-, P-, and k-casein, and together
these make up approximately 80% of total bovine milk protein (Fox 2000) (Table 4.1).
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Table 4.1 Properties of Bovine Casein (Fox 2000).

Molecular Weight Proline Residues | Phosphate Groups | Total Milk Protein
(kDa) (per M) (per M) (%)
as1-casein 235 17 8-9 31.0
ts2-casein 251 10 10-13 8.5
f3-casein 24.0 35 4-5 28.0
k-casein 19.0 20 1-3 12.5
Total casein N/A N/A N/A 80.0

Bovine caseins contain a high percentage of prolines that prevent the formation of ordered
secondary structures. This lack of structural order results in considerable exposure of
hydrophobic residues resulting in the formation of casein micelles. The formation of casein
micelles is not due solely to the proline content, but also to the high degree of phosphorylation
of the proteins. Phosphate groups esterified to serine and threonine residues bind Ca®* and
other polyvalent cations, causing charge neutralisation which promotes micelle formation (Fox
2000).

The casein micelle can be destabilised by the proteolytic activity of chymosin a traditional
enzyme used in cheesemaking. Chymosin (EC 3.4.23.4) is a 35.6 kDa aspartic peptidase, that
primary cleaves the Phe;ss-Metios bond in k-casein. Cleavage of this peptide bond has been
well characterised and is essential to the coagulation step of cheesemaking. Chymosin cleaves
additional peptide bonds (although at a lower rate) within as:-, B-, and k-casein. Considerable
cleavage variation attributed to temperature, pH and salt concentration has been observed, and
no definite rules concerning the cleavage specificity of chymosin have been established. The
chymosin cleavage sites and soluble peptides of asi-, -, and k-casein that have been identified
are summarised in Table 4.2 (Appendix Il) (Visser 1977; McSweeney 1993; Fox 2000).

The cell-envelope proteinases from L. lactis subsp. cremoris strains H2 and SK11 are PI- and
Plll-type proteinases, respectively, and both hydrolyse (3- and k-caseins, although with different
cleavage specificities. In contrast, asi-casesin is hydrolysed efficiently only by Plll-type
proteinases (Barrett 2004). Definite rules concerning the cleavage specificity of Pl- and PlII-
type peptidases have not been established, although some preferences have been observed
(Barrett 2004). Both the PI- and PllI-type proteinases have preference for large hydrophobic
residues in the P1 and P4 positions, and preference for a Pro in the P2 position. The H2 and
SK11 PrtP cleavage sites and peptides of as-, B-, and x-casein that have been identified are
summarised in Appendix Il (Reid 1991a; Reid 1991b; Reid 1994b).
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Table4.2  Chymosin-derived Soluble Peptides of asi-, -, and k-casein.
Peptide Sequence
as1-casein 1-17% R-P-K-H~-P~1I-K-H-Q-G-L
1-23 R-P-K-H-P-I-K-H-Q-G-L-P-Q-E-V-L-N-E-N-L-L-R-F
24-28 F-V-A-P-F
24-32 F-V-A-P-F-P-E-V-F
24-40 F-V-A-P-F-P-E-V-F-G-K-E-K-V-N-E-L
101-142 K-K-Y-K-V-P-Q-L-E-I-V-P-N-S-A-E-E-R-L-H-S-M-K-E-G-I-H-A
-Q-Q-K-E-P-M-1-G-V-N-Q-E-L
143-149 A-Y-F-Y-P-E-L
150-153 F-R-Q-F
150-156 F-R-Q-F-Y-Q-L
154-159 Y-Q-L-D-A-Y
154-164 Y-Q-L-D-A-Y-P-S-G-A-W
157-164 D-A-Y-P-S-G-A-W
165-179 Y-Y-V-P-L-G-T-Q-Y-T-D-A-P-8-F
165-199 Y-Y-V-P-L-G-T-Q-Y-T-D-A-P-§-F-5-D-I-P-N-P-1-G-S-E-N-S-E
-K-T-T-M-P-L-W
[}-casein 192-209 Y-Q-E-P-V-L-G-P-V-R-G-P-F-P-I-1-V

In addition, potential casein substrates were extracted from Cheddar cheese. Proteolysis of

Cheddar cheese is well characterised and the peptides isolated and identified are summarised

in Appendix Il (Alli 1998; Fox 2000). The major peptides are derived from the proteolytic

digestion of «s;-casein by chymosin, and f-casein by plasmin and L. /actis PrtP enzymes.

Plasmin (EC 3.4.21.7) is a 91 kDa indigenous milk serine proteinase that primarily cleaves the

Lyszs-Lysas, Lysios-Hisios, and Lysio7-Gluygs peptide bonds of -casein (Barrett 2004; Fox 2000).
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4.2 METHODS
4.2.1 L. lactis Cell-Envelope Peptidase Extraction

L. lactis subsp. cremoris strains H2 and SK11 were grown anaerobically at 30°C in reconstituted
skim milk (RSM) that had been autoclaved at 10 PSI for 10 min. Immediately prior to
inoculation (1% innoculum), sterile 2.5 M Sodium p-glycerophosphate (30 mL per 1 L RSM) was
added to buffer against the pH decrease which results from lactic acid production during
fermentation. The culture was incubated at 30°C for 12-14 hr at which point the pH decreased
to about pH 5.0. The culture was then neutralised by the addition 10 M NaOH and cooled to 5-
10°C before the addition of 25% Sodium citrate (60 mL per 1 L culture) to chelate Ca*. The
culture was then incubated at room temperature for 20 min and harvested by centrifugation
(12,000 g for 10 min at 4°C). The cells were washed twice with ice-cold 50 mM Sodium
phosphate pH 6.4 (250 mL per 1 L culture), and then resuspended in 50 mM sodium phosphate
pH 6.4 (25 mL per 1 L culture). The cells were incubated at 30°C for 30 min, centrifuged
(12,000 g for 10 min at 4°C) and the supernatant containing proteinase activity pooled,
concentrated to approximately 5 mg/mL and stored at -80°C.

4.2.2 L. lactis Cell-Envelope Proteinase Activity Assay

L. lactis cell-envelope proteinase activity was measured using a previously established
spectrofluorometer based activity assay with fluorescein isothiocyanate (FITC) labelled p-casein
as the substrate (Reid 1994b). Typically, 100 uL of FITC labelled p-casein (1% protein) was
incubated with 100 pL enzyme sample with 100 uL of 0.5 M Sodium phosphate pH 6.4 at 25°C
for 0-60 min. 60 uL aliquots were taken at 0 and 60 min and added to 150 uL of 5% (w/v)
trichloroacetic acid (TCA) to stop proteolysis. The samples were centrifuged (10,000 g for 1 min
at 4°C) to remove precipitated protein, 100 uL of the supernatant added to 3 mL of 0.5 M Tris-
HCI pH 8.5 and the fluorescence measured using a Perkin ElImer Luminescence Spectrometer
LS50B spectrofluoromter (excitation = 490 nm, emission = 525 nm). An increase in
fluorescence indicates proteolytic activity because small FITC-labelled peptides are soluble in
TCA while FITC-labelled 3-casein is not. Controls included a 100 ng/mL FITC standard in 50
mM Tris-HCI pH 7.2, FITC-B-casein without proteolytic enzyme, and FITC-f-casein digested
with 1 mg/mL Trypsin.

4.2.3 Preparation of FITC-B-casein
FITC which specifically labels primary amines (lysine side chains and N-terminal amino groups)

was conjugated to p-casein by mixing 5 mg of FITC (Sigma) and 200 mg p-casein (Sigma) in 20
mL 150 mM NaCl, 50 mM Sodium carbonate buffer pH 9.5 in the dark overnight. Unreacted
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FITC was removed by dialysis in the dark overnight against the following: 2 L 0.5% Charcoal
(twice), followed by 2 L 50 mM Tris-HCI pH 8.5 and 2 L 50 mM Tris-HCI pH 7.2. FITC-labelled

B-casein was stored in the dark at -20°C.
4.2.4 Preparation of us;-casein(1-23)

asi-casein(1-23) was prepared by dissolving 2.5 mg ags-casein in 100 mL deionised water. The
pH was adjusted to pH 5.8 to optimize proteolytic digestion, 300 uL of 20 mg/mL Chymosin was
added and the solution was incubated at room temperature for 30 min. The pH was adjusted to
pH 9.0 with 10 M NaOH to irreversibly inactivate chymosin and incubated at room temperature
for a further 30 min. The pH was then adjusted to pH 7.5 with 1 M HCI and incubated at 50°C
for 20 min before 5 mL 10% Calcium chloride was added to precipitate as;-casein. The sample
was centrifuged (13,000 g for 20 min at 18°C) to remove the non-hydrolysed «s;-casein, and the
supernatant containing the us-casein(1-23) peptide was purified by RP-HPLC using a Jupiter
Cis prep column (Phenomenex) (10 1, 10 x 250 mm) equilibrated with 0.1% TFA in deionised
water. Elution of the bound asi-casein(1-23) peptide, which elutes with a retention time of
approximately 16.0 minutes, was achieved by applying a linear gradient of 0-100% Acetonitrile
(0.08% TFA), and monitored at 214 nm and 280 nm. The as-casein(1-23) peptide was
manually collected, lyophilised using a Dura—DryTM uP Freeze-dryer and mass analysis carried
out with MALDI-TOF mass spectrometry (Section 5.2.4).

425 Preparation of Bovine Casein Peptides

Bovine casein peptides were generated by incubating 200 L 10 mg/mL «ss-, 3- or k-casein in
50 mM Tris-HCI pH 6.5 with 20 uL (20 mg/mL) Chymosin and/ or 20 uL (5 mg/mL) L. /actis
strain H2 or SK11 PrtP, at room temperature for 20 hr. The reaction was terminated by
incubation at 100°C for 15 min. Proteolysis was monitored by RP-HPLC. Aliquots (20 uL) of
the inactivated digest were added to 20 uL 2% TFA, and 60 uL 1% TFA added to give a total
volume of 100 uL. The samples were centrifuged (10,000 g for 1 min at 4°C) to remove
precipitated protein and 80 pL of the supernatant injected onto a Phenomoenex Jupiter Cig
column (5 p, 4.6 x 250 mm) equilibrated with 0.1% TFA in deionised water. Elution of the bound
peptides was achieved by applying a linear gradient of 0-100% Acetonitrile (0.08% TFA), and
monitored at 214 nm and 280 nm.

426 Preparation of Cheese Extracted Peptides
Casein peptides were extracted from an young Cheddar cheese produced with standard
industry LAB starter organisms. 1 g of grated cheese in 1 mL deionised water was incubated at

60°C for 5 min and then homogenised using a high speed blender. The sample was centrifuged
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(10,000 g for 15 min at 4°C) and the aqueous solution containing peptides collected. Salt and
minor contaminants were removed using Maxi-clean Cg cartridges (Alltech), and the solutions
were then lyophilised using a Dura-Dry™ 1P Freeze-dryer and stored at -20°C. Cheese
peptides were resuspended in 50 mM Tris-HCI pH 6.5 to give a final concentration of 10 mg/mL
and analysed by RP-HPLC as described in section 4.2.5.
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4.3 RESULTS AND DISCUSSION
4.3.1 L.LACTIS CELL ENVELOPE PROTEINASE EXTRACTION

The L. /actis subsp. cremoris strain H2 and SK11 cell-envelope proteinases (PrtP) were purified
using a strategy that exploits autoproteolysis of the proteinase from the cell-envelope. LAB cell-
envelope proteinases consist of an N-terminal subtilisin-like proteinases domain and a C-
terminal domain that extends into the cell-envelope (Barrett 2004). It is thought that the N-
terminal domain binds Ca*" ions inducing a conformation that prevents detachment of the
enzyme from the cell-envelope. In the absence of Ca®*, a structural rearrangement occurs
exposing a sequence which is highly susceptible to autoproteolytic attack (Barrett 2004).
Autoproteolysis of the LAB cell-envelope proteinase occurs at multiple sites and generates
active proteinase fragments with molecular mass ranging from 80-180 kDa, depending partly on
the L. /actis strain used (Barrett 2004).

Autoproteolytic release of the L. lactis subsp. cremoris strain H2 and SK11 cell-envelope
proteinases predominantly generated 140 kDa and 180 kDa fragments of the H2 cell-envelope
proteinase and a 180 kDa fragment of the SK11 cell-envelope proteinase (Figure 4.2).

1 2 3
Molecular
Mass (Da)
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¢ 140 kDa H2 PrtP
116,250
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Figure 4.2 SDS-PAGE Analysis of L. /actis subsp, cremoris Strains H2 and SK11 PrtP
Following Autoproteolytic Release from the Cell-Envelope.
(1, broad-range marker; 2, H2 PrtP; 3, SK11 PrtP).
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Although the 140 kDa and 180 kDa PrtP enzymes were the predominant proteins present in the
PrtP solutions, a number of low molecular weight proteins, thought to be intracellular proteins
were also present. Further purification was not carried out to remove these proteins as pure
PrtP enzymes were not required. It is likely that a number of the intracellular proteins are
peptidases and these may contribute to the preparation of casein peptide substrates.
Proteolytic activity of the PrtP enzymes was confirmed with a spectrofluorometric assay using
FITC labelled p-casein (Figure 4.3).
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Figure 4.3 Proteolytic Activity of the L. lactis subsp. cremoris Strains H2 and SK11 PrtP
Enzymes.

Figure 4.3 shows the progress of the hydrolysis of FITC labelled p-casein peptides at 0 and 60
minutes. FITC, and FITC-B-casein controls were used to ensure that fluorescence of FITC was
and was not detected at 595 nm, respectively, and a Trypsin control used to confirm that the
FITC labelled p-casein could be hydrolysed.

Similar proteolytic activities for both H2 and SK11 PrtP enzymes were observed, although the

different cleavage specificities of the PrtP enzymes for B-casein made it difficult to compare

activities.
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4.3.2 BOVINE CASEIN PEPTIDE SUBSTRATES

Potential bovine uss-, B-, and k-casein peptide substrates were generated by proteolytic
digestion with chymosin, and/or the H2 and SK11 PrtP enzymes. The ag-casein(1-23)
substrate used to monitor PepO purification was generated by chymosin digestion and
successfully purified using RP-HPLC chromatography (Appendix lll). The uss-casein(1-23)
peptide mass (2764.2 Da) was confirmed by MALDI-TOF mass spectrometry (data not shown).

Potential asi-, B-, and k-casein peptide substrates were prepared by proteolytic digestion with
either chymosin (Appendix Il) or the H2 or the SK11 PrtP enzymes (Appendix lll), or the
combined action of chymosin and the H2 or SK11 PrtP enzymes (Appendix Ill). Successful
heat inactivation of chymosin and the H2 and SK11 PrtP enzymes was confirmed by repeating

substrate preparation digests using heat inactivated enzymes (results not shown).

Proteolytic digestion of ags-, 3-, and k-casein by chymosin and/or H2 and SK11 PrtP enzymes
generated complex mixtures of casein peptides. The peptides were separated by RP-HPLC
using 0-75% Acetonitrile/0.08% TFA gradient over a period of 25 min. The chromatogram was
very crowded and several attempts were made to improve the resolution of the peaks. This
proved to be impossible without further fractionation of the peptide mixtures. Although the vast
number of peptides in the mixtures made it difficult to separate individual peptides, the
separation achieved allowed identification of at least some of the peptides using Edman
sequencing, MS, MSMS and LC-MSMS techniques (Chapter 5)

4.3.3 CHEESE EXTRACTED PEPTIDE SUBSTRATES

Casein peptides were extracted from Cheddar cheese using a simple centrifugation procedure
and analysed by RP-HPLC chromatography (Appendix Il1).

Casein peptides, either extracted from Cheddar cheese, or generated by the proteolytic
digestion of chymosin and the L. /actis strain H2 and SK11 PrtP enzymes, were then used to
investigate the substrate specificity of the L. rhamnosus peptidases, PepO and PepW
(Chapter 5).
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SUBSTRATE SPECIFICITY

51 INTRODUCTION

In this Chapter the substrate specificity of the L. rhamnosus peptidases, PepO and PepW, will
be discussed.

PepO is a putative metallo-endopeptidase that is already known to have a unique cleavage
specificity for the peptide usi-casein(1-23) (Figure 5.1). Nothing is known, however, about its
ability to cleave other casein peptides.

5 6 7 8 9 10
s1-casein(1-23) R-P-K-H-P-1-K-H-Q-G-L-P-Q-E-V-L-N-E-N-L-L-R-F
) T T 7

Figure 5.1 L. rhamnosus PepO has Unique Cleavage Specificity for asi-casein(1-23).

(T, cleavage sites of L. rhamnosus PepO).

PepW is a putative cysteine aminopeptidase that is completely uncharacterised. To establish
the peptide bond specificity of PepO and PepW it was necessary to investigate the substrates
hydrolysed and the products produced by these enzymes.

To investigate the substrate specificity of a peptidase, it is essential to isolate the peptidase
from all contaminating peptidolytic enzymes, since even traces of these enzymes can interfere
with substrate specificity analysis. Peptide substrates often contain multiple peptide bonds that
could be potentially cleaved by the peptidase. As hydrolysis of a peptide substrate proceeds,
product peptides are generated with similar general properties to the substrate from which they
were derived. These product peptides become new substrates for the peptidase, often making
it difficult to establish which products correspond to which initial substrate.

The most commonly used technigue to investigate peptidase substrate specificity involves an
HPLC-based separation of the substrate and product peptides followed by identification of their
amino acid sequences. Amino acid sequence analysis is commonly carried out using a
combination of techniques including: Edman N-terminal Sequencing; Mass Spectrometry; and
Tandem Mass Spectrometry.
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5.1.1 EDMAN N-TERMINAL SEQUENCING

Edman N-terminal sequencing uses the Edman reaction to systematically cleave and identify
amino acids from the N-terminus of a protein or peptide. In the Edman reaction,
phenylisothiocyanate (PITC) reacts with the N-terminus of the peptide to form a cyclic
intermediate that facilitates selective hydrolysis of the adjacent amide bond (Edman 1950;
Kinter 2000). The cleaved amino acid is converted to a phenylthiohydantoin (PTH) derivative
for analysis, while the peptide (shortened by one amino acid) is subjected to another cycle for
the Edman reaction (Kinter 2000). At each cycle of the Edman reaction, the cleaved PTH-
amino acid derivative is separated by RP-HPLC and identified by comparison with PTH-amino
acid standards.

Edman N-terminal sequencing provides an accurate analytical method for sequencing peptides,
however, there are a number of limitations that make this method unsuitable for high throughput
work. The most significant limitation is the time required to complete each cycle. Each cycle
takes approximately 45 min (instrument dependent), and because it is often necessary to
identify at least five amino acids for each peptide (in combination with the peptide’'s mass) to
accurately identify the peptide sequence, no more than two to three samples can be analysed
per day. Furthermore, very pure samples are required because the N-terminal amino acid of all
peptides present in a sample will give rise to a PTH-amino acid, which can create serious
problems when assigning which PTH-amino acid corresponds to which peptide. Also the
chemistry of the Edman reaction prevents the identification of unmodified cysteine and many
modified residues and requires that the N-termini of the peptides are not blocked.

5.1.2 MASS-SPECTROMETRY

Mass spectrometry (MS) is a technique that separates ions on the basis of mass, and can
provide both mass and sequence information for a molecule. MS typically involves 3 steps: (i)
ionisation of the molecule; (ii) separation of the ions on the basis of their mass-to-charge ratio;
and (iii) detection of the separated ions.

The most commonly used ionisation methods are Atmospheric Pressure lonisation (API) and
Matrix Assisted Laser Desorption/lonisation (MALDI). API allows the continuous production of
multiply charged ions and the analysis of high molecular weight compounds using mass
analysers of limited mass range. API| produces small positively charged droplets by pneumatic
nebulization (i.e. the forcing of the solution through a needle to which a high positive voltage is
applied while also applying a continuous axial flow of nebulising gas). The positively charged
droplets move towards the negatively charged (relative to the needle) instrument, during which
time the solvent of the droplet evaporates, Coulombic repulsion occurs and the droplet splits
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into a population of smaller, charged droplets. This process continues until de-solvated gas
phase ions are produced.

MALDI allows the pulsed production of predominantly singly-charged ions by protonation. The
MALDI method requires that the molecule is dissolved in a solution of a UV-absorbing matrix
compound on a stainless steel probe. The matrix solution protonates the molecule and upon
drying crystallises incorporating the target molecule in the crystal structure. Pulses of UV laser
light are used to vaporize the crystals and analyte ions into the gas phase.

Following ionisation, the ions are separated by a mass-analyser according to their mass-to-
charge ratio. The most commonly used mass-analysers include Time-Of-Flight (TOF), and
Quadrupole mass analysers. Mass-analysers can be used in tandem and this is referred to as
Tandem Mass Spectrometry (MSMS) (Section 5.1.3).

In a TOF mass analyser the ions are introduced as a ‘packet’ of ions resulting in all of the ions
receiving the same initial kinetic energy. The ions then enter a field-free region where they
travel at velocities that are inversely proportional to their mass-to-charge (m/z) ratio. Because
of this inverse relationship, ions with low mass-to-charge ratios travel more rapidly than ions
with high mass-to-charge ratios (Kinter 2000). This enables the detector to record all ions as
they arrive at the detector, and allows the calculation of their mass-to-charge ratios based on

the time of their arrival.

In a Quadrupole mass analyser, electric fields are used to separate ions according to their m/z
value. A quadrupole consists of four parallel rods or poles through which the ions being
separated are passed. By varying the strength and frequencies of the electric fields applied to
the poles, it is possible to induce a stable trajectory for an ion with any given m/z value, thus
causing it to pass through the path of the mass analyser to the detector while all other ion are
not detected (Kinter 2000). By incrementally changing the field it is possible to detect all ions in
a sample.

The data output of mass spectrometry is a plot of the relative intensity against the mass-to-

charge ratio of individual ions. The mass (M) of the ion is given by:
M = [nH x m/z] - nH
Where m/z is the mass-to-charge ratio of an ion, n is the number of protons attached to the ion,

and H is the mass of a proton (1.00794 Da). The calculated mass can then be used to identify

the molecule.
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5.1.3 TANDEM MASS SPECTROMETRY

Tandem Mass Spectrometry (MSMS) commonly involves the use of two or more mass
analysers in a series separated by a collision cell. The first mass analyser is used to select an
ion (parent ion) with a certain mass-to-charge ratio, which is subjected to fragmentation by
collision with an inert gas in the collision cell. The second mass analyser is then used to
separate the fragment ions according to their mass-to-charge ratios. The fragment ions
(daughter ions) can then used for structural or sequence analysis.

Although peptide ions can be fragmented at any bond in the peptide, fractionation most
commonly occurs at the peptide bond. When a singly charged peptide is fragmented at a single
peptide bond, two fragments are formed: if the charge is retained on the N-terminal
fragment of the peptide ion it is called a b-ion; if the charge is retained on the C-terminal
fragment it is called a y-ion. In this case, only the fragment retaining the charge is detected as
the other fragment is neutral and thus impossible to detect (Kinter 2000) (Figure 5.2).
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Figure 5.2 Formation of the B-ion and Y-ion Series from Fragmentation of a Singly-Charged
Precursor (Kinter 2000).

The mass difference between adjacent members of either the b-ion or y-ion series can be
calculated to determine the amino acid sequence of the peptide. Upon peptide fragmentation
each amino acid residue has produces a characteristic immonium ion, with the exception of
leucine and isoleucine, and lysine and glutamine, which produce immonium ions with the same
mass-to-charge ratio. The immonium ions are useful for detecting and confirming the presence
of many of the amino acid residues in a peptide, although no information regarding the position
of these amino acid residues in the peptide sequence can be ascertained from the immonium
ion (Kinter 2000).
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5.2 METHODS
5.2.1 Peptidase Substrate Specificity Assay

Peptidase activity was detected using a discontinuous High-Pressure Liquid Chromatography
(HPLC)-based Peptidase Activity Assay (Section 3.2.11). Typically, 100 uL of either 0.65
mg/mL ass-casein(1-23) or 10 mg/mL bovine casein peptides in 50 mM Tris-HCI pH 6.5
(Section 4.2.5) were incubated with 40 uL enzyme sample at room temperature for 0 and 2 hr.
To investigate the peptidase catalytic mechanism, enzyme samples were preincubated for 1 hr
with various inhibitors: 100 uM Aprotinin, 100 uM Leupeptin, 10 uM Pepstatin, 10 mM EDTA,
100 uM Phosphoramidon. Peptidase activity was observed as the disappearance of substrate
peaks and appearance of product peaks. Individual substrate and product peaks were
manually collected, concentrated by lyophilisation using a Dura~DryTM uP Freeze-dryer and
analysed by Edman N-terminal Sequencing and Mass Spectrometry.

5.2.2 Edman N-terminal Sequencing

Individual substrate and product peptides from the peptidase activity assays were subjected to
Edman N-terminal sequencing on an Applied Biosystems 476A (Perkin Elmer) automated
protein sequencer using Model 610A data analysis software.

5.2.3 Matrix-Assisted Laser Desorption/lonisation Time Of Flight

Individual substrate and product peaks from the peptidase activity assays were subjected to
Matrix-Assisted Laser Desorption/lonisation Time Of Flight (MALDI-TOF) analyses on a
Micromass M@LDI™ instrument using MassLynx version 3.5 control and processing software
with MaxSpec™ automated laser system tuning and real time data selection. Concentrated
protein samples (1 uL) were mixed with 1 uL 40 mg/mL a-cyano-4-hydroxy-trans-cinnamic acid
(HCCA), 10 mg/mL nitrocellulose matrix in 50% acetone and 50% Isopropanol, on a stainless
steel probe according to the rapid evaporation method (Jimenez 1998). The MALDI-TOF
instrument was run in positive-ion, reflectron mode, using a nitrogen UV laser (. = 337 nm) and
a micro-channel plate (MCP) detector. MALDI-TOF was carried out using an operating voltage
of 20 kV and laser pulse energy of 60 V. An external mass spectrum calibration was performed
using a 1 pM Angiotensin | (Monoisotopic mass, 1296.69 Da) standard.

5.2.4 Atmospheric Pressure lonisation Tandem Mass Spectroscopy

Atmospheric Pressure lonisation Tandem Mass Spectroscopy (API-MSMS) was used to obtain

peptide mass and amino acid sequence information for individual substrate and product
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peptides. The lyophilised peptides were reconstituted in a 50% acetonitrile, 1% formic acid
solution in ultra-pure bottled water, before analysis by API-MSMS. The peptide sample was
introduced into the mass spectrometer through a fused silica capillary tube (50 um inner
diameter), using a syringe pump (Harvard Instruments) at a rate of 5.0 uL/min. API-MSMS was
carried out in positive ionization mode on an Applied BioSystems API 300 triple quadrupole
mass spectrometer using an Electro-Spray lonisation (ESI) source and Analyst 4.0 instrument
control software. The instrument was calibrated using a polypropylene glycol (PPG) standard
(Applied Biosystems) and the conditions for ionization optimized. Parameter setting were as
follows: ion spray voltage, 4500.0 kV; sampling orifice voltage, 30.0 V; focusing ring voltage,
150.0 V. lon fragmentation was achieved by using collision-induced dissociation (CID) voltages
that were m/z dependent. The MSMS data were analysed using Mascott software (Perkins
1999).

5.2.5 Liquid Chromatography Tandem Mass Spectroscopy

Liquid Chromatography Tandem Mass Spectroscopy (LC-MSMS) was carried out by Dr Julian
Reid and Mr Aveenash Bala (Fonterra Research Centre, Palmerston North, New Zealand). This
was used to obtain peptide mass and amino acid sequence information for substrate and
product peptide mixtures (Section 5.2.1). The substrate and product peptide mixtures (0.2-1.0
uL) were loaded onto a PepMap C;5 column (3 um, 100 A pore size, 75 um x 150 mm
dimensions) (LC Packings) on an Ultimate nano HPLC system (LC Packings) and eluted using
a gradient of 0-60% acetonitrile/10.2% formic acid. The eluted peptides were sprayed into the
mass spectrometer using PicoTip™ Emitter 20 um diameter (10 um emitter) glass tips and
MSMS carried out over a total time of 65 minute per sample on a Q-Star XL hybrid mass
spectrometer (QqTOF configuration) (Applied Biosystems). A 3-part Information Dependent
Acquisition (IDA) method was used: (1) TOF-MS survey scan between 50-2000 AMU with a
cumulative time of 1 second; (2) MSMS product ion scan of the first most intense ion between
50-2000 AMU with a cumulative time of 3 seconds and; (3) MSMS product ion scan of the
second most intense ion between 50-2000 AMU with a cumulative time of 3 seconds. The
switch criteria between part (1), (2) and (3), was a mass-to-charge ratio of 380.0, which exceeds
20 counts/second. Parameter settings were as follows: ion source gas 1, 5.0; curtain gas,

12.0; ion spray voltage, 1900.0 V, declustering potential, 60.0V; declustering 2 potential, 15.0 V;
focussing potential, 150.0 V; collision energy, rolling; collision gas, 6.0; ion release delay, 6.0 V,
ion release width, 5.0 V. The IDA advanced parameter was set to ignore peaks within a 3 AMU
window of selected ions.
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5.3 RESULTS AND DISCUSSION

5.3.1 L. RHAMNOSUS PEPO SUBSTRATE SPECIFICITY

5.3.1.1 RP-HPLC ANALYSIS

PepO activity was not inhibited by the aspartic, cysteine and serine inhibitors pepstatin,
leupeptin, and aprotinin, respectively (Figure 5.3). However, it was strongly inhibited by EDTA a
metal chelator, and weakly inhibited by phosphoramidon, a metabolite produced by
Streptomyces tanashiensis, which has been found to specifically inhibit the closely related

metallopeptidase NEP from H. sapiens. PepOQ is therefore classified as a metallopeptidase.

This finding is consistent with amino acid sequence analysis of the enzyme. The
metallopeptidases share a conserved HEXXH pentapeptide motif that has been shown in
crystallographic studies to coordinate the metal ion at the active centre. The HEXXH
pentapeptide motif is relatively common, but can be more stringently defined for
metallopeptidases as the Jongeneel consensus sequence abXHEbbHbc, where ‘a’ is most often
valine or threonine, ‘b’ is an uncharged residue, and ‘¢’ a hydrophobic residue. (Jongeneel
1989; Rawlings 1995). The metallopeptidases contain a divalent cation, usually zinc, but
sometimes cobalt, manganese, nickel or copper, at the active site that activates the water
molecule, making it a better nucleophile. Establishing the nature of the metal ion at PepO's
active site was beyond the scope of this project.

Although it has been established that PepO is an endopeptidase, knowledge of the enzyme’s
substrate specificity is limited. To investigate this, various bovine casein peptides were
prepared (Chapter 4) and the cleavage of these peptides by PepO analysed using RP-HPLC.
PepO was found to be unable to cleave peptide bonds of intact as:-, - or k-casein (data not
shown), but was found to cleave specific peptide bonds in the chymosin-derived as-casein(1-
23) peptide, - and k-casein peptides (Appendix IV). Minor hydrolysis by PepO was observed
for B- and k-casein peptides derived from proteolytic digestion by either L. /actis subsp. cremoris
strain H2 or SK11 cell-envelope proteinases (PrtP), and by the combined proteolytic activity of
chymosin and the L. /actis cell-envelope proteinases (Appendix IV). PepO was also found to
cleave specific peptide bonds in casein peptides extracted from Cheddar Cheese (Appendix 1V).
The focus of this research was directed at the major 3-casein, k-casein and cheese substrate

peptides only.
From the RP-HPLC analysis alone it is not possible to establish whether PepO is acting as an

endopeptidase or an exopeptidase. To investigate this further, the substrate and product
peptides isolated by RP-HPLC were analysed by a combination of mass spectrometry and
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sequencing techniques including: Edman N-terminal sequencing, Matrix Assisted Laser
Desorption lonisation Mass Spectrometry (MALDI-TOF MS), Electro Spray lonization Tandem
Mass Spectrometry (ESI-MSMS) and Liquid Chromatography (LC) Tandem Mass Spectrometry
(MSMS) using either infusion or LC for sample introduction.

5.3.1.2 EDMAN N-TERMINAL SEQUENCING ANALYSIS

Edman N-terminal sequencing was carried out for the major PepO substrate and product
peptides from -casein, k-casein and Cheddar cheese isolated by RP-HPLC (Figures 5.3, 5.4
and 5.5). The uss-casein substrate and products identified by RP-HPLC were not further
investigated as the substrate specificity for the substrate peptide, uss-casein(1-23), has
previously been characterised (Christensson 2002). The peptide sequences obtained for the
major PepO substrate and product peptides are presented in Tables 5.1, 5.2 and 5.3.

Several of the peptides could not be identified by Edman sequencing and this is likely to be due
to low peptide concentration. It is difficult to determine the peptide concentration from the
absorbance measured at either 214 nm or 280 nm as the tryptophan and tyrosine content of
each residue is unknown. Although the concentration of lyophilized peptides may be
determined by weight this is problematic when working with small volumes that may contain
anywhere from 10% to as much as 70% bound water by weight. Blocked N-termini are
relatively rare, and as these peptides were generated by hydrolysis, extremely unlikely.

The sequences of the peptides that were identified by Edman sequencing were unambiguous
and provided accurate analysis of the peptide. The drawback of Edman sequencing is
however, that it is often not possible to identify the C-terminal residue of the peptide. To further
characterise the substrate and product peptides accurate masses of the peptides were required.

5.3.1.3 MALDI-TOF MS ANALYSIS

Matrix Assisted Laser Desorption lonisation Time-Of-Flight (MALDI-TOF) MS analysis alone is
often not sufficient to conclusively identify peptides. However when combined with sequence
data the mass determined by MALDI-TOF analysis provides convincing evidence of a peptides
identity. MALDI-TOF was used to ascertain the masses of peptides identified by Edman
sequencing and based on the known sequence of the parent protein, it was then possible to
deduce complete peptide sequence.

MALDI-TOF analysis proved to be relatively problematic and provided only a few reliable

peptide masses. In some cases no obvious masses were present in the spectra. While in other

cases clear mass spectra were obtained, however the masses did not correspond to any

60



CHAPTER 5

—— B-casein substrate peptides (Chymosin)
p-casein product peptides (PepO)
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Figure 5.3 RP-HPLC Analysis of PepO Substrate (Chymosin-Generated [}-casein Peptides) and
Product Peptides. Peaks labelled S1-S6 (Substrate peptides) and P1-FP7 (Product
peptides) are referred to in Table 5.1.
Table 5.1 Mass and Sequence Analysis of PepO Substrate and Product Peptides from [-casein.
RP-HPLC | MALDI-TOF?® | API-MS*® | API-MSMS" | Edman Sequence Peptide °
Peak (m/z) (m/z)
Si N/D N/D X S-Q-S-K-V-L-P-V- {}-casein(166-?)
S2 N/D N/D X N/D N/D
S3 N/D N/D X R-E-L-E-E-L-N- [}-casein(1-?)
S4 N/D N/D X M-H-Q-P-H-Q-P-L- f-casein(144-7)
S5 N/D N/D X R-E-L-E-E-L-N-V- [-casein(1-?)
S6 N/D N/D X N/D N/D
P1 N/D N/D X N/D N/D
P2 N/D N/D X Y-Q-E- [B-casein(193-?)
P3 N/D N/D X K-A-V-P-Y-P-Q- [-casein(176-7)
P4 N/D N/D X M-H-Q-P-H-Q-P- f-casein(144-?)
P5 N/D N/D X R-D-M-P-I-Q-A- [3-casein(183-?)
P6 N/D N/D X V-M-F-P-P-Q- f-casein(155-?)
P7 N/D N/D X N/D N/D

® Mass-to-charge (m/z) ratio, measured in Thompson (Th).

® Tandem Mass Spectrometry data used to identify peptide; v, yes; x, no.

¢ 2, C-terminus was not determined.

N/D, Not Determined.
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— Kk-casein substrate peptides (Chymosin)
k-casein product peptides (PepQ)
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Figure 5.4 RP-HPLC Analysis of PepO Substrate (Chymosin-Generated x-casein Peptides) and

Product Peptides. Peaks labelled S1-S7 (Substrate peptides) and P1-F11 (Product
peptides) are referred to in Table 5.2.
Table 5.2 Mass and Sequence Analysis of PepO Substrate and Product Peptides from k-casein.
RP-HPLC | MALDI-TOF® | API-MS® | API-MSMS"® | Edman Sequence Peptide ©

Peak (m/z) (m/z)

S1 N/D 1056.8 v S-R-Y-P-S-Y-G-L- k-casein(33-41)
S2 N/D N/D X N/D N/D

S3 N/D N/D X N/D N/D

S4 N/D 400.5 v A-R-H-P-H-P- k-casein(96-105)
55 N/D N/D X N/D N/D

S6 N/D N/D X N/D N/D

S7 N/D N/D X N/D N/D

P1 N/D N/D X N/D N/D

P2 N/D 457 4 v N/D k-casein (62-66)

P3 511.4 N/D X N/D N/D

P4 657.3 657.3 v N/D k-casein(106-111)

P5 N/D N/D X N/D N/D

P6 N/D 714.7 v N/D k-casein(96-101)

P7 N/D N/D X N/D N/D

P8 N/D N/D X N/D N/D

P9 N/D 796.7 v N/D k-casein(25-30)
P10 N/D 636.5 v N/D k-casein(55-59)
P11 N/D N/D X N/D N/D

N Mass-to-charge (m/z) ratio, measured in Thompson (Th).

" Tandem Mass Spectrometry data used to identify peptide; v, yes; x, no.

¢ 2, C-terminus was not determined.
N/D, Not Determined.
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-- Casein substrate peptides (Cheese Extract)
-- Casein product peptides (PepQ)
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Figure 5.5 RP-HPLC Analysis of PepO Cheddar Cheese Extracted Casein Substrate and
Product Peptides. Peaks labelled S1-S4 (Substrate peptides) and P1-P5 (Product
peptides) are referred to in Table 5.3.
Table 5.3 Mass and Sequence Analysis of PepO Cheddar Cheese Casein Substrate and
Product Peptides.
RP-HPLC | MALDI-TOF ® API-MS® | API-MSMS® | Edman Sequence Peptide °
Peak (m/z) (m/z)
S1 1141.1 N/D X R-P-K-H-P-I- asi-casein(1-9)
S2 N/D N/D X N/D N/D
S3 N/D 791.7 v N/D asq-casein(18-23)
N/D 905.6 il N/D asi-casein(17-23)
S4 N/D N/D X N/D N/D
1 N/D 634.3 v N/D as1-casein(1-5)
P2 N/D 414 4 v N/D asi-casein(10-13)
N/D 4743 v N/D asi-casein(15-18)
N/D 486.5 v N/D asi-casein(11-14)
N/D 717.5 v N/D asi-casein(14-19)
P3 N/D 5427 v N/D asi-casein(9-13)
N/D 679.2 v N/D asi-casein(8-13)
P4 N/D 594.5 v N/D [-casein(63-68)
P5 N/D 788.5 v N/D [-casein(1-6)
N/D 838.5 v N/D p-casein(61-68)

" Mass-to-charge (m/z) ratio, measured in Thompson (Th).

 Tandem Mass Spectrometry data used to identify peptide; v, yes; x, no.
¢ ?, C-terminus was not determined.

N/D, Not Determined.
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possible casein peptides. Careful analysis of these masses was carried out, taking into
consideration possible adducts that could result in the observed mass.

An a-cyano-4-hydroxy-trans-cinnamic acid («-HCCA) matrix was used and it is known that
sodium and potassium ions are able to induce the formation of «-HCCA adducts. The most
abundant «-HCCA matrix adducts are typically in the range of m/z 800-1100 Da, which is part of
the mass range used for peptide identification (Zhu 2003). Although these «-HCCA adducts are
ubiquitous in MALDI-TOF mass spectra, they are particularly evident at low sample
concentrations and can interfere with peptide ionization and mass spectrum interpretation (Zhu
2003). Contaminants including detergents, salts, and substances which ionize more readily
than the sample itself also complicate mass spectrum interpretation as these will suppress

sample ionization and in many cases completely obliterate mass spectra.

In attempts to improve the mass spectra, lower concentrations of the «-HCCA matrix were
used, and desalting of peptide samples with zip-tips was implemented. Unfortunately this did
not significantly improve the mass spectra for the large majority of the peptide samples.
Sometimes ions do not fly due to the absence of an appropriate charge, ion suppression, or
other reasons. This cannot be easily determined for individual ions in an experiment like this.
Peptide Masses obtained from the reproducible MALDI-TOF analyses are presented in Tables
51,52and 53

5.3.1.4 ESI-MSMS ANALYSIS

Tandem mass spectrometry is considered an important alternative to Edman N-terminal
sequencing for obtaining peptide sequence information. Electro-Spray lonization Tandem Mass
Spectrometry (ESI-MSMS) was carried out to identify and confirm major substrate and product
peptides identified by MALDI-TOF and Edman N-terminal Sequencing (Figures 5.3, 5.4 and 5.5,
Tables 5.1, 5.2 and 5.3)

In general, the mass spectra obtained provided relatively unambiguous assignment of the
peptide. One of the disadvantages of MSMS is the complex and often ambiguous process for
the interpretation of the mass spectra. An ideal mass spectrum would consist of either
complete a- and x-ions series, or b- and y-ion series, or ¢c- and z-ions series (Figure 5.6)
(Chapman 1996; Kinter 2000). However, this seldom occurs, as internal cleavages, secondary
fragmentation, side-chain cleavages, and other peptide backbone series usually complicate the
spectrum (Chapman 1996).

Another aspect that can complicate mass spectra interpretation is the charge state of the ion.
Often MS spectra consist of a distribution of multiply-charged ions and it is necessary to

determine the charge state of the ions to determine the molecular mass.
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Figure 5.6  Bonds that must be Fragmented to Produce the a-, b-, ¢c- and x-, y-, z-ions.

Both the charge state and fragment ion-series were analysed for each peptide, before the
MSMS spectra was submitted to a Mascot MS/MS lon Search. The Mascot searches were
carried out against a milk protein data bank with a 50 ppm mass tolerance to ensure accurate
peptide identification.

Although the combined sequencing and mass spectrometry approach identified a large number
of the major substrate and product peptides observed by RP-HPLC, very few product peptides
could be matched to the substrate peptides. From the cleavage sites of the product peptides
which matched to a substrate peptide, it was possible to speculate two possible PepO cleavage
sites in k-casein; Projgs-Hisigp and Lysi11-Lysis2. Only one conclusive PepO cleavage site, 3-
casein Leug-Asn;, was identified. Although this peptide did not correspond to a substrate

peptide, it retains the N-terminus of the protein.

5.3.1.5 LC-ESI-MSMS ANALYSIS

To further investigate PepO cleavage sites in 3-casein, non-fractionated -casein substrate
(Chymosin-generated) peptide mixtures, and non-fractionated [3-casein product peptide mixtures
were analysed by Liquid Chromatography Tandem Mass Spectrometry (LC-ESI-MSMS)
(Table 5.4).

Although LC-ESI-MSMS identified a large number of peptides, it was still not possible to match
many of these to the substrate peptides (Table 5.4 and Appendix V). From the cleavage sites
of the product peptides which matched to a substrate peptide, it was possible to speculate a
number of possible PepO cleavage sites in [3-casein; Aspiag-Valizo, Glujai-Asnysz, Ashis-Leuss,
Leuyas-Hisyas, LeUas-Proyss, Thryss-Valiss, Serigs-Lysise, GIN17s-LySi76, LyS1ee-Valizo, Valiza-

Pros7s, Argias-Aspigs, Projgs-Valiaz, Prozos-llezos.

65



CHAPTER 5

Table 5.4 LC-ESI-MSMS Analysis of PepO Substrate (Chymosin-Generated 3-casein Peptides) and
Product Peptides from B-casein.
RP-HPLC LC-MS® Peptide © | Sequence
Peak ° (m/z)
st 1473.04 128-140 T-D-V-E-N-L-H-L-P-L-P-L-L
32 1688.15 128-142 T-D-V-E-N-L-H-L-P-L-P-L-L-Q-S
S3 1698.06 143-156 W-M-H-Q-P-H-Q-P-L-P-P-T-V-M
S4' 2466.58 143-163 W-M-H-Q-P-H-Q-P-L-P-P-T-V-M-F-P-P-Q-S-V-L
S5 2280.47 144-163 M-H-Q-P-H-Q-P-L-P-P-T-V-M-F-P-P-Q-S-V-L
S6' 2480.61 144-165 M-H-Q-P-H-Q-P-L-P-P-T-V-M-F-P-P-Q-S-V-L-S-L
ST 986.69 157-165 F-P-P-Q-S-V-L-S-L
S8 2876.93 164-189 S-L-S-Q-S-K-V-L-P-V-P-Q-K-A-V-P-Y-P-Q-R-D-M-P-I-Q-A
S9 2676.78 166-189 S-Q-S-K-V-L-P-V-P-Q-K-A-V-P-Y-P-Q-R-D-M-P-1-Q-A
S10° 2461.67 168-189 S-K-V-L-P-V-P-Q-K-A-V-P-Y-P-Q-R-D-M-P-I-Q-A
ST 1780.99 193-208 Y-Q-W-P-V-L-G-P-V-R-G-P-F-P-I-1
S12' 1880.33 193-209 Y-Q-W-P-V-L-G-P-V-R-G-P-F-P-I-I-V
P1 968.49 6-14 L-N-V-P-G-E-I-V-E
P2’ 791.41 58-64 L-V-Y-P-F-P-G
Pa 1452.74 58-70 L-V-Y-P-F-P-G-P-I-H-N-S-L
P4’ 678.32 59-64 V-Y-P-F-P-G
P& 1025.50 59-67 V-Y-P-F-P-G-P-I-H
P&’ 1139.55 59-68 V-Y-P-F-P-G-P-I-H-N
PT 1299.66 59-70 V-Y-P-F-P-G-P-I-P-N-S-L
P8’ 753.43 81-87 P-V-V-V-P-P-F
P9 866.50 81-88 P-V-V-V-P-P-F-L
P10’ 994 .55 81-89 P-V-V-V-P-P-F-L-Q
PI1T 1319.75 81-92 P-V-V-V-P-P-F-L-Q-P-E-V
P12 1450.76 81-93 P-V-V-V-P-P-F-L-Q-P-E-V-M
P13 2401.18 94-114 G-V-S-K-V-K-E-A-M-A-P-K-H-K-E-M-P-F-P-K-Y
P14 2158.07 97-114 K-V-K-E-A-M-A-P-K-H-K-E-M-P-F-P-K-Y
P15 1673.79 101-114 A-M-A-P-K-H-K-E-M-P-F-P-K-Y
P16’ 1998.93 101-117 A-M-A-P-K-H-K-E-M-P-F-P-K-Y-P-V-E
P17 910.40 108-114 E-M-P-F-P-K-Y
P18’ 688.32 115-120 P-V-E-P-F-T
P19 817.35 115-121 P-V-E-P-F-T-E
P20 904.38 115-122 P-V-E-P-F-T-E-S
P21’ 1119.48 115-124 P-V-E-P-F-T-E-S-Q-S
P22 1256.71 130-140 V-E-N-L-H-L-P-L-P-L-L
P23 1028.61 132-140 N-L-H-L-P-L-P-L-L
P24’ 914 57 133-140 L-H-L-P-L-P-L-L
P25 801.49 134-140 H-L-P-L-P-L-L
P26’ 627.30 136-140 P-L-P-L-L
P27 1281.59 144-154 M-H-Q-P-H-Q-P-L-P-P-T
P28’ 651.37 170-175 V-L-P-V-P-Q
P29’ 1183.00 174-183 P-Q-K-A-V-P-Y-P-Q-R
P30 1037.58 197-206 V-L-G-P-V-R-G-P-F-P

RP-HPLC Peak; Substrate (S) and Product (P) peptides are sorted based on position in b-casein and not elution from

RP-HPLC (data not shown). The peptides do not correspond to peaks in Table 5.1.

peptide in all cases.
° Peptide; identified by residue number.

Mass-to-charge (m/z) ratio; measured in Thompson (Th). Tandem Mass Spectrometry data was used to identify the
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These results do not show any type of consensus regarding the residues flanking the scissile
peptide bond and suggest that PepO has broad substrate specificity. PepO substrate specificity
is therefore likely to be determined not by sequence but by peptide structure.

Casein molecules have an extraordinarily high composition of proline residues which perturb the

peptide backbone. To investigate possible substrate recognition it would be necessary to have
structural information regarding both the substrate and enzyme.
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5.3.2 L. RHAMNOSUS PEPW SUBSTRATE SPECIFICITY

5.3.2.1 SUBSTRATE SPECIFICITY ANALYSIS

PepW is a putative cysteine aminopeptidase that is completely uncharacterised. To establish
the reaction catalysed by PepW its substrate specificity towards bovine casein peptides was
investigated. Due to time constraints the catalytic mechanism of PepW was not investigated
and the substrate specificity investigation was limited to 3- and k-casein peptides derived from
Chymosin digestion (Chapter 4).

PepW was expressed as a fusion protein with Thioredoxin (Trx) attached to its N-terminus. To
investigate whether or not the Trx-PepW fusion protein influenced PepW peptidase activity,
substrate specificity investigations were carried out for both PepW and Trx-PepW (data not
shown). PepW and Trx-PepW were found to hydrolyse the same substrate peptides generating
the same product peptides. The only difference observed was the rate of hydrolysis, and this is
likely to be due to the lower concentration of PepW used in the reaction with the fusion protein.
PepW concentrations were determined using Bradford assays and absorbance at 280 nm
measurements. Although the PepW and Trx-PepW Molar concentrations were the same, the
amount of PepW in the Trx-PepW solution was considerably lower, thereby explaining the
reduced rate of hydrolysis.

PepW was found to cleave several [3- and k-casein substrate peptides (Figures 5.7, 5.8).
Identification of the - and k-casein substrate and product peptides was carried out with Edman
N-terminal Sequencing, MALDI-TOF and API-MSMS (Tables 5.5 and 5.6).

Unfortunately, very few product peptides were identified preventing an accurate analysis of
PepW substrate specificity. However, the k-casein(35-7) product peptide derived from
hydrolysis of the k-casein(33-41) substrate peptide, demonstrated that PepW acts as an
exopeptidase rather than an endopeptidase.

Although the results obtained are not sufficient to speculate the reaction catalysed, it is
suspected that PepW is an aminopeptidase as apposed to a dipeptidyl-peptidase. The
dipeptidyl-peptidase activity suggested by the removal of a dipeptide from the k-casein(33-41)
substrate peptide to generate the k-casein(35-7) product peptide is unlikely to be correct. Itis
more likely that k-casein(35-?) did not result from direct hydrolysis of k-casein(33-41) but by

hydrolysis of an unidentified k-casein(34-?) product peptide.

To establish the catalytic mechanism and substrate specificity of PepW further investigations
are required.
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Figure 5.7 RP-HPLC Analysis of PepW Substrate (Chymosin-Generated [3-casein Peptides) and
Product Peptides. Peaks labelled S1-S2 (Substrate peptides) and P 1-P4 (Product
peptides) are referred to in Table 5.5.

Table 5.5 Mass and Sequence Analysis of PepW Substrate and Product Peptides from B-casein.

RP-HPLC | MALDI-TOF *® API-MS?® | API-MSMS® | Edman Sequence Peptide °
Peak (m/z) (m/z)

S1 N/D N/D X R-E-L-E-E-L-N- [-casein(1-?)
S2 N/D N/D X M-H-Q-P-H-Q-P-L- B-casein(144-7)
P1 N/D N/D X N/D N/D

P2 N/D N/D X N/D N/D

P3 N/D N/D X N/D N/D

P4 N/D N/D X N/D N/D

* Mass-to-charge (m/z) ratio, measured in Thompson (Th).

" Tandem Mass Spectrometry data used to identify peptide; v/, yes; x, no.

¢ 2. C-terminus was not determined.
N/D, Not Determined.
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Figure 5.16 RP-HPLC Analysis of PepW Substrate (Chymosin-Generated k-casein Peptides) and
Product Peptides. Peaks labelled S1-S3 (Substrate peptides) and '1-55 (Product
peptides) are referred to in Table 5.6.
Table 5.6 Mass and Sequence Analysis of PepW «-casein Substrate and Product Peptides.
RP-HPLC | MALDI-TOF? API-MS? | API-MSMS® | Edman Sequence Peptide ©
Peak (m/z) (miz)
Substrate N/D 1056.8 v S-R-Y-P-S-Y-G-L- k-casein(33-41)
Substrate N/D 946.5 X N/D N/D
Substrate N/D 600.0 v N/D k-casein(96-105)
Product 1 N/D N/D X N/D N/D
Product 2 N/D N/D X N/D N/D
Product 3 N/D N/D X N/D N/D
Product 4 N/D N/D X Y-P-S-Y-G-L-N- k-casein(35-7)
Product 5 N/D N/D X N/D N/D

* Mass-to-charge (m/z) ratio, measured in Thompson (Th).

® Tandem Mass Spectrometry data used to identify peptide; ¥, yes; x, no.
© 2, C-terminus was not determined.

N/D, Not Determined.
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CONCLUSIONS AND FUTURE DIRECTIONS

6.1 CONCLUSIONS

Part 1 of this thesis investigated the substrate specificity of the two peptidases, PepO and
PepW both produced by L. rhamnosus. The 1.347-kb pepW gene was successfully cloned from
L. rhamnosus into an E. coli expression system utilising a modified pET32a vector with T7-
promoter, IPTG induction and an N-terminal fusion Trx-His-rTEV-tag. Recombinant PepW was
purified to homogeneity using immobilised metal affinity chromatography which exploited the
His-tag and size exclusion chromatography was used to separate the tag from PepW, following
removal of the fusion tag by recombinant TEV protease.. PepW was shown by size exclusion

chromatography to exist predominantly as a hexamer of 50 kDa PepW subunits.

Recombinant PepO was expressed from an L. /actis expression system that utilised a nisA-
promoter and Nisin induction. PepO was purified to homogeneity, without the use of a fusion
tag, by ion exchange chromatography, hydrophobic interaction chromatography and size
exclusion chromatography. It was shown by size exclusion chromatography to exist as a 70
kDa monomer, and by RP-HPLC analysis to be inhibited by EDTA and phosphoramidon,
classifying it as a metallopeptidase.

Substrate specificity of PepO and PepW towards bovine ass-, f- and k-casein peptides as well
as casein peptides extracted from Cheddar cheese was then investigated. PepO and PepW
selectively hydrolysed chymosin-derived bovine f3- and k-casein peptides, and casein peptides
that had been formed in Cheddar cheese. Albeit to a lesser extent, PepO was also found to
hydrolyse j3- and k-casein peptides derived from both chymosin and L. lactis H2 PrtP, and from
chymosin and L. /actis SK11 PrtP hydrolysis.

In order to establish the exact cleavage points both substrate and product peptides were
isolated and analysed by a combination of sequencing and mass spectrometry techniques that
included: Edman N-terminal Sequencing, MALDI-TOF MS, ESI-MSMS and LC-ESI-MSMS.

Although a considerable amount of information was obtained from these experiments, it was not
sufficient to completely characterise the substrate specificities of either PepO or PepW. Only
one conclusive PepO cleavage site that had not been previously characterised was identified.
This cleavage site was the -casein peptide bond between Leug-Asn;. Several possible PepO
and PepW cleavage sites in us1-, B- and x-casein were identified, suggesting that PepO has a
broad endopeptidase activity, whilst PepW has a specific exopeptidase activity. Further work is
required to conclusively determine both PepO and PepW substrate specificity.
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6.3 FUTURE DIRECTIONS

To determine with certainty the substrate specificity of PepO and PepW it will be necessary to
match product peptides produced by these enzymes to the corresponding substrate peptides.
This is often difficult because as hydrolysis of a peptide substrate proceeds, product peptides
are generated which become new substrates (secondary substrates) for the peptidase.

An approach that would prove useful would be to fractionate peptide substrates and individually
analyse the hydrolysis of these by PepO and PepW. This would limit the number of secondary
substrate peptides, and allow a more controlled investigation into the substrate specificity of
these enzymes.

The incentive to investigate PepO and PepW substrate specificity was to establish if these
enzymes could potentially be used to modify and control cheese bitterness and possibly other
flavour attributes. It is therefore necessary to investigate the substrate specificity of PepO and
PepW under physiological/application conditions. This could be achieved by the
overexpression of PepO and PepW in cheese, or in vitro by adjusting the reaction conditions

including temperature, ionic strength, and pH.

Flavour development in cheese is of major economic interest since the final flavour of cheeses
partly determines consumer choice and because the development of flavour is a time
consuming and an expensive process. An understanding of the L. rhamnosus PepO and PepW
substrate specificity may enable controlled synthesis of flavour compounds through judicious
choice of LAB organisms. In the long term, the development of genetically modified LAB strains
with improved fermentation properties, and substrate specificity will provide the ultimate tool for

the control of flavour in various dairy products.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

Part 2 of this thesis focuses on the investigation into the three-dimensional structure of the

L. rhamnosus peptidases, PepO and PepW. PepO shares 27% amino acid identity (according
to BLAST) to the H. sapiens neutral endopeptidase, NEP (PDB accession 1DMT), and PepW
shares 44% and 37% amino acid identity (according to BLAST) to the H. sapiens bleomycin
hydrolase, hBH (PDB accession 1CB5) and the S. cerevisiae bleomycin hydrolase, Gal6 (PDB
accession 1GCB) respectively. Typically, proteins with greater than 30% amino acid identity
have conserved structural motifs. The aim of this section of work was to investigate the three-
dimensional structures of the L. rhamnosus peptidases, PepO and PepW, using x-ray

crystallography.
1.2 OBJECTIVES AND STRATEGIES
The objectives of this section of work were:

1) Grow suitable L. rhamnosus PepO and PepW crystals for x-ray crystallography.

2) Collect native data sets for the L. rhamnosus PepO and PepW crystals.

3) Solve the three-dimensional structures of L. rhamnosus PepO and PepW by Molecular
Replacement using H. sapiens NEP, and H. sapiens hBH and S. cerevisiae Gal6, as
search models respectively.

If Molecular Replacement proved to be unsuccessful:

4) Derivatize L. rhamnosus PepO and PepW crystals with heavy atom(s).

5) Collect derivative data sets for the L. rhamnosus PepO and PepW derivative crystals.

6) Solve the three-dimensional structures of L. rhamnosus PepO and PepW using Multiple

Isomorphous Replacement (MIR), or Multiple Isomorphous Replacement with
Anomalous Scattering (MIRAS).
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CRYSTALLISATION

21 INTRODUCTION

The first prerequisite for solving a three-dimensional structure of a protein by x-ray

crystallography is a well ordered crystal that strongly diffracts x-rays (Martin 1996). To grow

crystals, the protein molecules must be brought into a thermodynamically unstable state known

as supersaturation. This is usually achieved by the gradual removal of solvent and proceeds via

three stages: nucleation, crystal growth and cessation of growth (Martin 1996). These three
stages can be described with reference to the crystallisation phase diagram (Ducruix 1992)

(Figure 2.1).

Protein Concentration

Figure 2.1.

] e

Supersaturation

'r," Precipitation Zone
\, \
Nucleation Zone
Solubility Curve \
\

Undersaturation

A4

Precipitant Concentration

Crystallisation Phase Diagram. The crystallisation phase diagram partitions
essentially into two zones; undersaturated and supersaturated, separated by
the solubility curve. The supersaturated zone is subdivided into three zones:
the metastable zone; nucleation zone; and the precipitation zone, defined by
increasing levels of supersaturation (Modified from Ducruix 1992).

A large number of extrinsic and intrinsic factors influence the crystallisation process of protein
molecules including: protein purity and concentration, the presence of ligands or cofactors,

precipitating agent, pH, and temperature (Table 2.1).
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Table 2.1 Factors Affecting Crystallisation

Extrinsic Factors Intrinsic Factors
Temperature Purity

pH Proteolytic digestion
lonic strength Single point mutations
Protein concentration Aggregation state
Precipitant type and concentration Glycosylation state
Ligands, cofactors

Crystallisation method

Successful protein crystallisation typically requires that the protein is 95-100% pure, and exists
as a single conformational species. Temperature, pH and ionic strength all influence the
crystallisation process by affecting both protein solubility and stability.

Finding the best combination among many crystallisation parameters is a multivariate task and
is often limited by the amount of pure protein available. Often the best approach to
crystallisation is to use techniques and reagents that have proven successful for other proteins
(Gilliland 1996). In this research crystallisation trials were performed using the vapour diffusion
technique using commercially available sparse matrix crystallisation conditions to effectively
cover a number of precipitant, pH conditions and additives (Jancarik 1991). The vapour
diffusion technique utilises evaporation and diffusion of water between solutions of different
concentrations as a means of approaching and achieving supersaturation of protein molecules
(McPherson 1990).

The most commonly used vapour diffusion technique is the hanging drop method, although the
same effect is achieved with the sitting drop method. In these methods a drop of protein
solution is mixed with an equal volume of precipitant at subsaturation, and is then placed in a
sealed vessel above a reservoir containing the same precipitant. The difference in precipitant
concentration between the drop and the reservoir causes water to evaporate from the drop until
the concentration of the precipitant in the drop equals that of the reservoir. Under the correct
conditions, nucleation will result followed by crystal growth.

Crystallisation trials should be examined microscopically once a day for the first week, then
once a week there after. Results should be recorded to indicate whether the drop is clear,
contains precipitate and/or crystals. If crystals appear in the drop it is necessary to determine
whether or not they are protein or salt crystals. Protein crystals differ from salt crystals in a
number of aspects: (i) protein crystals are very fragile whilst salt crystals are usually hard; (ii)
protein crystals show signs of birefringence under the microscope; (iii) protein crystals will be
present in only the drop and not the reservoir. If multiple crystals with the same morphology are
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present in the drop, it is possible to check the crystal more thoroughly by Coomassie Blue
staining or SDS-PAGE analysis, or alternatively performing activity assays.

Once it is established that the crystals are protein crystals the next step is to analyse the crystal
quality by x-ray diffraction. Preliminary indications of high crystal quality come from optical
clarity and sharply faceted crystal surfaces. However, the only reliable way to tell if the crystals
are suitable for x-ray crystallography is by subjecting them to x-ray diffraction.
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21 METHODS

221 Handling and Storage of Protein Samples

Protein purification was carried out as described in Part 1 Chapter 3 in the shortest time
possible to ensure fresh and pure protein for crystallisation. Protein samples were concentrated
to concentrations of approximately 11.5 mg/mL for PepO (in 0.2 M ammonium sulphate, 50 mM
Tris pH 8.0) and 5.0 mg/mL for PepW (in 0.1 M NaCl, 2 mM DTT, 50 mM Tris pH 7.5). Where
possible crystallisation trials were set up immediately following protein concentration, in all other
cases protein solutions were aliquoted and stored at -80°C. Prior to crystallisation the protein
solutions were equilibrated to the temperature at which the crystallization experiments were to
be set up and filtered through 0.22 um filters (Ultrafree-Millipore)to remove any particulate
matter by centrifugation.

2.2.2 Hanging Drop Method

Crystallisation experiments were carried out using the vapour-diffusion hanging drop method
(McPherson 1990). A drop containing 1 uL concentrated protein and 1L precipitant was mixed
on a siliconized cover slide (Hampton). This was inverted and sealed with vaseline over a well
containing 400 uL precipitant. Crystallisation trials were set up at 4°C and room temperature,

using Linbro trays.

2.2.3 Sitting Drop Method

Crystallisation experiments were also carried out using the vapour-diffusion sitting drop method
(McPherson 1990). The sitting drop crystallisation screens were set up using the Centre for
Molecular Biodiscovery Crystallisation facility (University of Auckland, New Zealand). A
modified Perkin-Elmer Multiprobe robot was used to transfer the crystallisation reagents from
pre-made stock into Intelliplates, and a Cartesian Honeybee robot was used to set up the
nanolitre crystallisation experiments. A drop containing 100 nL concentrated protein and 100 nL
crystallisation reagent was mixed on a platform of a sealed 96-well Intelliplate (Hampton
Research) above a well containing 75 uL crystallisation reagent. Crystallisation trials were set

up at room temperature.
2.2.4 Crystallisation Reagents
The crystallisation reagents used included: Hampton Research crystal screens 1 and 2; PEG

screen; PEG/lon screen; Footprint | screen; Top 67 screen; and an Ammonium sulphate screen.
The list of reagent formulations for these screens is provided in Appendix VI.
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2.2.5 Optimisation of Crystallisation Conditions

Once preliminary crystallization conditions were found, optimization was carried out using the
vapour-diffusion hanging drop method by screening around the preliminary conditions. In the
case of PepO the following optimisation conditions were used: (i) the protein concentration was
decreased from 11.5 mg/mL to 9.0 mg/mL with 0.5 mg/mL increments; (ii) the precipitant
concentration was examined over a range of 14.0-22.0% PEG 8000 with 1% increments; (iii) the
calcium acetate concentration was varied over a range of 0.0-0.25 M in 0.05 M increments; (iv)
the pH was screened over a range of pH 4.0-7.0 using increments of 0.5 pH units; (v) the
temperature was reduced to 4°C; and (vi) co-crystallisation of PepO with the inhibitor
phosphoramidon (0.1-0.6 mM) was trialled. For PepW, reproduction of the successful sitting
drop crystallisation experiments using the hanging drop method.

2.2.6 Crystal Characterisation

Crystallisation progress was monitored at the temperature at which the crystallisation trials were
carried out using a Nikon Petrographic Model SMZ-2B Stereo-microscope, (1) immediately after
the trials were set up, (2) at 2 day intervals for the first week, (3) once a week for 2 months and
then (4) once a month. Crystallisation was recorded accordingly as: (1) clear drop, (2) phase
separation, (3) regular granular precipitant, (4) birefringent precipitate or microcrystals, (5)
rosettes or spherulites, (6) needles (1D growth), (7) plates (2D growth), (8) single crystals (3D
growth < 0.2 mm), (9) single crystals (3D growth > 0.2 mm). Images of any crystals were
recorded at room temperature at x10 magnification using a Leica MZ12 Stereo-microscope,
Optronics Digital Microscope Camera and MagnaFire Version 2.1B software.

2.2.7 Heavy Atom Derivatives

Derivatization of PepO crystals with heavy atoms was carried out by soaking the crystals for
varying lengths of time at 4°C in 1 uL of 100 mg/mL of Ethyl mercury chloride (CH;CH,HgCl),
Thiomersal (CsHgHgO,SNa), Uranyl acetate (UO,CH;CO;) and Potassium tetra-chloroplatinate
(K2PtCls) in mother liquor. Derivatization of PepO with heavy atoms was also carried out by
crystallisation trials in which 100 mg/mL Praeseodynium (lIl) nitrate (PrNOz) was present in the
mother liquor (Table 2.2). In retrospect, the heavy atom concentration (100mg/mL) was far too
high. However, crystal cracking and/or disintegration was rarely observed.
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Table 2.2 Heavy Atom Derivative Crystallisation Conditions.

Heavy Atom Concentration Soak *
CgHgHgO2SNa 100 mg/mL 1 day
CoHsHgO2SNa 100 mg/mL 1 week
CH3CHzHgCl 100 mg/mL 6 hours
CH3CH2HgCl 100 mg/mL 1 day
CH3CHzHgCl 100 mg/mL 1 week
UO;CH:CO3 100 mg/mL 1 day
UO,CH5CO; 100 mg/mL 1 week
KzPtCl4 100 mg/mL 8 days
PrNOs 100 mg/mL N/A

* The mother liquor was: 15% PEG 8000, 0.1 M Na(CH3):AsO; pH 6.5, 0.2 M CaCH:CO..
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2.3 RESULTS AND DISCUSSION

2.3.1 L. RHAMNOSUS PEPO CRYSTALLISATION

2.3.1.1 INITIAL CRYSTALLISATION SCREENS

Initial crystallisation screens were performed at room temperature using the hanging drop
method in conjunction with the commercially available Hampton Research crystallisation
screens (Appendix VI). Out of the 98 crystallisation conditions tested, crystals formed within 1-2
days in the following conditions:

30% MPD, 0.1 M sodium acetate pH 4.6, 0.02 M calcium chloride

28% PEG 400, 0.1 M sodium hepes, pH 7.5, 0.2 M calcium chloride

c)  20% Isopropanol, 0.1 M sodium acetate pH 4.6, 0.2 M calcium chloride
d) 18% PEG 8000, 0.1 M sodium cacodylate pH 6.5, 0.2 M calcium acetate

The crystals had visibly different morphologys suggestive of different crystal systems (Figure 2.2).

Figure 2.2 PepO Crystals Obtained from Initial Crystallisation Screens at Room Temperature.

(1, crystals from condition (a); 2, crystals from condition (b); 3, crystals from condition

(c); 4, crystals from condition (d) ).

The presence of a calcium containing salt appears to be a critical determinant in the growth of
these crystals, and is likely to play a structural role either co-ordinating intramolecular or

intermolecular interactions within these crystals.
Only very few of the crystals had sharp crystal surfaces suggestive of high quality crystal
structures. X-ray diffraction analysis of these crystals showed that only those grown in condition

(d) diffracted x-rays and were of suitable quality for x-ray crystallography (Chapter 3).

Crystal nucleation and growth in condition (d) was evident within 30 minutes of setting up the
crystal trials, and the cessation of crystal growth occurred within 1-2 days. After a period of
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approximately 2 weeks, the protein in solution began to precipitate and within 1 month
deterioration of the crystal surfaces was apparent (Figure 2.3).

Figure 2.3 PepO Crystals Grown in Conditions (d) and (e). (1, 1 day and; 2, 1 month old crystals

obtained from condition (d) at room temperature; 3, crystals obtained from condition
(d) at 4°C; 4, crystals obtained from condition (e) at 4°C. Note: photographs were
taken at room temperature, which resulted in crystal deterioration of 3 and 4).

2.3.1.2 OPTIMISATION SCREENS

In an attempt to improve crystal quality, and prevent deterioration, crystal trials were conducted
at 4°C. Decreasing the temperature effectively reduces the rate of equilibration and hence
reduces crystal nucleation and growth rates. Crystal nucleation and growth at 4°C was evident
within 1-2 days and crystal growth cessation occurred within 1-2 weeks. The majority of crystals
obtained had a different morphology than those obtained at room temperature (Figure 2.3).

In order to obtain single large crystals suitable for structure determination by x-ray diffraction,
several refinement screens were set up around condition (d). The crystallisation parameters
optimised included: protein, precipitant and salt concentrations, pH; temperature and additives.

All of the following optimisation trials were carried out at 4°C.

In theory, decreasing the protein and/or precipitant concentration should reduce the rate at
which supersaturation is reached and thus reduce the rate of nucleation and crystal growth.
Reducing the number of nuclei from which crystals can grow and slowing crystal growth should
produce single large, high-quality crystals. When the protein concentration was decreased from
11.5mg/mL to 9.0mg/mL, no significant difference was observed, however, when the precipitant
concentration was decreased from 18.0% to 14.0% PEG 8000, a reduced rate of nucleation and
crystal growth was observed. In contrast, when the precipitant concentration was increased
from 18.0% to 22.0% PEG 8000, the rate of nucleation and crystal growth increased, and above
20.0% PEG 8000 a skin formed over the drop which appeared to inhibit crystal growth.

The salt concentration was adjusted to find the optimum concentration for crystallisation. Salts
normally influence the crystallisation process through competition for water molecules, although,
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in this case the calcium ions are likely to influence crystallisation through specific protein-ion
interactions. Crystallisation was optimal between 0.05-0.20 M calcium acetate. At
concentrations below 0.05 M the solution did not appear to reach supersaturation, and at
concentrations exceeding 0.20 M, the protein precipitated.

The optimum pH was found to be dependent upon the precipitant concentration. At 18.0% PEG
8000 the optimum pH was pH 5.75; above 18.0% PEG 8000 the optimum pH shifted to pH 5.5;
below 18% PEG 8000 the optimum pH shifted to pH 6.0.

Additives including 1.0-25.0% glycerol, and 1.0-10.0% ethanol were added to the mother liquor
in an attempt to improve crystal quality, but had no apparent effect. The optimum solutions for

producing reproducible large single PepO crystals were:
(e)  15% PEG 8000, 0.1 M sodium cacodylate pH 6.5, 0.2 M calcium acetate

Crystals obtained in condition (e) were single, had sharp faces (Figure 2.3), and x-ray diffraction
analysis demonstrated that they diffracted to 2.00 A resolution (Chapter 3).

2.3.1.3 HEAVY ATOM DERIVATIVE SCREENS

Multiple isomorphous replacement (MIR) is the predominant method for determining the initial
phasing of completely new macromolecular structures (Chapter 4). As it is not the focus of this
section to discuss the MIR technique, it will only be introduced here to rationalize the
crystallisation of heavy atom derivatives. The MIR approach requires at least two and in many
cases numerous heavy atom derivative crystals of the macromolecule. The introduction of a
heavy atom (defined as an atom with atomic weight greater than that of rubidium) into a crystal
significantly changes the intensity distribution of the diffraction pattern (Rossmann 2001). The
difference in intensity between native and heavy atom data can be used to calculate phase
information by determining the location of the heavy atom(s) in the cell.

The heavy atom derivative and native crystals need to be isomorphous, i.e. the difference in cell
dimensions of the native and heavy atom crystal unit cells should be less than 5.0% over all
axes (Crick 1956; Rossmann 2001). Heavy atom derivatization is typically carried out by adding
a small volume of a heavy atom solution to the mother liquor, or by transferring the native
crystal(s) to a drop containing the heavy atom dissolved in the mother liquor. Both approaches
were taken to produce heavy atom derivative crystals of PepO.

The crystallisation of PepO seemed to be dependent on the presence of Ca’* ions, it was
decided to try to replace Ca®* with Pr** in the mother liquor. The lanthanoid, Prasoedymium
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(Prlll), has a similar ionic radii to calcium (6 and 8 co-ordinate ionic radii of 113 pm and 126.6
pm respectively), and is a good anomalous scatterer.

Derivative crystals grew when the Ca®" was replaced with between 0.025-0.100 M
prasoedymium nitrate. Better crystals, however, grew in the following solution:

4] 18% PEG 8000, 0.1 M sodium cacodylate pH 6.5, 0.08 M prasoedymium nitrate

These crystals had a considerably different morphology to those obtained in previous

crystallisation trials (Figure 2.4).

Figure 2.4 PepO Crystals Grown with Prasoedymium and Phosphoramidon. (1, PepO heavy
atom derivative crystals with praseodymium; 2, PepO crystals complexed with
phosphoramidon.

Although x-ray diffraction analysis revealed that the crystals were protein crystals and that they
diffracted, they were not isomorphous to the native PepQ crystals (Chapter 3).

Heavy atom derivatization was also carried out by soaking PepO crystals in mother liquor
containing various heavy atoms. The choice of the heavy-atoms used in derivatization was
made after analysis of the amino acid composition of PepO. The amino acid sequence of PepO
(632 amino acids) is unusual in that it contains only one cysteine residue (Appendix 1). A
heavy-atom that specifically targets cysteine residues should therefore in theory, provide a
heavy atom derivative containing a single heavy atom.

Cysteine is highly reactive as the thiolate anion, the predominant form above pH 8.0 (Petsko
1985), as it is an excellent nucleophile and reacts strongly with both mercury (Hg) and platinum
(Pt) (Petsko 1985). Platinum also binds histidine and methionine residues, and similarly binding
decreases below pH 7.0. The PepO sequence contains 13 histidine residues and 20
methionine residues.
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composition of the protein but also upon the pH, buffer, and additive salts present in the mother
liquor.

The crystals grew at pH 6.5, which is a less than ideal pH for targeting cysteine for heavy atom
derivatization as only a small portion of the sidechains will be deprotonated. On the other hand,
about 50% of the histidine residues will be deprotonated allowing interaction with positively
charged metal ions.

The crystals grew from solutions containing PEG, sodium cacodylate and calcium acetate.
PEG does not react with most heavy atom compounds and is therefore a favourable media for
heavy atom derivatization (Petsko 1985). Cacodylate (methyl arsonate) is a phosphate mimic,
and a commonly used buffer in crystallisation studies. Unlike phosphate, cacodylate does not
interfere with heavy atom binding. Although acetate salts can complex uranyl and lanthanide
heavy atoms and decrease their reactivity with the protein, it is more suitable than phosphate,
citrate or hydroxide salts (Blundell 1976; Petsko 1985). The protein solution used in the
crystallisation experiments contained 0.2 M ammonium sulphate. In solutions above pH 6.0,
ammonium sulphate produces the strong nucleophile NH;, which will compete with the proteins
for the heavy metals, preventing binding.

Temperature also has a strong influence on heavy atom derivatization. Most heavy-atom
binding will be significantly slower at 4°C than at room temperature. Soaking time and heavy-
atom concentrations are the other remaining considerations. Reported soaking times range
from several hours to months, and concentrations of heavy atoms as low as 0.05 mM and as
high as 100 mM have been used (Blundell 1976; Petsko 1985).

Preliminary heavy atom derivative screens were carried out with lower quality crystals. Heavy
atom derivatization was carried out by soaking PepO crystals in 100 mg/mL Thiomersal
(CsHgHgO,SNa), Ethyl mercury chloride (CH;CH,HgCl), Uranyl acetate (UO,CH3CO;) and
Potassium tetra-chloroplatinate (K,PtCls) in mother liquor at 4°C for various lengths of time.

The PepO derivative crystals retained the visible quality observed for the PepO native crystals
over a period of approximately 1 week, after which time crystal deterioration was apparent.
Crystal cracking was occasionally observed for some of the crystal derivatives. Crystal cracking
is often indicative of derivatization at a lattice contact, denaturation of the crystallized protein, or

induction of a conformational change that cannot be accommodated within the crystal lattice.

X-ray diffraction analysis is necessary to assess whether the derivative crystals are
isomorphous, whether the diffraction differences resulting from the heavy atoms is measurable.
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X-ray diffraction analysis of the PepQO derivative crystals showed that although most of the
heavy atoms did not disrupt the crystal lattice, the heavy atoms did not appear to bind to the
protein (Chapters 3 and 4).

2.3.1.4 CO-CRYSTALLISATION SCREENS

In Part 1, Chapter 5 it was established that phosphoramidon, a metabolite produced by
Streptomyces tanashiensis, inhibits the peptidase activity of PepO. Phosphoramidon
specifically inhibits metallopeptidases, and has previously been crystallised in complex with H.
sapiens neutral endopeptidase (NEP) (Oefner 2000). Co-crystallisation of an enzyme with an
inhibitor can be beneficial to crystallisation because it can induce a conformational change in
the protein making it more amenable to crystallisation. Co-crystallisation experiments have the
additional advantage in that the way the inhibitor binds to the enzyme can show how a substrate
may bind, and therefore the structural basis of the catalytic mechanism. Crystals obtained from
co-crystallisation experiments with phosphoramidon, grew in the following solution:

(g) 15% PEG 8000, 0.1 M sodium cacodylate pH 6.5, 0.2 M calcium acetate, 0.5 mM

phosphoramidon

These crystals had a similar morphology to the PepO derivative crystals grown in the presence
of praseodymium (Figure 2.4), and although they showed signs of birefringence under the
microscope, and appeared only in the crystallisation drop and not in the reservoir solution, x-ray
diffraction analysis showed them to be salt crystals (Chapter 3).

2.3.1.5 SECONDARY CRYSTALLISATION SCREENS

In order to obtain a different crystal form suitable for x-ray crystallography, crystal trials were
carried out at room temperature using the sitting drop vapour diffusion method in conjunction
with a number of sparse matrix screens including: PEG screen, PEG/ION screen, Ammonium
Sulphate screen, Footprint | screen and Top 67 screen. Of the 192 crystallisation conditions
tested, crystals formed within 1 month in the following 15 conditions:

(@) 20% PEG 3350, 0.2 M ammonium chloride pH 4.0
(b) 20% PEG 3350, 0.2 M calcium chloride

(c) 28% PEG 6000, 0.2 M MES pH 6.1

(d) 28% PEG 6000, 0.2 MBTP pH 6.7

(e) 28% PEG 6000, 0.2 M HEPES pH 7.3

(f) 20% PEG 8000, 0.2 M CHES pH 9.5

(@) 21% Methoxy-PEG 5000, 0.2 M acetic acid pH 4.6
(h)  21% Methoxy-PEG 5000, 0.2 M MES pH 6.1

("  21% Methoxy-PEG 5000, 0.2 M BTP pH 6.7
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(i)~ 21% Methoxy-PEG 5000, 0.2 M HEPES pH 7.3

(k)  28% Methoxy-PEG 5000, 0.2 M PIPES pH 6.7

(I  28% Methoxy-PEG 5000, 0.2 M MOPS pH 7.3

(m') 28% Methoxy-PEG 5000, 0.2 M EPPS pH 7.9

(ny 30% MPD, 0.1 M sodium acetate pH 4.6, 0.2 M calcium chloride

(o) 40% PEG 300, 0.1 M sodium cacodylate pH 7.0, 0.2 M calcium acetate

The crystals obtained in these conditions were very small due to the small scale of the
crystallisation trials carried out. A selection of the different crystal morphologies obtained is

shown in Figure 2.5.

Figure 2.5 PepO Crystals Obtained from Secondary Crystallisation Screens. (1, crystals from

condition (a"); 2, crystals from condition (c'); 3, crystals from condition (d'); 4, crystals
from condition (f); 5, crystals from condition (g’); 6, crystals from condition (k); 7,
crystals from condition (I); crystals from condition (m’) ).

Due to time constraints x-ray diffraction analysis of these crystals were not carried out to
establish the quality and suitability of these crystals for x-ray crystallography.

2.3.1.6 DUMB LUCK CRYSTALS

“Crystals fully recognize that patience is a virtue and will reward those who practice it” (Boyle
1996). Over a period of 10-12 months single large crystals grew in the initial crystallisation
screens, at room temperature in the following conditions:

(@) 1.5 M Lithium sulphate monohydrate, 0.1 M sodium hepes pH7.5
(b”) 1.0 M Lithium sulphate monohydrate, 0.1 M tri-sodium citrate dehydrate pH 5.6, 0.5 M
ammonium sulphate
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The common component in these crystallisation conditions was lithium sulphate. Crystals with
similar morphology were obtained in these two conditions, however, images were taken only of
condition (b") for fear that the heating of the crystal during image capture may damage the
crystals (Figure 2.6).

Figure 2.6 Dumb Luck PepO Crystals Obtained from Condition (b").

As discussed in the following section the crystal obtained in condition (a") diffracted to 1.80 A
resolution and were suitable for structure determination by x-ray crystallography.
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2.3.2 L. RHAMNOSUS PEPW CRYSTALLISATION:
2.3.2.1 INITIAL CRYSTALLISATION SCREENS

Initial crystallisation screens were performed at room temperature using the sitting drop vapour
diffusion method in conjunction with a number of sparse matrix screens including: Hampton
Research crystal screens 1 and 2, PEG screen, PEG/ION screen, MPD screen, Clear Strategy
screen, Precipitant Synergy Reagent Formulation screen, Ammonium Sulphate screen,
Footprint | screen and Top 67 screen. Out of the 480 crystallisation conditions tested, crystals

formed within 1 month in the following 24 conditions:

(a) 20% PEG 3350, 0.2 M di-ammonium tartrate
(b)  20% PEG 3350, sodium di-hydrogen phosphate
(c) 20% PEG 3350, 0.2 M magnesium formate pH 5.9
(d) 20% PEG 3350, 0.2 M tri-potassium citrate monohydrate pH 8.3
(e) 20% PEG 3350, 3 M sodium chloride, 0.1 M magnesium chloride pH 6.5
(f) 20% PEG 3350, 0.2 M sodium chloride
(@) 20% PEG 3350, 0.2 M tri-sodium citrate
(h 25% PEG 3350, 15% MPD, 0.2 M lithium sulphate pH 6.5
(i) 30% PEG 4000, 0.1 M tri-sodium citrate di-hydrate pH 5.6, 0.2 M ammonium acetate
f)] 7% PEG 6000, 0.2 M MOPS pH 7.3
(k) 14% PEG 6000,0.2 M BTP pH 6.7
() 28% PEG 6000, 0.2 M citric acid pH 4.9
(m) 10% PEG 8000, 10% PEG 1000, 0.2 M lithium sulphate
(n)  10% PEG 8000, 10% PEG 1000, 0.2 M KSCN
) 10% PEG 8000, 10% PEG 1000, 0.2 M potassium bromide.
(p)  14% PEG 8000, 0.2 M acetic acid pH 4.9
) 15% PEG 8000, 0.5 M lithium sulphate monohydrate
(n 20% PEG 8000, 0.05 M mono-potassium di-hydrogen phosphate
(s) 7% Methoxy-PEG 5000, 0.2 M acetic acid pH 4.9
(t) 14% Methoxy-PEG 5000, 0.2 M citric acid pH 4.9
(u)  21% Methoxy-PEG 5000, 0.2 M acetic acid pH 4.9
(v)  28% Methoxy-PEG 5000, 0.2 M cacodylic acid pH 6.1
(w) 8% PEG 20000, 8% PEG 550 MME, 0.2 M magnesium chloride
(x)  40% MPD, 0.2M tri-lithium citrate tetra-hydrate

The PepW crystals grew in a number of different precipitant, salt and buffer types over a pH
range of 4.9-8.3. The theoretical pl value of PepW is 5.23, and is within the pH range for
successful crystallisation. The majority of crystals obtained had sharply faceted crystal surfaces
suggestive of high quality crystal structures (Figure 2.7).
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Figure 2.7

PepW Crystals Obtained from Initial Crystallisation Screens at Room Temperature.

(1, condition (a); 2, condition (b); 3, condition (c); 4, condition (d); 5, condition (e); 6,
condition (f); 7, condition (g); 8, condition (h); 9, condition (i); 10, condition (j); 11,
condition (k); 12, condition (l); 13, condition (m); 14, condition (n); 15, condition (o); 186,
condition (p); 17, condition (q); 18, condition (r); 19, condition (s); 20, condition (t); 21,
condition (u); 22, condition (v); 23, condition (w); 24, condition (x) ).
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Physical analysis of the crystals revealed that the majority of these crystals were hollow and
were extremely fragile. X-ray diffraction analysis of the more stable crystals revealed that none
of the crystals diffracted and were therefore not suitable for x-ray crystallography (Chapter 3).

Within 2 months large single crystals had grown in the following 3 conditions:

(a) 20% PEG 3350, 0.2 M ammonium di-hydrogen phosphate
(b") 28% PEG 6000, 0.2 M MES pH 6.1
(c) 40% MPD, 0.1 M MES pH 6.0

The crystals grown in conditions (a') and (¢') had similar morphologies, the crystal grown in
condition (b') was however considerably different. Images were taken only of condition (a') for

fear that heating of the crystal during image capture may damage the crystals (Figure 2.8).

Figure 2.8 PepW Crystal Grown in Condition (a").

The crystals grown in conditions (a') and (c') were very fragile and x-ray analysis revealed that
these crystals did not diffract (Chapter 2). The crystal grown in condition (b') was much harder
and a concern was that it was a salt crystal. X-ray diffraction analysis however revealed that
the crystal grown in condition (b') diffracted to 3.0 A resolution and was suitable for structure
determination by x-ray crystallography.
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X-RAY DIFFRACTION OF CRYSTALS

3.1 INTRODUCTION

Once crystals have been obtained the next step is to examine their quality and suitability for x-
ray crystallography by x-ray diffraction.

Crystals are ordered three-dimensional structures that can be described as a repetition or lattice
of identical unit cells. The unit cell is defined by three edge lengths a, b, ¢, and three interaxial
angles a, 3, v, the locations of the atoms within the unit cell are defined by three Cartesian co-
ordinates x, y, z. The unit cell is made up of the smallest possible component that, when
repeated, is representative of the entire crystal. Although the x-ray diffraction from one unit cell
is not significant the repetition of unit cells within a crystal amplifies the diffraction enough to
give a detectable signal (Charter 1997).

The diffraction of x-rays by crystals is based on the interference phenomenon described by
Braggs Law. Braggs Law states that a radiation will constructively interfere when partially
reflected from regularly spaced surfaces (planes) produces a path difference equal to an

integral number of wavelengths (Figure 3.1) (Bragg 1913).

Braggs Law: ni = 2d sin 0

Figure 3.1. Braggs Law of Diffraction, where n is an integer (the order of scattering), A is the
wavelength of the radiation, d is the spacing between Bragg planes and 6 is the
angle of scattering (Bragg 1913).

In order for the diffraction to be in phase, the Bragg planes must pass through the same points
in all the unit cells in the crystal. There are many possible planes of atoms within the crystal
and these are defined by three Miller indices (h, k, /), which are the reciprocals of the intercepts
that the set of planes makes with the axes (a, b, ¢) of the unit cell. For example, a plane parallel
to axes a and b will have the Miller indices 001 (or multiple thereof) and a plane with indices 232
means that intercepts are 1/2, 1/3, 1/2 on a, b, and ¢ axes respectively.
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Each family of planes is described by one point (h, k, /) in a reciprocal lattice. The reciprocal
lattice is an important concept in crystallography and arises from the inverse relationship of

Bragg's law between d and 6.

All geometrical considerations of diffraction can be rationalized using the concept of the Ewald
sphere, which illustrates Bragg's law of diffraction. The Ewald construction uses the concept of
the reciprocal lattice to aid in interpreting which crystal planes are in the correct orientation to
give constructive interference (Figure 3.2) (Ewald 1921).

Reciprocal lattice

Figure 3.2  The Ewald Construction. The Ewald sphere (with radius 1/.) and the reciprocal
lattice are drawn to the same scale, with the reciprocal lattice origin (0), and the
crystal origin (c) located 1/x from the centre of the circle on the opposite side of
the incident beam (Ewald 1921; Rossmann 2001).

When a reciprocal-lattice point intersects the Ewald sphere, it obeys Bragg's law for constructive
interference and will appear as a discrete spot in a diffraction pattern, referred to as an hk/
reflection. To obtain sufficient hkl reflections that will be representative of the three-dimensional
positioning of all atoms within the unit cell it is necessary to rotate the crystal (equivalent to
rotating the reciprocal lattice) so that all unique reciprocal-lattice points pass through the Ewald
sphere. This is done by mounting the crystal on a goniometer head that can be rotated 360°
about the phi (¢) axis (Figure 3.3).

Initial diffraction images of a crystal are collected with a 0.5° oscillation at phi 0° and 90°. These
initial images are necessary to determine firstly whether or not the crystal diffracts, the
resolution limit of the diffraction, unit cell dimensions and possible crystal system and symmetry
operations.
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A5 e

X-ray »

Crystal

Diffraction Pattern

Figure 3.3 Schematic Representation of X-ray Diffraction and Crystal Rotation.

The only reliable way to tell if a crystal will diffract is by x-ray diffraction analysis. Itis not
uncommon to find a crystal that will not diffract x-rays. This indicates a lack of order within the
crystal, and most often a new crystal form must be identified to obtain crystals that diffract. The
resolution limit of diffracting crystals is dependent upon the number of unit cells in the x-ray
beam and the order of the crystal. In general, large crystals will amplify the diffraction signal
more strongly than small crystals, however, this is dependent upon the number and order of unit
cells within the crystal. The unit cell dimensions are determined by the spacing between
diffraction spots, closely spaced diffraction spots indicate large unit cell axes, while distantly
spaced spots indicate small unit cell axes. The crystal system and symmetry operations of a
crystal are determined by examination of the symmetry in the diffraction pattern (reciprocal

space).

There are seven possible crystal systems which arise from the basic space-filling shapes that
unit cells can adopt (Table 3.1) (Rossmann 2001). The seven crystal systems can be further
defined by point and space symmetry operations. Symmetry operations including rotation axes,
mirror planes, inversion centres and rotation inversion axes, about a point gives rise to the 32
point groups (Table 3.1). The 11 centrosymmetric point groups are called the Laue groups.
Space symmetry involves translational symmetry including lattice centring, screw axes and glide
planes, and gives rise to the 230 space groups. Of the 230 space groups only 65 are
compatible with enantiomorphic biological structures, some of which are more common than
others.
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Table 3.1 The Crystal Systems and Point Groups

Crystal System Point Group * Unit Cell Dimensions

Triclinic 1.1 azxbzcazfzy

Monoclinic 2, m, 2/m azb#c, a=y=90°p>90°
Orthorhombic 222, 2mm, mmm azb#c, a=p=y=90°
Trigonal 3,3m, 32,62m, 3 a=b=c, a=p=y=90°
Tetragonal 4 4mm, 4/m, 422, 42m, 4mmm, 4 a=b#c, a=p=y=90°
Hexagonal 6, 6mm, 6/m, 6, 3m, 622, 6/mmm a=b=#c, a=p=90°y=120°
Cubic 23, m3, 43m, 43, m3m a=b=c, a=p=y=90°

? Point group nomenclature: 1-6, rotation axis; 1-6, rotation inversion axis; m, mirror plane; /, axis
perpendicular to a mirror plane.

Knowledge of the crystal system and symmetry operations of a crystal can be used to compute
a suitable x-ray diffraction data collection strategy. To obtain a complete data set it is
necessary to rotate the crystal so that all unique reciprocal-lattice points pass through the Ewald
sphere. The minimum rotation required is dictated by the crystal system, space group
symmetry and crystal orientation. A highly symmetric crystal system such as the cubic system
will produce a highly symmetric diffraction pattern. Therefore a limited portion of the Ewald
sphere of reflections will contain all information representative of the unit cell, because all other
reflections can be obtained by applying symmetry relationships (Wiencek 1999).

The objective of a data collection strategy is to obtain a complete data set at the highest
possible resolution that the crystal will support, with the highest data accuracy. There are many
considerations to be made in deciding upon a data collection strategy including: rotation and

oscillation range, crystal-to-detector distance, and exposure time for each image.

As already mentioned the rotation range required for a crystal is dependent upon the crystal
symmetry. In general a large rotation range will result in multiple measurements of equivalent
reflections, leading to more accurate data. The size of the oscillation range is also important,
and depends on the size of the unit cell, and crystal-to-detector distance. In general, fine
oscillations will give a more accurate profile of the reflections and increase the signal-to-noise

(I/c) ratio, thereby increasing the data accuracy.

The crystal-to-detector distance required for data collection is dependent upon the unit cell
dimensions. If a crystal is diffracting well, it would be beneficial to move the detector close to
the crystal to capture the high resolution reflections. However, if the unit cell of the crystal is
large there will be significant overlap of reflections; in this case it is better to sacrifice the
resolution for completeness of the data and set the crystal-to-detector distance so that reflection
profiles separate (Dauter 1999). In general, the further away the detector is the less noise and
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the better the |/c ratio of the intensities. However, this is dependent upon air scatter and beam
divergence.

Another important consideration is the exposure time for each image. In general a longer
exposure time will generate a greater signal-to-noise ratio of the intensities which will increase
data quality.

Once a suitable data collection strategy has been established and the data collected, the
reflection intensities of each diffraction image are indexed and the mosaicity (degree of
crystalline uniformity) of the crystal determined. The lower the mosaicity the more ordered the
crystal. The intensities on adjacent images are then integrated, a process by which equivalent
reflections are combined. Systematic absences in the data are then determined and a space
group assigned. Scaling and averaging is then carried out to correct for systematic errors and a

statistical assessment of data quality is finally calculated.

Data quality can be measured in terms of completeness, redundancy, signal-to-noise (l/c) ratio
statistics and the calculated R:factor. A high quality data set will be 95-100% complete, will
have a high redundancy (number of times that equivalent reflections are measured) and will
have a high /o ratio. The R-factor (difference in intensities of symmetry-equivalent reflections)
provides the most reliable estimation as to the quality of the data, where the lower the R-factor
the higher the data quality.

Finally, the corrected intensities are converted to structure factor amplitudes. The intensity of a
reflection is proportional to the square of the amplitude of the reflected beam and can be used
to calculate what is known as the structure factor. The structure factor F(hk/) of a reflection is

expressed by both the amplitude |F(hk/)l and the phase ¢ (hkl) of that reflection:

F(hkl) = | F(hkI) | exp [ 2xi ¢ (hKl) ]

Although the structure factor amplitudes may be calculated from the diffraction pattern, all
information concerning the structure factor phases is lost. This is the phase problem of
crystallography, and will be discussed in Chapter 4. In order to determine the three-dimensional
structure of a molecule, information concerning both the structure factor amplitudes and phases
must be obtained.

95



CHAPTER 3

3.2 METHODS

3.2.1  Selection of a Suitable Cryoprotectant

A suitable cryoptotectant was selected using the Hampton Research Crystal Cryo™ screen
when crystals were grown in Hampton Research Crystal screens 1 and 2. Alternatively,
cryoprotectants were selected by a process of trial and error which involved incrementally
increasing the glycerol concentration in the crystallisation condition until a clear drop was
achieved at the desired cryogenic temperature of 110 K.

3.2.2 X-ray Diffraction Apparatus

X-ray diffraction analysis was carried out using a Rigaku MicroMax-007 rotating copper anode
x-ray generator (A = 1.5418 nm, 800 W, 40 kV), with Osmic “Blue” confocal optics, R-Axis [V++
image plate detector, and an Oxford Series 700 cryostream, in conjunction with CrystalClear
1.3.6 and d*TREK software.

3.2.3 X-ray Diffraction Data Collection

X-ray diffraction data were collected at 110 K (section 3.2.2) at a crystal-to-detector distance of
either 100 mm or 180 mm, an exposure time of 5.0-14.0 min, with a rotation range of up to
200.0 degrees and an oscillation range of 0.25-0.50 degrees, depending upon the individual
crystal.

3.2.4 X-ray Diffraction Data Processing

X-ray diffraction data was primarily processed using CrystalClear 1.3.6 and d*TREK software.
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3.3 RESULTS AND DISCUSSION

3.31 L. RHAMNOSUS PEPO X-RAY DIFFRACTION

3.3.1.1 PRELIMINARY X-RAY DIFFRACTION

Preliminary x-ray diffraction analysis of the PepO crystals grown at room temperature in
conditions (a)-(d) of the initial crystallisation screens (Section 2.3.1.1), showed that only those

grown in condition (d) diffracted and were of suitable quality for structure determination by x-ray
crystallography (Table 3.2).

Table 3.2  X-ray Diffraction Analysis of PepQO Crystals Grown in Conditions (d) and (e).

Crystal Diffraction | Resolution | Unit Cell Dimensions

a b c a B i
Condition (d) * v 260A 117.72| 117.72| 206.53| 90.0 90.0 90.0
Condition (e) © v 2.00A 117.60| 117.60| 206.09| 90.0 90.0 90.0

* Condition (d); 18% PEG 8000, 0.1 M sodium cacodylate pH 6.5, 0.2 M calcium acetate at room temperature.
" Condition (e); 15% PEG 8000, 0.1 M sodium cacodylate pH 6.5, 0.2 M calcium acetate at 4°C.

Crystals grown at room temperature in condition (d) have large unit cells with cell edge lengths
of 117.72 A, 117.72 A and 206.53 A, interaxial angles of 90.0°, and diffracted x-rays to 2.60 A
resolution. The larger crystals obtained in condition (e) at 4°C, had the same unit cell
dimensions as those grown in condition (d), and strongly diffracted to 2.00 A resolution (Table
3.2). These crystals were used to collect a native data set (Section 3.3.1.2).

3.3.1.2 PEPO NATIVE DATA SET A

The data collected from crystals grown in condition (e) revealed that the crystals were
apparently tetragonal, belonging to point group 422, with cell dimensions of a=b = 117.60 A
and ¢ = 206.09 A. The long c-axis required the crystal-to-detector distance to be set to 180.0
mm to prevent overlap of the reflections. This crystal-to-detector distance did not significantly
compromise the resolution which was limited to 2.0 A by crystal quality.

Data were collected for several crystals at 110 K with a minimum rotation range of 100.0° with

an oscillation range of 0.5°. An exposure time of 10.0 minutes per image was used to enhance

the signal-to-noise (l/c) ratio of the high resolution data and improve data quality.
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The data collected indexed and integrated well, and once scaled and averaged produced good

statistics. The data collection statistics for two of the best native data sets processed in

tetragonal crystal systems are presented in Table 3.3.

Table 3.3  Summary of Data Collection Statistics for PepO Native Data Sets 1 and 2 in

Tetragonal Crystal Systems.

Data Set 1° Data Set2°?

Space group P42,2 P422
Resolution range (A) 3890-2.00 (2.07-2.00)| 39.20-2.00 (2.07-2.00)
R-merge 0.085 (0.327) 0.061 (0.262)
Completeness (%) 95.2 (70.4) 89.1 (54.6)
153 16.6 (4.3) 13.7 (3.3)
Average redundancy 7.97 (3.89) 2.9 (1.73)
Rotation range (°) 1.0-113.0 1.0-194.0
Oscillation range (°) 0.5 0.5
Exposure time (min) 10.0 10.0
Crystal-to-detector distance (mm) | 180.0 180.0
Total number of reflections 743955 254123
Number of unique reflections 93392 87299
*Values in () are for the last resolution shell.

The native data sets processed in space groups P422 and P42,2 (numbers 89 and 90

respectively). The P422 and P42,2 space groups each have one 4-fold axis of rotation about

the c-axis and two perpendicular 2-fold axes of rotation about the a- and b-axes. Both crystals

are expected to have the same space group.

The native data sets gave good overall R-merge (difference in intensities of symmetry-

equivalent reflections) values between 6.0-9.0%. The I/s ratio, average redundancy and

completeness were all very good. The completeness of Data Set 1 was very good and the

completeness of Data Set 2 was also good considering that this crystal was orientated such that
one of the axes was approximately perpendicular to the x-ray beam. Efforts were made to
merge data sets together to improve the completeness and average redundancy; however, it

proved too impossible to do so.

Data Sets 1 and 2 were further processed and were found to be twinned (Chapter 4). Twinning
is colloquially a crystal growth anomaly in which multiple crystalline domains are oriented to
form a single crystal. Although software exists to unravel twinned data, the data proved too
impossible to process successfully despite many efforts to do so.
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Extensive attempts that were made to solve the PepO structure using Data Sets 1 and 2 without
correcting for twinning, by Molecular Replacement (MR) and Multiple Isomorphous
Replacement (MIR) techniques (Chapter 4), produced no conclusive results. The inability to
solve the structure was initially thought to be due to incorrect space group assignment as a
result of twinning. The Data Sets were consequently reprocessed in a lower symmetry space
group. The data collection statistics for Data Sets 1 and 2 reprocessed in monoclinic crystal
systems are presented in Table 3.4.

Table 3.4  Summary of Data Collection Statistics for PepO Native Data Sets 1 and 2 in

Monoclinic Crystal Systems.

Data Set 1 ° Data Set 2 °®

Space group P2 P2,
Resolution range (A) 39.22-200 (207-200) | 39.21-2.00 (2.07-2.00)
R-merge 0.068 (0.278) 0.055 (0.257)
Completeness (%) 88.0 (47.3) 86.3 (41.8)
Il 10.2 (2.7 111 (2.9
Average redundancy 2.23 (1.49) 1.95 (1.42)
Rotation range (°) 1.0-113.0 1.0-194.0
Oscillation range (°) 0.5 05
Exposure time (min) 10.0 10.0
Crystal-to-detector distance (mm) | 180.0 180.0
Total number of reflections 743188 636650
Number of unique reflections 332852 326295
* Values in () are for the last resolution shell,

The Data Sets processed in space groups P2 and P2, (numbers 17 and 18 respectively).
Because the data was collected as tetragonal and converted to a lower symmetry the number of
unique reflections recorded and the average redundancy decreased significantly. The %
completeness decreased considerably for Data Set 1, but decreased only slightly for Data Set
2, due to the orientation of the crystal relative to the x-ray beam. The data-quality as measured
by the R-merge value appeared to improve. Although a decrease in R-merge was expected
due to lowering the number of symmetry-equivalent reflections it is difficult to establish whether
the difference in R-merge is significant.

Further unsuccessful attempts were made to solve the PepO structure with the monoclinic
native data sets (Chapter 4).

99



CHAPTER 3

3.3.1.3 PEPO DERIVATIVE DATA

Prior to establishing that the crystals were twinned, heavy atom derivative crystals were
prepared (Section 2.3.1.3) and analysed by x-ray diffraction (Table 3.5) in order to identify
suitable derivatives for Multiple Isomorphous Replacement (MIR) (Chapter 4).

Table 3.5 X-ray Diffraction Analysis of PepO Derivative Crystals.
Derivative Diffraction | Resolution | Isomorphous * |Unit Cell Dimensions
a b c o 8 %

Native v 2.00A N/A 117.72|117.72| 206.53| 90.0 | 90.0 | 90.0
CsHsHgO,SNa ' v 2.80A v (i) 118.06| 118.06| 205.54| 90.0 | 90.0 | 90.0
CsHsHgO2SNa * v 2.80 A v (ii) 114.38]114.89|204.09| 90.0 | 90.0 | 90.0
CH3CH;zHgClI v 3.20A v (i) 118.19]118.19/206.16| 90.0 | 90.0 | 90.0
CHsCHHgCI * v 3.50 A X 83.84 | 83.84 |205.95| 90.0 | 90.0 | 90.0
CH3CH;HgClI ° il 3.00A X 53.72 | 53.72 |1835.9§ 90.0 | 90.0 | 120.0
UO,CH1CO; ° v 3.00A v (iv) 117.44|117.44/206.33| 90.0 | 90.0 | 90.0
UO,CH3CO, ’ v 3.00A X 80.55 | 80.55203.53| 90.0 | 90.0 | 90.0
UO,CHsCO; ® ¥ 3.50A ¥ 120.34]120.34| 207.0 | 90.0 | 90.0 | 90.0
KoPtCl ° v 4.00 A v 118.05] 118.08/202.25| 90.0 | 90.0 | 90.0
Pr(NOa)s "° v 3.10A X 98.83 | 115.65/136.49| 90.0 | 90.0 | 90.0

' CeHeHgO,SNa: 100 mg/mL CsHsHgO,SNa, in condition (e), 1 day at 4°C.
? CeHeHgO,SNa: 100 mg/mL CsHsHgO2SNa, in condition (e), 1 week at 4°C.

2 CH3CH:HgCl: 100 mg/mL CH.CH;HgCl, in condition (&), 6 hours at 4°C.
% CH3CHHgCl: 100 mg/mL CH,CH,HgClI, in condition (e), 1 day at 4°C.

®  CH;CH,HgCl! 100 mg/mL CH5CH,HgCl, in condition (e), 1 week at 4°C.
®  UO,CH,CO;: 100 mg/mL UO,CH,COs, in condition (e), 1 day at 4°C.

! UO;CH,CO;: 100 mg/mL UO,CH1CO;, in condition (e), 1 week at 4°C,
8 UO,CH:CO:: 100 mg/mL UQ,CH.CO:3, in condition (e), 1 week at 4°C.
$ K2PtCls: 100 mg/mL K;PtCly, in condition (e), 8 days at 4°C.

% Pr(NO3)a: 100 mg/mL Pr(ll)NO,, in condition (e), at 4°C.

* (i), (ii), (iii) and (iv), Derivatives for which data sets were collected; N/A, Not Applicable.

An early study by Crick and Magodoff (1956) proposed a rule of thumb that a change in any of
the cell dimensions by more than 5.0% would result in a lack of isomorphism (Crick 1956,
Rossmann 2001). According to this 6 of the 10 derivatives (Table 3.5) are potentially
isomorphous with the native data. In addition to deviations in the cell dimensions the resolution
limit should not substantially decrease. Typically the resolution limit of the derivative crystal
should not decrease by more than 25% of the native crystal resolution limit (Drenth 1999).
Unfortunately the resolution limit for all of the derivative crystals exceeded a 25% decrease in

resolution.
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To investigate whether or not the potentially isomorphous derivatives obtained would be
suitable for MIR complete data sets were collected for 4 of the 6 derivatives. The data
collection statistics for the 4 derivative data sets are presented in Table 3.6.

The derivative data sets although having unit cell dimensions that deviated by less than 5.0% of
the native data sets, processed in a range of space groups; C2, P2, P2, and P4,. The
inaccuracy of the space group assignment is reflected by the poor data collection statistics.
Although the data sets had high % completeness (with the exception of UO,CH;CO; ®), they had
very high R-merge values in the range of 13.0-21.1%, low resolution, low average redundancy

and l/c values, representative of low quality data sets.

The derivative data sets were further processed to determine if they could be used to obtain
initial phases using Multiple Isomorphous Replacement (MIR). Unfortunately, the derivatives
were not suitable for structure determination by MIR (Chapter 4).

One approach that was not taken, but may prove successful, is to collect native and derivative
data sets from the same crystal. This technique has been successful in the structure
determination of cyclohydrolase (Nar 1995), proteosome (Lowe 1995), and a number of other
proteins (Rossmann 2001).
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Table 3.6 Summary of Data Collection Statistics for PepO Derivative Data Set Crystals.

(i) CsHsHgO,SNa® (i) CeHsHgO,SNa® (iii) CHsCH,HgCl® (iv) UO,CH3CO, °
Space group P2 €2 P4, P2,
Unit Cell a=b=118.06, c = 205.54 a=11438,b=114.89,¢c=20409 | a=b=118.19, c=206.16 a=b=117.44,¢=206.33

a=p=y=900 a=p=y=90.0 a=p=y=900 a=pf=y=900

Resolution range (A) 39.35-2.80 (2.90-2.380) 50.06-2.80 (2.90-2.80) 39.04-320 (3.31-3.20) 39.15-3.00 (3.11-3.00)
R-merge 0.174 (0.409) 0.132 (0.308) 0.200 (0.384) 0.211 (0.319)
Completeness 97.7 (98.2) 97.7 (96.6) 99.2 (99.8) 58.1 (60.6)
o 4.3 (1.8) 54 2.9 54 (3.1) 34 (2.3)
Average redundancy 1.99 (1.94) 2.43 (2.35) 3.83 (3.62) 1.65 (1.57)
Rotation range (°) 1.0-94.0 1.0-117.0 1.0-94.0 1.0-95.0
Oscillation range (°) 0.5 0.5 0.5 0.5
Exposure time (min) 10.0 10.0 10.0 10.0
Crystal-to-detector distance (mm) | 180.0 180.0 180.0 180.0
Total number of reflections 270017 154263 176749 107683
Number of unique reflections 135965 63591 46103 65291

(i) CoHeHgO,SNa:
(ii) CeHaHgO,SNa:
(i) CHsCH:HgCl:
(iv) UO,CH1CO;:

15% PEG 8000, 0.1 M Na(CHs),AsO; pH 6.5, 0.2 M CaCH,CO;
15% PEG 8000, 0.1 M Na(CHs),AsO; pH 6.5, 0.2 M CaCH,CO;
15% PEG 8000, 0.1 M Na(CH:)2AsO; pH 6.5, 0.2 M CaCH,CO;
15% PEG 8000, 0.1 M Na(CHs),AsO, pH 6.5, 0.2 M CaCH-CO;,

* Values in () are for the last resolution shell.

. 100 mg/mL CsHsHgO:SNa, 1 day at 4°C.

, 100 mg/mL CsHsHgO,SNa, 1 week at 4°C.
. 100 mg/mL CH3CH,HgCl, 6 hours at 4°C.

, 100 mg/mL UO;CH;CO;, 1 day at 4°C.
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3.3.1.4 PRELIMINARY X-RAY DIFFRACTION

Preliminary x-ray diffraction analysis of the crystals grown in condition (g) (Section 2.3.1.4),
identified these not as protein but salt crystals. Salt crystals can easily be recognised by
diffraction patterns in which strong diffraction spots are observed at high but not low resolution.
This is because salt crystals have much smaller unit cells than protein crystals.

X-ray diffraction analysis was not carried out for the crystals grown in conditions (a')-(0’)
(Section 2.3.1.5) because there was not sufficient time to do so, and because a suitable crystal
had by that time been identified.

Preliminary x-ray diffraction analysis of the single crystal grown in condition (a") (Section
2.3.1.6) showed that this crystal strongly diffracted x-rays and was of a different crystal form and
unlikely to be twinned (Table 3.7).

Table 3.7 X-ray Diffraction Analysis of PepO Crystals Grown in Condition (a”) and (q).

Crystal Diffraction | Resolution | Unit Cell Dimensions

a b c o B X
Condition (a") * v 1.80 A 56.32 | 83.75 | 143.82| 90.0 90.0 90.0
Condition (g) P X N/A N/A N/A N/A N/A N/A N/A

? Condition (2"); 1.5 M lithium sulfate monohydrate, 0.1 M sodium hepes pH 7.5 at room temperature.
" Condition (g); 15% PEG 8000, 0.1 M sodium cacodylate pH 6.5, 0.2 M calcium acetate, 0.5 mM
phosphoramidon at 4°C.

N/A, Not Applicable.

The crystal grown in condition (a") had a much smaller unit cell than the crystals used to obtain
Native Data Sets 1 and 2, with cell edge lengths of 56.32 A, 83.75 A and 143.8 A, interaxial
angles of 90.0° and diffracted x-rays to 1.80 A resolution. This crystal was used to collect a
native data set (Section 3.3.1.5).

3.3.1.5 PEPO NATIVE DATA SET B

The data collected from the crystal grown in condition (a") revealed that the crystal was
orthorhombic, belonging to point group 222, with cell dimensions of a= 56.32 A, b=83.75 A
and c = 143.82 A. To prevent overlap of the reflections the crystal-to-detector distance was set
to 180.0 mm; this, however, restricted the collection of the high resolution data. To collect as
much of the high resolution data as possible the data collection was carried out over a rotation
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of 100° with an oscillation range of 0.3° at 110 K. An exposure time of 5.0 minutes per image
gave a good l/c ratio for the high resolution data. The data collected indexed and integrated
well to a resolution limit of 1.85 A; however, once scaled and averaged the data produced poor
merging statistics. To improve the statistics, the data were integrated with a resolution limit of
2.20 A, and scaled and averaged. The data collection statistics for PepO Native Data Set 3 are
presented in Table 3.8.

Table 3.8 Summary of Data Collection Statistics for PepO Native Data Set 3 in an

Orthorhombic Crystal System.

Data Set3°
Space group P222
Resolution range (A) 39.21-2.20 (2.28 —2.20)
R-merge 0.063 (0.085)
Completeness (%) 96.4 (95.7)
15 15.2 (10.1)
Average redundancy 3.78 (3.61)
Rotation range (°) 1.0-77.0
Oscillation range (°) 0.3
Exposure time (min) 50
Crystal-to-detector distance (mm) 180.0
Total number of reflections 129359
Number of unique reflections 34188

* Values in () are for the last resolution shell.

Native Data Set 3 processed in space group P222 (number 16), was 96.4% complete with an R-
merge value of 6.3% to 2.20 A resolution. The l/o ratio, average redundancy and completeness

were all indicators of a high quality data set.

Native Data Set 3 was used to successfully obtain some initial phase information by Molecular
Replacement (MR) (Chapter 4).
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3.3.2 L. RHAMNOSUS PEPW X-RAY DIFFRACTION

Preliminary x-ray diffraction analysis of the PepW crystals was very difficult, as the crystals were
very small and extremely fragile. This made mounting them problematic, and only 10 of the
PepW crystals (Section 2.3.2.1) were analysed by x-ray diffraction. Of these crystals only 1
diffracted and this was the crystal grown in condition (b') (Section 2.3.2.1) (Table 3.9).

Table 3.9  X-ray Diffraction Analysis of PepW Crystals Grown in Condition (b").

Crystal Diffraction | Resolution | Unit Cell Dimensions

a b c 74 B 3
Condition (b') v 3.00A 142.22 | 142.22| 98.27 | 90.0 90.0 | 120.0
# Condition (b'); 28% PEG 6000, 0.2 M MES pH 6.1 at room temperature.

The crystal grown in condition (b') had unit cell dimensions of 142.22 A, 142.22 A and 98.27 A,
interaxial angles of 90.0°, 90.0° and 120.0° and diffracted x-rays to 3.00 A resolution. This
crystal was used to collect a native data set (Section 3.3.2.1).

3.3.2.1 PEPW NATIVE DATA SET A

The data collected from the crystal grown in condition (b') revealed that the crystal was
trigonal/hexagonal, belonging to point group 3 and space group P3 (number 143), with unit cell
dimensionsof a=b= 14222 A, andc =98.27 A.

The unit cell dimensions and resolution limits allowed data collection to be carried out at a
crystal-to-detector distance of 100.0 mm. Data was collected at 110 K over a rotation range of
82.0° with an oscillation range of 0.25°. An exposure time of 14.0 minutes per image was used

to enhance the I/o ratio of the high resolution data and improve data quality.
Unfortunately the crystal deteriorated during the data collection due to malfunctions associated

with the cryostream. The data collected indexed and integrated poorly, and it was not possible
to continue with data processing.
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SOLVING THE PHASE PROBLEM
4.1 INTRODUCTION

Once diffraction data have been collected the next step is to determine the three-dimensional
crystal structure. If both the structure factor amplitudes and the phases were known, then the

electron density of the protein can be directly calculated by the Fourier transformation:
p(xyz) = IV E L E | F(hKI) | exp !0 (W] gxp [2xi (e ky+ )]

where p(xyz) is the electron density in ‘real space’ at the fractional Cartesian coordinates (x, y,
z) along the unit cell axes, | F(hkl) | and o (hkl) are the structure factor amplitude and phase of
the reflection respectively, with the specified Miller indices (h, k, /) in reciprocal space, and v the
volume of the unit cell.

In order to perform the Fourier transformation the complex structure factors are required.
Although the structure factor amplitudes may be calculated from the intensities of the diffraction
pattern, all information concerning the structure factor phases is lost. This is the underlying
phase problem of crystallography.

In 1834 Patterson presented a method for locating the atomic positions in small molecules
without knowledge of the phase angles (Patterson 1934). This method uses the structure factor
amplitudes in a Fourier transform called the Patterson Function:

P(uvw) = 1V £ X 3 | F(hkl) I cos [ 2ai (hu + kv + Iw) ]

Where P(uww) is the Patterson function in ‘Patterson space’ at coordinates (u, v, w) along the
unit cell axes, | F(hki) I is the square of the structure factor amplitude, which is equivalent to the
measured intensities and the expression cos [ 2ni (hu + kv + Iw) ] is the frequency factor
involving the products of the coordinates (h, k, / and v, v, w) in both ‘reciprocal’ and ‘Patterson
space’.

The Patterson function is essentially a convolution of the structure factor, and generates a
Patterson map of vectors between atoms (Figure 4.1). Patterson maps consist of intramolecular
(from one atom in the molecule to another atom in the same molecule) and intermolecular
vectors (from an atom in one molecule to an atom in a different molecule) originating from a
single point, the origin of the Patterson function. Because the peaks represent both positive

and negative vectors, Patterson maps are always centrosymmetric (Figure 4.1).
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/TN

Intramolecular Patterson Complete Patterson
vectors

Figure 4.1 The Patterson Map. The construction of a Patterson map can be regarded as
consecutively placing each atom of the molecule at the Patterson origin and
drawing vectors from that atom to all other atoms in the unit cell. (Colours are
representative of the vectors resulting from when that coloured atom in the unit
cell is placed at the Patterson origin).

The symmetry operations of a crystal are often represented in a Patterson map by clusters of
vector peaks on specific lines or planes of the map, called Harker lines and sections
(Giacovazzo 2002). The Patterson function must be deconvoluted to determine the positions of
the atoms within the unit cell and this can be done by direct methods, molecular replacement,
multiple isomorphous replacement and multiple wavelength anomalous dispersion methods.

411 MOLECULAR REPLACEMENT

Molecular Replacement (MR), first described by Rossmann and Blow (1962), uses a search
model from which estimates of the structure factor phases can be computed. A suitable search
model is chosen based on the probability of three-dimensional structural similarity with the
protein of unknown structure. Structural similarity correlates well with sequence identity above
a threshold of approximately 30% amino acid sequence identity. It becomes progressively more
difficult to obtain phase information by MR methods as the sequence identity decreases. The
use of MR is expected to increase as more structures are solved and deposited in the Protein
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Data Bank (PDB) (Berman 2000) because it will be more likely that an accurate search model
will be available for a given MR problem.

The objective of MR is to orient and position the search model such that it coincides with the
position in the unit cell of the unknown protein. In the simplistic case where only one molecule
is present in the asymmetric unit, six variables, three rotational and three translational, will
approximately describe the transformation required to orient and position the search model.
There have been many attempts to improve and/or alter the way molecular replacement is done
including real and reciprocal space searches. However, traditional MR methods use a
Patterson-based approach to do this.

The Patterson function can be calculated for both the search model and for the unknown protein
structure. When the model is oriented and positioned correctly in the unit cell of the unknown
protein structure the two Patterson maps should coincide. As mentioned above the Patterson
map consists of intramolecular and intermolecular vectors, and these can be used separately to
compute the correct orientation and position respectively. The intramolecular vectors depend
only upon the orientation of the molecule and not the position in the unit cell, therefore these
can be exploited in what is known as a rotation function. The intermolecular vectors depend
both on the orientation of the molecule and its position within the unit cell. Once the orientation
is known the intermolecular vectors can be exploited in what is known as a translation function
(Figure 4.2).

(1) Rotation »

(2) Translation

Figure 4.2 The Molecular Replacement Technique. (1) Rotation function; the intramolecular
vectors of the crystal structure (coloured) are rotated such that they overlay with
the intramolecular vectors of a search model (grey). (2) Translation function; the
intermolecular vectors of the crystal structure are then used to determine the
location of the molecule within the unit cell.
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An initial set of phases can be determined by placing the known structure into the unit cell of the
unknown structure using the rotation and translation operations obtained. These phases
combined with the observed amplitudes can be used to generate an electron density map using
the Fourier transformation.

41.3 MULTIPLE ISOMORPHOUS REPLACEMENT

Multiple Isomorphous Replacement (MIR) is a method that obtains phase information by
comparison of a native data set with multiple isomorphous derivative data sets. Isomorphous
derivatives should be identical to the native protein structure except for the presence of one or
more heavy atoms bound to the protein molecules. The lattice, space group, cell dimensions,
position and conformation of the protein molecule within the unit cell should be preserved. The
coordinates of the heavy atom(s) can be derived via either direct methods or Patterson
methods.

The Patterson-based method involves the construction of a difference Patterson where the only
remaining vectors are those of the heavy atom(s). From the difference Patterson the position of
the heavy atom in the unit cell can be determined. The vector of the heavy atom Fy combined
with the amplitudes of the native data set | Fp | and derivative data set(s) | Fpy | can be used to
construct a Harker diagram from which the phase can be solved (Figure 4.3).

IFppl

(1) Native Data (2) Native and Derivative Data

Figure 4.3 The MIR Harker Diagram. (1) Native Data; the Harker diagram is constructed by
drawing a circle (green) of radius IFel to indicate all possible positions for the native
vector, Fp. (2) Native and Derivative Data; from the native data circle centre the
heavy atom vector, -Fy, is drawn, and from its end point a circle (blue) of radius
IFpyl is drawn to indicate all possible positions for the vector Fp. The intersection
of the two circles corresponds to the possible vectors, Fp.
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As illustrated in the Harker diagram a single heavy atom derivative gives two equally possible
protein phase solutions. This ambiguity can be solved if a different heavy atom derivative is
available because the correct solution will coincide in both cases. Conversely, the anomalous

scattering (AS) data of the first derivative can be utilised to resolve the phase ambiguity.

4.1.4 ANOMALOUS SCATTERING

Anomalous Scattering (AS) of x-ray radiation by heavy atoms results in small but measurable
differences in intensity between reflections hkl and -h-k-I, and leads to a breakdown of Friedel's
law and can be used in combination with MIR to resolve the phase ambiguity. If two or more
derivatives and anomalous data are used, then it is called Multiple Isomorphous Replaceent
with Anomalous Scattering (MIRAS) (Howard 2002; Rhodes 1993; Rossmann 2001).

The MIRAS Patterson-based method involves the construction of a difference Patterson where

from which the phase can be solved (Figure 4.4).

I(Frsnpul
: "-.__IFP|
Fe
=Fi
I(Fri)enl
(1) Native Data (2) Native and Derivative Data

Figure 4.4 The MIRAS Harker Diagram. (1) Native Data; the Harker diagram is constructed as
described in Figure 4.3. (2) Native and Derivative Data; from the native data circle
centre the heavy atom vector, -F'y, is drawn, and from its end point the anomalous
scattering data, -F"y and +F"y, are drawn, and from their end points a circle (blue)
of radius I(Fn«)eul, @and a circle (red) of radius I(Frw)enl are drawn. The
intersection of the three circles corresponds to the vector, Fp. (Modified from
Rhodes 1993).
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4.1.5 SOLVING THE PHASE PROBLEM

Solving the phase of the structure factor is the underlying problem of x-ray crystallography.
Once the structure factor phases have been established a three-dimensional electron density
map is generated, from which a protein structure model can be established. The model is then

refined and validated to give an accurate three-dimensional structure.
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4.2 METHODS

421 Computer Software

Data processing of the native and derivative data sets was carried out using the Collaborative
Computational Project Number 4 (CCP4) Version 5.0.2 suite of programs including: AMoRe,
CAD, Dtrek2mtz, Hkiview, Matthews_coef, Scaleit and Truncate, in conjunction with the CCP4
graphical user interface (CCP4i) Version 1.3.20 on a Unix operating system (Bailey 1994;
Potterton 2003). Additional non-CCP4 programs used included the Yeates Merohedral Crystal
Twinning Server (Yeates 1997), Turbo-Frodo (Roussel 1991), Swiss-Model Version 3.5
(Sayle 1995; Schwede 2003).

422 Structure Prediction

Three-dimensional structure predictions of PepO and PepW were carried out using Swiss-Model
Version 3.5, a fully automated protein structure homology-modelling server, accessible via the
Expasy web server (Gasteiger 2003; Schwede 2003).

423 File Conversions

The Dtrek ascii output from the Crystal Clear 1.3.6 Software was converted to pseudo-structure
factors (F), using the CCP4 programs, Dtrek2mtz and Truncate (French 1978; Bailey 1994).
Dtrek2mtz converts the ascii output into a binary mtz format, which is compatible with other
CCP4 programs. Truncate takes the intensities (1) and standard deviations (cl) from the
Dtrek2mtz output, corrects for negative values by putting them on an absolute scale and

converts them to the corresponding pseudo-structure factors (F) and standard deviations (oF).

424 Preliminary Data Analysis

The diffraction data in mtz format was processed using the CCP4 programs Truncate,
Matthews_coef and HKLview (Matthews 1968; French 1978; Bailey 1994). Truncate was used
to plot a Wilson distribution of the logarithm of the intensity values against resolution in order to
calculate temperature correction factors, and to plot a Cumulative Intensity-distribution of the
intensity data to identify possible twinning. Matthews_coef was used to calculate the number of
molecules present in the asymmetric unit, and Hklview was used to interpret the intensity data
of pseudo-precession images and establish correct space groups.

425 Automated Molecular Replacement (AMoRe)

Molecular Replacement was carried out using the CCP4 program Automated Molecular
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Replacement (AMoRe) (Navaza 2001). AMoRe uses the (F) and (SigF) values in mtz format,
with knowledge of the number of molecules per asymmetric unit, to perform tabling, rotation and
translation functions against a search model pdb file. Tabling is a process that converts a pdb
file into a set of structure factors and involves: translation of the pdb file such that the molecules’
centre of mass is at the Patterson origin, construction of a P1 (triclinic crystal system) box of
sufficient size around the Patterson vectors to make fractional co-ordinates (x,y,z) for each atom
in the molecule, and calculation of the structure factors (Navaza 2001). AMoRe automatically
performs rotation and translation functions against the search models and calculates the best
solutions in terms of the correlation coefficient. The AMoRe rotation function was carried out
using a 3.0 A maximum resolution, and B-factor of 30.0, the translation function was carried out
using default settings. The output of the rotation and translation functions are three Eulerian
angles («, B, y), three translational co-ordinates (Tx, Ty, Tz) and measurements of how well
these values match the Patterson maps from the diffraction data and search models. The H.
sapiens neutral endopeptidase (NEP) (PDB accession 1DMT) and Swiss-Model generated
PepO structure were used as search models.

426 Multiple Isomorphous Replacement

Multiple Isomorphous Replacement (MIR) was attempted using the CCP4 programs: Collect
Assorted Data (CAD), and Scaleit (Howell 1992; Bailey 1994). CAD combines native and
derivative data sets into one file, while Scaleit puts the data sets on the same scale using an
overall scale factor and B-factor. The output of Scaleit provides useful statistics, including the
weighted R-factor, that can be used to establish if the data sets are isomorphous and whether

or not they are suitable for MIR.
4.2.7 Visual Analysis of Structures
Rasmol Version 2.7.1.1 (Sayle 1995) was used to analyse the Swiss-Model generated

structures, and the CCP4 program Turbo-Frodo was used to visually analyse non-refined crystal
structures (Jones 1978).
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4.3 RESULTS AND DISCUSSION

431 L. RHAMNOSUS PEPO PHASE PROBLEM

4.3.1.1 PEPO NATIVE DATA SET A

PepO Native Data Set 1 and 2 (Section 3.3.1.2) intensities (I) were converted to pseudo-
structure factors (F), using the CCP4 programs Dtrek2mtz and Truncate (French 1978; Bailey
1994). The pseudo-structure factors (F) of Native Data Sets 1 and 2 were shown to follow the
Wilson distribution (Figure 4.5).

The Wilson distribution for a macromolecule should deviate from a straight line above 3.0 A
resolution with a characteristic dip at 5.5 A and a peak at 4.0 A resolution. The intensity peak at
4.0 A resolution can be ascribed to the presence of many non-bonded distances of
approximately 4.0 A in the protein, and the decrease in intensity at 5.5 A is due to the less
ordered solvent content relative to the crystal content of the unit cell (Drenth 1999). The linear
relationship between the logarithm of intensity against resolution beyond 3.0 A is used to
determine an absolute scale and temperature correction factor (French 1978, Drenth 1999;
Rossmann 2001). The temperature correction factor, B:factor, is a measurement of the atomic
vibration, orientational and positional disorder within the crystal, where the higher the B-factor
the greater the atomic vibration and disorder. Both Data Sets 1 and 2 had characteristic Wilson
distributions and relatively low B-factors of 24.0 and 25.3 respectively, (Figure 4.5).

In addition, Truncate was used to analyse the intensity statistics to identify possible twinning.
Twinning is colloquially a crystal growth anomaly in which multiple crystalline domains are
oriented to form a single crystal. There are two fundamentally different types of twinning,
epitaxial and merohedral (Yeates 1997). Epitaxial twinning occurs when different crystalline
domains are oriented such that the diffraction patterns are not superimposable. Whereas,
merohedral twinning occurs when different crystalline domains are oriented such that they
coincide exactly in three-dimensions generating superimposable diffraction patterns (Yeates
1997).

The possibility of twinning was initially overlooked as it was not suggested by the diffraction
pattern, scale and averaged statistics nor the Wilson distribution. To identify twinning
Cumulative Intensity-distributions were generated for both the theoretical and observed centric
(with phase restrictions) and acentric (without phase restriction) intensity data (Figure 4.6)
(Howells 1950). The theoretical acentric intensity data are evenly distributed and therefore
follow a near linear distribution. Twinned acentric intensity data, however, are not evenly
distributed and follow a sigmoidal distribution. Under twinning conditions each reflection
(intensity) is contributed to by more than one crystalline domain. It is unlikely that both
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Native Data Set 1 - B-factor 24.0

Native Data Set 2 - B-factor 25.3
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Figure 4.5 Wilson Plot for (left) PepO Native Data Set 1 and (right) PepO Native Data Set 2.
(Generated with Truncate, French 1978).
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Figure 4.6  Cumulative Intensity-Distribution Curves for (left) PepO Native Data Set 1 and (right) PepO

Native Data Set 2. (Generated with Truncate, Howells 1950).
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contributions will have very high or that both will have very low intensities, therefore very few

extreme values are observed (Terwissha van Scheltinga 2003).

The deviation from the theoretical distribution can be used to estimate the extent of twinning,
measured by the twin fraction. By convention, the fraction of the minor crystalline component is
called the twin fraction, « (Terwissha van Scheltinga 2003). A twin fraction of 0.0 corresponds
to non-twinned data, between 0.0-0.5 partial twinning and 0.5 perfect twinning. The Yeates
Crystal Twinning Server showed that Data Sets 1 and 2 were merohedrally twinned, with twin
fractions of 0.42 and 0.43 respectively, (Yeates 1997) (Figure 4.6).

Twinning presents fundamental problems that seriously impair the determination of macro-
molecular crystal structures. Although structure determination by Multiple Isomorphous
Replacement (MIR) techniques is possible in theory (Yeates 1987) only a few cases have been
reported, mostly from crystals with twin fractions less than 0.1 (Fisher 1980; Cheah 1994;
Terwissha van Scheltinga 2001). The majority of protein structures solved from twinned crystals
have been determined using Molecular Replacement (MR) techniques, and include the

structure of the H. sapiens R121D lactoferrin mutant from a crystal with a twin fraction of 0.43
(Jameson 2002).

Native Data Set 1 Native Data Set 2

Figure 4.7 Hklview Analysis of (left) PepO Native Data Set 1 and (right) PepO Native Data Set 2.
(Psuedo-precession images are of hk0).
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It is often not necessary to carry out data correction for twinning prior to Molecular
Replacement. Although twinning introduces additional rotational symmetry into the observed
Patterson map it is possible to establish the molecular orientation by performing a suitable
rotation search. To establish the translation orientation, however, the correct space group must
be known and this is often complicated by twinning operations.

To determine the correct space group of the two data sets, analysis of the systematic absences
and equivalent reflections in the pseudo-precession images was carried out using the CCP4
program Hklview (Bailey 1994). Although both data sets were clearly tetragonal (Figure 4.7),
the correct space groups were somewhat ambiguous. The Data Set 1 and 2 systematic
absences and equivalent reflections were characteristic of space groups P42:2 and P422
respectively. However, it is possible that the symmetry operations observed are a result of
twinning operations.

To determine the number of molecules present in the asymmetric unit of the crystals the
Matthew's coefficient was calculated using the CCP4 program Matthews_coeff (Matthews

1968). The Matthew's coefficient, Vi, can be calculated from knowledge of: the unit cell
volume, V unit cell, the molecular weight of the molecule, Mr, the number of asymmetric units
according to the crystal symmetry operations, z; and the number of molecules in the asymmetric

unit, n.

Vy = Vunitcell = 117.60Ax117.60A x 206.09 A
zxnxMr zx nx 70,900 Da

Native Data Set 1 and 2 crystals have unit cell volumes of a x b x ¢ where a = b = 117.60 A and
¢ =206.09 A, 8 asymmetric units in the tetragonal space groups (P42,2 and P422) and 2
asymmetric units in the monoclinic space groups (P2 and P2,), and an unknown number of 70.9
kDa PepO molecules within each asymmetric unit. The number of molecules in the asymmetric
unit has a strong correlation with the Matthew's coefficient, Vi, and the solvent content of the
crystal (Matthews 1968). The most commonly observed values of Vi are in the vicinity of 2.15
A%/Da, which corresponds to approximately 50% solvent content (Matthews 1968). For the
PepO crystals used to collect Native Data Sets 1 and 2 to have a 50% solvent content, 2
molecules per asymmetric unit will be present in the tetragonal crystal systems, and 8
molecules per asymmetric unit will be present in the monoclinic crystal systems. Regardless of
the space group there will be 16 PepO molecules in the crystal unit cell.

4.31.2 MOLECULAR REPLACEMENT FOR PEPO NATIVE DATA SET A

With knowledge of the number of molecules per asymmetric unit in the different crystal systems,
and the availability of a suitable search model, Molecular Replacement (MR) was used to try to
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calculate approximate phases for the PepO structure. The H. sapiens neutral endopeptidase
(NEP) structure (PDB accession 1DMT) and a Swiss-Model predicted PepO structure were
used as search models. The three-dimensional structure of the C-terminal domain (residues
243-360) of PepO was predicted using Swiss-Model a fully automated protein structure
homology-modelling server, accessible via the Expasy web server (Gasteiger 2003; Schwede
2003). According to Swiss-Model, PepO has 31.6% amino acid sequence identity to H. sapiens
NEP over this region. Crystal structures of NEP with various specific inhibitors have been
solved and are deposited in the Protein Data Bank (Berman 2000; Oefner 2000, Oefner 2004).
The NEP pdb files (PDB accessions: 1DMT, 1R1l, 1R1H, 1R1J) were used to predict the model
shown in Figure 4.8 representing residues 243-630 of PepO.

Figure 4.8 Swiss-Model Predicted Structure of PepO. (Cartoon representation of residues

243-630 coloured by residue number from the N-terminus (blue) to the C-terminus

(red). Generated using Rasmol, Sayle 1995).

The core B-sheet structure and adjacent helices of the predicted structure may be
representative of the true PepO structure as these regions contain highly conserved amino acid
sequences between the two structures and include the HEXXH pentapeptide motif found in
metallopeptidases. The structure for the N-terminus of PepO (residues 1-242) was not
modelled as there is not sufficient sequence similarity between PepO and NEP, or indeed any
other protein in the PDB for these residues.

Molecular Replacement (MR) was carried out using the CCP4 program Automated Molecular
Replacement program (AMoRe) (Navaza 2001). Data Sets 1 and 2 were not corrected for
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twinning (detwinned) prior to MR, as the twinning operations were unknown. MR using twinned
data often produces overlapping rotation function solutions that can be used to establish the
twinning operations, allowing data correction. If the correct space group is known, the rotation
function solutions may be used separately in the subsequent translation functions without data
correction, to determine the molecular orientation and location within the unit cell.

MR attempts for Data Set 1 using H. sapiens NEP (PDB accession 1DMT) as the search model
failed to find statistically valid solutions (Tables 4.1, and 4.2).

Table 4.1 AMoRe Solutions for Data Set 1 Processed in Tetragonal using H. sapiens NEP
as the Search Model.

o’ B y° Tx° Ty°® IzP Corr ©
1 53.33 70.61 283.29 0.2130 -0.3977 0.0134 24 4
2 73.67 2477 195.83 0.0372 -0.3522 0.4720 24 .1
3 38.48 43.46 171.53 0.3634 0.4612 0.4427 236
4 63.06 72.65 274.86 0.1187 0.3881 0.0791 23.0
5 19.08 4559 181.09 -0.0075 -0.4901 0.0003 23.7

* «, B, v, Eulerian angles measured in degrees.
" Tx, Ty, Tz. Translation coordinates.
“ Corr, Correlation coefficient.

Table4.2  AMoRe Solutions for Data Set 1 Processed in Monoclinic using H. sapiens NEP
as the Search Model.

o’ g° 3’ E o Ty® T2’ Corr ©
1 235.19 68.15 82.46 0.4652 0.0000 0.5123 21.3
2 274.88 82.84 72.51 0.0389 0.0000 0.0397 216
3 347.10 28.05 186.75 0.5162 0.0000 0.1084 21.3
4 55.16 69.25 39.45 0.0248 0.0000 0.4358 216
5 335.71 23.24 199.21 0.4898 0.0000 0.4882 209
6 331.97 74.56 279.21 0.4701 0.0000 0.0006 223
7 267.52 86.25 69.17 0.0389 0.0000 0.0316 216
8 241.89 69.91 281.65 0.5137 0.0000 0.0931 21.5
9 312.75 44.18 172.91 0.4845 0.0000 0.0156 21.3
10 72.41 63.13 275.39 0.1020 0.0000 0.4268 22.0

* @, B, v, Eulerian angles measured in degrees.
®Tx, Ty, Tz, Translation coordinates.
“ Corr, Correlation coefficient.

MR attempts were repeated for Data Set 1 using the Swiss-Model predicted PepO structure as
the search model and likewise failed to find statistically valid solutions (Tables 4.3, and 4.4).
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Table 4.3  AMoRe Solutions for Data Set 1 Processed in Tetragonal using the Swiss-Model
Predicted PepO Structure as the Search Model.

o B p* | T | T | F [ con
1 40.00 69.41 99.10 0.0220 0.0462 0.4934 27.0
2 44 .42 53.20 291.90 -0.0258 -0.4233 0.4456 27.3
3 36.08 67.01 277.86 -0.3542 0.3673 0.0156 26.7
4 26.48 78.13 97.27 0.3505 -0.3764 0.4936 26.9
5 53.45 4261 212.45 0.0320 -0.1270 0.0041 27.3

", B, v, Eulerian angles measured in degrees.
" Tx, Ty, Tz, Translation coordinates.
“ Corr, Correlation coefficient.

Table 4.4 AMoRe Solutions for Data Set 1 Processed in Monoclinic using the Swiss-Model
Predicted PepQ Structure as the Search Model.

o’ B® y® .58 Ty’ Iz° Corr ¢
1 332.99 72.34 275.28 0.4749 0.0000 0.0005 224
2 275.44 73.20 180.86 0.0621 0.0000 0.4681 216
3 62.00 72.48 274.34 0.0377 0.0000 0.4891 22.0
4 234.92 67.06 80.83 0.4566 0.0000 0.4855 21.3
5 335.69 23.08 198.83 0.4874 0.0000 0.4889 20.9
6 243.07 72.16 27515 0.4692 0.0000 0.0821 21.5
7 311.60 44 13 168.59 0.4686 0.0000 0.0034 21.3
8 50.60 71.10 34.63 0.0250 0.0000 0.4109 216
9 266.58 85.95 70.50 0.0376 0.0000 0.0287 216
10 343.84 24.09 194.21 0.4124 0.0000 0.0964 21.3

", P, v, Eulerian angles measured in degrees.
Tx, Ty, Tz, Translation coordinates.
“ Corr, Correlation coefficient.

A statistically valid solution is a solution that has a significantly higher correlation coefficient
than all others. Given that there are 2 molecules per asymmetric unitin the tetragonal crystal
system, 2 statistically valid solutions would be expected. Similarly, 8 statistically valid solutions
would be expected in the monoclinic crystal system. The correlation coefficient values
obtained, however, were all very similar and a definite solution was not apparent.

MR attempts for Data Set 2 using H. sapiens NEP (PDB accession 1DMT) as the search model
(Tables 4.5 and 4.6) and the Swiss-Model predicted PepO structure (Tables 4.7 and 4.8) also
failed to find statistically valid solutions. The twinning operations were therefore not identified
and subsequently Native Data Sets 1 and 2 were not detwinned.
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Table45 AMoRe Solutions for Data Set 2 Processed in Tetragonal using H. sapiens NEP
as the Search Model.

o’ B° ke I IE Iz° | Com®
1 28.16 46.79 173.33 0.4218 0.4724 0.4593 24.8
2 55.68 67.36 80.74 0.3768 -0.4207 0.0063 24.2
3 71.26 38.99 222.59 0.4257 0.4539 0.0280 236
4 68.31 24.18 187.72 0.2998 -0.4394 0.0128 241
5 63.73 65.79 269.05 -0.4653 -0.4916 0.4964 25.5

*«, B, v, Eulerian angles measured in degrees.

"Tx, Ty, Tz, Translation coordinates.

“ Corr, Correlation coefficient.

Table 46  AMoRe Solutions for Data Set 2 Processed in Monoclinic using H. sapiens NEP
as the Search Model.

o’ B° y° Ix" Ty® ol Corr ©
1 321.01 90.03 329.11 0.2122 0.0000 0.4861 21.4
2 24273 71.59 274.79 0.1317 0.0000 0.0749 21.3
3 332.46 72.36 275.07 0.1503 0.0000 0.4358 21.3
4 62.26 71.62 275.57 0.3684 0.0000 0.0749 21.3
5 197.77 82.07 70.42 0.1688 0.0000 0.0108 21.2
6 18.93 82.04 70.70 0.3313 0.0000 0.0108 21.2
7 308.65 44 .45 171.34 0.1625 0.0000 0.0038 21.2
8 151.99 72.36 275.42 0.3442 0.0000 0.0213 21.2
9 249.52 51.09 114.70 0.3810 0.0000 0.0142 21.2
10 159.27 51.43 115.12 0.2934 0.0000 0.4782 21.2

*«, B, v, Eulerian angles measured in degrees.
" Tx, Ty, Tz, Translation coardinates.

“ Corr, Correlation coefficient.

The rotation and translation values obtained for the tetragonal and monoclinic data sets are
considerably different, due to symmetry operations. The higher the symmetry the more
compact the rotation function becomes, but the greater the translation function becomes. For
the triclinic space group the translation search is irrelevant and similarly for other low symmetry
space groups, e.g. monoclinic space groups only require a 2-D search along the x- and z-axes
because the position along the y-axis is arbitrary (Crowther 1967).

The inability to identify possible MR solutions suggested that the space group assignment may
be incorrect. Although the molecular orientation may in fact be correct, an incorrect space
group would result in an inaccurate positioning of the molecular within the unit cell. MR was not
repeated with the data reprocessed in alternative space groups.
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Table4.7  AMoRe Solutions for Data Set 2 Processed in Tetragonal using the Swiss-Model
Predicted PepO Structure as the Search Model.
o’ g° g 1K Ty° i A Corr °
1 23.50 50.59 301.13 0.0188 0.0674 0.4768 28.2
2 84.51 69.78 352.15 0.0121 0.0417 0.4433 28.7
3 23.68 26.41 34.20 -0.0143 0.4767 0.4860 30.0
4 73.89 49.72 246.10 0.3846 -0.4664 0.4834 28.1
5 86.90 69.56 351.58 0.0124 0.0419 0.4433 276

® u, B, v, Eulerian angles measured in degrees.

®Tx, Ty, Tz, Translation coordinates.

® Corr, Correlation coefficient.

Table 4.8 AMoRe Solutions for Data Set 2 Processed in Monoclinic using the Swiss-Model
Predicted PepO Structure as the Search Model.

o Bt pa i b Ty° Tz° Corr ¢
1 61.68 30.35 274.71 0.2625 0.0000 0.4680 24 .4
2 114.59 79.31 96.99 0.0622 0.0000 0.0215 244
3 55.98 29.93 275.73 0.3804 0.0000 0.4892 243
4 194.62 40.46 329.94 0.1684 0.0000 0.4284 24 .5
5 195.15 39.40 328.26 0.1684 0.0000 0.4284 245
6 4453 54.13 293.12 0.3059 0.0000 0.0250 245
7 116.02 79.15 97.93 0.3060 0.0000 0.4604 24 4
8 202.69 26.24 34.51 0.2741 0.0000 0.0174 24 .4
9 238.70 29.80 274 .69 0.3625 0.0000 0.4429 243
10 176.08 72.71 89.69 0.2620 0.0000 0.4751 243

® o, B, v, Eulerian angles measured in degrees.
" Tx, Ty, Tz, Translation coordinates.
* Corr, Correlation coefficient.

4.3.1.3 MULTIPLE ISOMORPHOUS REPLACEMENT FOR PEPO DERIVATIVE DATA
Twinning presents fundamental problems that seriously impair the determination of macro-
molecular crystal structures by Multiple Isomorphous Replacement (MIR) techniques. The
general strategy for structure determination of twinned data is to correct for twinning (detwin)
prior to MIR in order to extract the heavy atom signal.

Although MIR for crystals with low twin fractions has been successful, until recently MIR had not
been used to solve the structure for crystals with high twin fractions. In 2001, Terwissha van
Scheltinga et al. successfully solved by MIR the structure of Deacetoxycephalosporin C
Synthase from merohedrally twinned crystals with a twin fraction of 0.5.
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MIR was attempted for Data Set 1 and 2 without correcting for twinning, using the CCP4
programs Collect Assorted Data (CAD) and Scaleit (Howell 1992; Bailey 1994). CAD combines
native and derivative data sets into one file, while Scaleit puts the data sets on the same scale
using an overall scale factor and B-factor. Scaleit compares the data sets and calculates
several statistics which are useful in establishing isomorphism and suitability for MIR. The most
useful of these statistics is the weighted R-factor, which evaluates the fractional isomorphous
difference and compares it with the expected agreement with the native data.

In general, the weighted R-factor values should be within the range of 0.1-0.3 if the derivative is
isomorphous and thus suitable for phasing. Typically, values less than 0.1 suggest that the
heavy atom is not bound, while values higher than about 0.3 suggest an unacceptable level of
non-isomorphism (Rossmann 2001). Values between 0.1-0.3 suggest, but do not guarantee,
that the derivative is worth pursuing (Rossmann 2001). The weighted R-factors for the
derivative data sets were all found to be below 0.1 (Table 4.9).

Table 4.9 Scaleit Statistics for PepO Derivative Data Sets.

Unit Cell Dimensions Weighted Suitable
a b c o B y R-factor® | forMIR®
Native 117.62|117.62|206.09| 90.0 | 90.0 | 90.0 N/A N/A
(i) CeHgHgO2SNa 118.06)|118.06{205.53| 90.0 | 90.0 | 90.0 0.068 X
(i) CsHgHgO,.SNa 114.38|114.89| 204.09| 90.0 | 90.0 | 90.0 N/D X
(i) CHaCHzHgCl 118.19|118.19/206.16| 90.0 | 90.0 | 90.0 N/D X
(iv) UO,CH3CO: 117.44|117.441206.32| 90.0 | 90.0 | 90.0 0.040 X

" N/A, not applicable; N/D, not determined; x, not suitable.

It is difficult to establish whether or not the low weighted R-factors observed for the derivative
data are a consequence of non-binding of the heavy atoms to the crystal, or as a consequence
of twinning. To determine this, it would be necessary to detwin the native and derivative data
sets.

4.3.1.4 PEPO NATIVE DATA SET B
PepO Native Data Set 3 intensities (I) were converted to pseudo-structure factors (F), and were
shown to follow the Wilson distribution with a calculated B-factor of 23.2, which is comparable

with Native Data Sets 1 and 2 (Figure 4.9). The Cumulative Intensity-distribution of Native Data
Set 3 did not suggest twinning (Figure 4.9).
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Figure 4.9 Wilson Distribution and Cumulative Intensity-Distribution for PepO Native Data Set 3.
(Generated with Truncate, French 1978).

The crystals have a unit cell volume of a x b x c where a = 56.38 A, b= 83.75 A and ¢ = 143.82
A, 4 asymmetric units in the P222 space group, and an unknown number of 70.9 kDa PepO

molecules within each asymmetric unit.

v = Vunitcell _ 56.38 A x 83.75 A x 143.82 A
M= zxnxMr ~ 4 x nx 70,900 Da

If one monomer is present in the asymmetric unit, the Matthew’s coefficient is calculated to be

2.5, correlating to a solvent content of 48.2%.

4.31.5 MOLECULAR REPLACEMENT FOR PEPO NATIVE DATA SET B

Molecular Replacement was carried out for Native Data Set 3 using the CCP4 Automated
Molecular Replacement program (AMoRe), and H. sapiens NEP (PDB accession 1DMT) and

the Swiss-Model predicted PepO structure as search models.

MR attempts for Data Set 3 using H. sapiens NEP (PDB accession 1DMT) as the search model
failed to find a statistically valid solution (Tables 4.10).
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Table 4.10 AMoRe Solutions for PepO Native Data Set 3 using H. sapiens NEP as the Search

Model.
o B r 75 i Z° | Cor
1 26.50 70.43 352.38 0.0195 0.2030 0.0621 9.9
2 98.720 88.23 214.15 0.3507 0.0942 0.0547 9.3
3 137.96 47.24 44 67 0.4523 0.3988 0.0942 9.3
4 82.25 48.61 312.69 0.1788 0.3451 0.2841 10.0
5 97.65 74.00 123.47 0.4074 0.4560 0.4019 8.6

" Tx, Ty, Tz, Tranlsation coordinates.
“ Corr, Correlation coefficient.

" a, B, v, Eulerian angles measured in degrees.

MR attempts for Data Set 3 using the Swiss-Model predicted PepO structure as the search

model however, found a statistically valid solution (Table 4.11).

Table 4.11 AMoRe Solutions for PepO Native Data Set 3 using the Swiss-Model Predicted
PepO Structure as the Search Model.

o’ [ r° Ix~ Ty~ 1z° Corr °

1 37.79 73.89 343.71 0.2802 0.0154 0.4011 305

2 39.72 74.65 342.33 0.2832 0.2153 0.3683 30.0
3 142 47 65.33 113.68 0.3525 0.4363 0.0062 28.2
4 93.87 87.02 16.56 0.2014 0.2501 0.3418 28.3
5 121.07 41.16 262.73 0.0963 0.1708 0.4270 28.1

* @, B, v, Eulerian angles measured in degrees.
®Tx, Ty, Tz, Tranisation coordinates.
“ Corr, Correlation coefficient.

The correlation coefficients of solutions 1 and 2, 30.5 and 30.0 respectively, are higher than all
other solutions suggesting a possible structure solution. The molecular orientation (measured
in Eulerian angles) and position (measured in translation coordinates) of the two solutions are

almost equivalent, suggesting that 1 molecule in the asymmetric unit had been found.

Solution 1 was analysed using the CCP4 program Turbo-Frodo (Jones 1978) to locate the
molecules within the unit cell and identify possible molecular overlap. There are four molecules
present in the unit cell, consistent with the Matthew's coefficient calculation, which appear to
overlap slightly (Figures 4.10).
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Figure 4.10 Visual Analysis of PepO Native Data Set 3 Unit Cell. (View along a-, b- and c-axis.
Generated from AMoRe Solution 1 using Turbo-Frodo).

The full extent of molecular overlap is not illustrated in Figures 4.10 as only the Ca-backbone of
the molecules is shown. The molecules within the unit cell are arranged in a P2,242, space

group and not the P222 space group that was initially expected (Figure 4.11).

Unfortunately, although the resulting model was approximately placed in the unit cell, it could

not be built into the electron density and the structure could not be solved.
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Figure 4.11 Visual Analysis of PepO Native Data Set 3 Unit Cell as Viewed Along the b- and c-axis
(top) and a- and b-axis (below). (Generated from AMoRe Solution 1 using Turbo-
Frodo).
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4.3.2 L. RHAMNOSUS PEPW PHASE PROBLEM

4.3.2.1 THREE-DIMENSIONAL STRUCTURE PREDICTIONS

The three-dimensional structure of PepW was predicted using Swiss-Model a fully automated
protein structure homology-modelling server, accessible via the Expasy web server (Gasteiger
2003; Schwede 2003). According to Swiss-Model, PepW has 52.70%, 52.45%, 39.93% and
39.82% amino acid identity to H. sapiens bleomycin hydrolase (hBH) (PDB accessions 1CB5A, 1CB5B,
1CBS5C), H. sapiens hBH C73S/A455 deletion mutant (PDB accessions 2CB5A, 2CB5B), S. cerevisiae
bleomycin hydrolase (Gal6) (PDB accessions 1GCB), S. cerevisiae Gal6 C73A/K454 deletion mutant (PFDB
accession 3GCB), and S. cerevisiae Gal6 C73A mutant (PDB accession 1A6R) respectively. The H.
sapiens and S. cerevisiae bleomycin hydrolase pdb files (PDB accessions: 1CB5A, 1CB5B, 1CB5C,
2CB5A, 2CB5B, 1GCB, 3GCB, 1A6R) were used to predict the three-dimensional structure of
PepW (Figure 4.12).

Figure 4.12 Swiss-Model Predicted Structure of PepW. (Cartoon representation coloured by

group: blue, N-terminal; red, C-terminal).

The Swiss-Model generated PepW structure is not necessarily representative of the actual
three-dimensional structure of PepW. The bleomycin hydrolases and related proteins are
however, highly conserved and therefore may have very similar structures. To experimentally
determine the crystal structure of PepO it is necessary to obtain accurate diffraction data from
which the phase problem can be solved. As discussed in Chapter 3 the quality of the PepW
native data set was poor and as such an attempt to solve the phase problem was not carried

out,
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CONCLUSIONS AND FUTURE DIRECTIONS

5.1 CONCLUSIONS

Part 2 of this thesis investigated the three-dimensional structures of the L. rhamnosus
peptidases, PepO and PepW. In order to understand the molecular basis for the unique
substrate specificities of PepO and PepW, attempts were made to determine the three-

dimensional structures of the enzymes by x-ray crystallography.

PepO and PepW crystals were successfully grown using sitting- and hanging-drop vapour-
diffusion techniques. PepO crystals suitable for x-ray crystallography were grown in 15% PEG
8000, 0.1 M sodium cacodylate pH 6.5, 0.2 M calcium acetate at 4°C (1-2 weeks) and 1.5 M
lithium sulphate monchydrate, 0.1 M sodium hepes pH 7.5 at room temperature (10-12
months). Derivatization of the PepO crystals grown in 15% PEG 8000, 0.1 M sodium
cacodylate pH 6.5, 0.2 M calcium acetate at 4°C was attempted with mercury (Hg), platinum
(Pt), uranly (U) and praseodymium (Pr) salts. PepW crystals suitable for x-ray crystallography
were grown in 28% PEG 6000, 0.2 M MES pH 6.1 at room temperature (2 months).

Preliminary diffraction data for the PepO and PepW crystals is described in Table 5.1.

Table 5.1 X-ray Diffraction Analysis of PepO and PepW Crystals.

Crystal Diffraction Space Resolution | Unit Cell Dimensions

Group a b c o B ya
PepO A v P422, P42,2 2.00A 117.60| 117.60| 206.09| 90.0 90.0 90.0
PepO B v P222 1.80 A 56.32 | 83.75 | 143.82| 90.0 90.0 90.0
PepW v P3 3.00 A 142.22 | 142.22 | 98.27 90.0 90.0 90.0

* PepO Native A, 15% PEG 8000, 0.1 M sodium cacodylate pH 6.5, 0.2 M calcium acetate at 4°C (1-2 weeks)
PepO Native B, 1.5 M Lithium sulphate monohydrate, 0.1 M sodium hepes pH 7.5 at RT (10-12 months)
PepW Native A, 28% PEG 6000, 0.2 M MES pH 6.1 at RT (2 months)

Native data sets were collected for both PepO and PepW, and derivative data were collected for
PepO. The PepO A native data processed in space groups P422 and P42,2, and were found
to be merohedrally twinned with twin fractions of 0.42-0.43. Derivate data for PepO A
processed in a number of different space groups (P4,, P2, P2, C2), and hence were not
suitable for structure determination using Multiple Isomorphous Replacement (MIR). Molecular
Replacement (MR) was attempted to solve the PepO structure using H. sapiens NEP (PDB
accession 1DMT) and a Swiss-Model predicted PepO structure, as search models, but both
failed to find statistically valid solutions.
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The PepQO B native data processed in the space group P222, and showed no signs of twinning.
Molecular replacement was used to try and solve the structure, but failed to give a statistically
valid solution using the H. sapiens NEP as a model. A possible solution was found however,
using the Swiss-Model predicted PepO structure. Unfortunately, although the resulting model
was approximately placed in the unit cell, it could not be built into the electron density.

The PepW native data processed in space group P3, but because of instrument failure during
data collection, and a lack of available crystals, insufficient data was collected to solve the
structure.

5.2 FUTURE DIRECTIONS

To determine the three dimensional structures of L. rhamnosus PepO and PepW further work is
required. Although suitable PepO crystallisation conditions have been found that produce
suitable crystals for x-ray crystallography, a suitable search model for MR is not available, and
suitable heavy atom derivatives for MIR have not been found.

As a new crystal form has been found which lacks a twinning problem, these crystals will no
longer be used for structure determination and all efforts will be placed into obtaining heavy
atom derivatives of type ‘B’ crystals. An alternative solution would be to introduce seleno-
methionine residues and determine the PepO structure using Multiple Anomalous Dispersion
(MAD) methods.

To successfully determine the PepW structure it will be necessary to re-crystallise PepW and
collect a complete and accurate native data set. Because of the high degree of sequence
similarity to S. cerevisiae bleomycin hydrolase, Gal6 (PDB accession 1GCB) and H. sapiens
bleomycin hydrolase, hBH (PDB accession 1CB5A, 1CB5B, 1CB5C), molecular replacement
will be the method of preference for structure solution.

The incentive to investigate the PepO and PepW structures was to aid the understanding of the
substrate specificity of the enzymes. It will therefore be beneficial to attempt co-crystallisation of

both enzymes with either a substrate or inhibitor.

Once the crystal structures of PepO and PepW are known it will be possible to conduct
informed site-directed mutagenesis studies to either modify or enhance the substrate
specificities. The structural and functional characterisation of L. rhamnosus PepO and PepW
could in the future be used to inform the genetic engineering of proteolytic enzymes designed to

develop new cheese flavours.
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APPENDIX |

L. RHAMNOSUS PEPW SEQUENCE

M §s A E I T S GG D L DQVF KQ DL QATUPA AW ANA ATLGQI KAV
ATGTCTGCAGAAATTACTTCAGGCGATTTGGATCAGTTCARACAGGATCTTCAAGCCACACCTGCCGCCAACGCCTTACAAAAAGCGGTC
10 20 30 40 50 60 70 80 90

M N N G I N ATAEDNTDS K V AMTU®PTU F S I EL DTG A
ATGAACAATGGTATTAATGCAACTGCCGAGAATACCCGATAGCAAAGTTGCCATGACACCAACGTTCTCAATTGAACTTGATACCGGTGCT
100 110 120 130 140 150 160 170 180

vV S N Q K@ 8 GR CWMUPFAAULNTMMPRUHGTIOQAUOQUF K I K
GTGTCAAACCAARAACAAAGCGGCCGGTGCTGGATGTTCGCCGCCTTGAATACTATGCGTCATGGCATTCAGGCACAGTTTAAGATCAAG
190 200 210 220 230 240 250 260 270

b F EL 8 Q N ¥ T F F WDXVF EX S NUYFY EDNUVIL KTAD
GATTTTGAACTGTCCCAAARACTACACCTTCTTCTGGGACAAGTTTGARAAGTCCAACTATTTTTATGAARATGTCTTAAAAACCGCTGAT
280 280 300 310 320 330 340 350 360

Q P L ¥ S R KV A F L L ATUPQ QD GG QWDMTUL S8 A L I E
CAACCACTCTACAGCCGTAAAGTTGCCTTTCTTTTGGCTACCCCGCAACAAGATGGCGGCCAATGGGATATGTTGTCAGCCTTAATCGAA
370 380 350 400 410 420 430 440 450

K ¥y G I v P K SVMUPET Y S S S K S NUEILWNUGTU LULNULIKL
AAGTATGGCATTGTGCCGAAGTCAGTAATGCCTGAAACCTACAGTTCTAGCAAGAGTAACGAATTARATGGTTTGCTCAACTTGAAACTG
460 470 480 490 500 510 520 530 540

R K DAV TLIRIKXKIULV ADI KA ASUDADTIEA AU AI KU QI KMTL A E
CGTAAAGATGCGGTCACCCTACGCAAGTTAGTTGCTGATAAAGCTAGCGATGCCGACATTGAAGCAGCCAAGCARAARATGCTGGCTGAA
550 560 570 580 590 600 610 620 630

D ¥ R I W A ¥ T L GN PP T KP D F E ¥ ED B D X NY HB I D
GACTATCGCATCTGGGCATACACGTTAGGCAACCCGCCAACCAAATTTGACTTTGAATACCGCGATGATGATAAGAATTATCACATTGAT
640 650 660 670 680 690 700 710 720

R E L T P Q T F F K K ¥ % ¢ W NL DDZY 00 I I N A P T A D
CGCGAATTGACGCCGCAAACCTTCTTCAAGAAGTATGTCGGCTGGAATCTCGATGACTATCARAGTATCATCAACGCCCCAACCGCTGAC
730 740 750 760 770 780 790 800 810

K P Y K H L ¥ TV EMULGWNWVV GGREUVRHILNILDTIUDT
AAGCCTTACAAGCACCTTTACACCGTTGARATGCTGGGCAATGTCGTAGGTGGTCGTGAAGTTCGCCACTTGAATCTTGACATTGATACC
820 830 840 850 860 870 880 890 900

F K DL A I K QL KAGESV W PFGSUDVGOQ S S DURQULG
TTCAAAGACTTGGCAATCAAGCAACTCAAGGCCGGCGAATCAGTTTGGTTCGGTTCCGATGTTGGTCAAAGCTCCGATCGTCAACTTGGC
910 920 930 940 950 960 970 980 990

I L pT NI ¥ K KDDILENTDDTF TMTRERKRANERILDYGE S
ATTTTGGACACCAACATTTACAAGAAAGATGACCTGTTCAACACCGACTTCACCATGACTARAGCTGAACGCCTTGACTATGGCGAAAGTC
1000 1010 1020 1030 1040 1050 1060 1070 1080
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L M T H A MV L TGV DL V DG K P T XK W KV E N S W G E K
TTGATGACTCACGCAATGGTCTTGACCGGCGTTGATCTTGTAGACGGCAAGCCAACCAAGTCGAAAGTTGAARACTCTTGGGGTGARAAAR
1090 1100 1110 1120 1130 1140 11590 1160 1170

v G K G Y F V A 8 D AW F D Q F V Y @ V V I S8 K K Y L P A
GTCGGCGAAAAAGGCTACTTTGTCGCAAGTGATGCGTGGTTTGACCAATTCGTCTACCAAGTTGTTATTTCCAAGAAGTATCTCCCAGCT
1180 1190 1200 1210 1220 1230 1240 1250 1260

E L ¢ b v I K N E Y D K P TV L AP WD PMGA L A 8 R *
GAACTACAGGATGTCATCAAGAACCGAATACGACAAGCCAACCGTTCTTGCACCTTGGGATCCAATGGGTGCTTTGGCATCAAGATAA
1270 12890 1290 1300 1310 1320 1340 1350

L. RHAMNOSUS PEPO SEQUENCE

M T L P R I ¢©Q D DL Y L AV N G E W ¢ A K T P I P P D K 5 V
ATGACATTACCAAGAATTCAAGATGATTTGTACCTAGCCGTCAATGGCGAATGGCAAGCGAAGACGCCGATTCCACCTGACAARAAGTGTT
10 20 30 40 50 60 70 80 90

v $ A D S N L T D D I R Q K L V A DL S T M T K T A K T L P
GTGAGTGCGGATAGTAATCTGACCGATGATATTCGCCAARRACTAGTGGCTGATCTAAGCACGATGACGAAAACAGCCAARACTTTGCCG
100 110 120 130 140 150 160 170 180

L Q Y A A R L F A KA ND QTR R (L G I E P V R D R I 8
CTCCAGTATGCAGCGCGGTTGTTTGCCAAAGCCAATGACCAAACCCGCCGTCAGCAGCTAGGCATTGAGCCAGTTCGTGATCGGATAAGC
190 200 210 220 230 240 250 260 270

r L M A L T T L D Q F R &S A M P K L VvV A D Q Y V L. P I S P Y
TTTTTGATGGCGCTCACGACGCTTGATCAATTTCGCAGCGCTATGCCCAAACTGGTTGCTGATCAATACGTCTTACCGATCAGTCCTTAC
280 290 300 310 320 330 340 350 360

v b A DM HD A EHWN I L N L G G P DT I L P D A A MY Q H
GTTGATGCTGATATGCACGATGCCGAGCATAATATTCTGAATCTTGGCGGGCCAGACACAATTTTACCTGATGCGGCGATGTACCAACAT
370 380 390 400 410 420 430 440 450

E D A E N A A D L A A W S QM A A A ML A A VYV G F S8 Q T D Q
GAAGATGCCGAAAATGCGGCGGATCTGGCAGCGTGGTCGCAGATGCCAGCTGCCATGCTGGCTGCGGTAGGATTCAGTCAGACTGAT CAA
460 470 480 490 500 5190 520 530 540

T A Y V E A A K R F D R R L A D Y V P A NV D L A V D S8 T Y
ACAGCATATGTTGAAGCGGCTAAACGATTTGATCGGCGTTTGGCTGATTATGTGCCAGCAAATGTTGACTTAGCGGTAGATAGCACGTAT
550 560 570 580 590 600 610 620 630

D N P L §$ W Q A F E D A A G Y L G I P Q A F A T Y M P Q T P
GACARATCCATTGAGCTGGCAGGCGTTTGAAGATGCGGCCEGTTATTTGGGGATCCCACAAGCCTTTGCAACTTACATGCCGCAAACACCG
640 650 660 670 680 690 700 710 720

A K V N A YV YV P A Y L P HL S K L L T P DDNY S E W H A W M
GCGAAAGTCAATGCGGTTGTACCGGCTTATCTTCCGCACTTAAGCARACTACTGACGCCGGACAATTATTCAGAATGGCACGCATGGATG
730 740 750 760 770 780 790 800 810
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v I N E L L T CA T Y¥ L 5 D DIL E QL A G QY DIRTPF L A & Q
GTGATTAACGAATTGCTAACCTGCGCCACTTACCTCAGTGATGATTTACGTCAATTGGCCGGACAGTATGATCGGTTTTTGGCTGGTCAA
820 830 840 850 860 870 880 890 900

P E A 8 8 WT K H A F I A NEJY FDDVI &GO ¥ ¥ G Q@ T Y
CCTGAGGCGTCATCGTGGACGAAACACGCTTTTGGGATTGCCAACGAGTAT TTTGACGATGTGATTGGTCAGTATTATGGTCAAACCTAC
910 920 930 940 950 960 970 980 990

F G A DA KAD VT AMV KOQTITIL AOQY RV QUL ENIN-NTWL
TTTGGTGCCGACGCTAAGGCAGATGTGACGGCCATGGTTAAGCARATTCTTGCGCAATACCGCGTGCAGCTAGAAAACAACACTTGGCTG
1000 1010 1020 1030 1040 1050 1060 1070 1080

S P AT K K A MRIKILWATMOGQV KMSG Y P EURULF 8§ L Y D
AGTCCGGCTACGAAGCARRAGGCGATGCGCAAGTTAGCCACGATGCAAGTCAARATGGGGTATCCGGAGCGACTCTTTTCCTTGTATGAT
1090 1100 1110 1120 1130 1140 1150 1160 1170

H L s VDVDDDILILTA ATIILI KILSAOQTWOA AU FWUF K QUL G
CACTTGAGCGTGGATGTTGACGATGATTTGTTGACGGCAATTCTGAAACTTAGCGCACAGACGCAGGCCTTTTGGTTTAAACAGTTAGGC
1180 1190 1200 1210 1220 1230 1240 1250 1260

Q T VvV Db R NQ WNMUPGHTULWVNAS YD PL KNDTITFP A
CAGACGGTGGATCGGAATCAATGGAATATGCCGGGACACTTGGTGAATGCCAGTTATGATCCGCTGAAAAATGACATCACTTTTCCCGCT
1270 1280 1290 1300 1310 1320 1330 1340 1350

G I L Qg P P ¥ ¥ S L K W TURAENILUGD®GTGATI G HE I 8
GGTATCTTGCAGCCGCCGTATTACTCACTCAAATGCGACCCGGGCGGAAAACCTCGGAGGGACAGGCGCAACGATCGGTCATGARATCTCG
1360 1370 1380 1390 1400 1410 1420 1430 1440

H 8 F b N N GAULJVYUDEYGNUZLU HUDNWMWTUPAUDI KOQA AU FTDQ
CATTCGTTTGATAATAACGGGGCGCTGTATGATGAATATGGTAATTTGCATAACTGGTGGACACCAGCGGATAAGCAGGCATTTGATCAG
1450 1460 1470 1480 1490 1500 1510 1520 1530

L VvV K A M AAQ FDOGIRDYEGUV KVNGTTULTV S ENMA
CTGGTAAAAGCGATGGCGGCACAGTTTGATGGCCGTGACTATGAAGGAGTCAAGGTCAACGGTACACTGACCGTTAGTGAAAACATGGCG
1540 1550 1560 1570 1580 1590 1600 1610 1620

D NAGMDUVATLALULGDOQU®PDV KDL Q@ AV FF 1 T Y A R
GATAACGCCGGCATGGATGTGGCGTTGGCGTTACTAGGCGATCAGCCGGATGTTAAGGATCTGCAGGCATTCTTCATCACTTACGCTCGT
1630 1640 1650 1660 1670 1680 1690 1700 1710

S WA T KMRPERAIKTUVILIROGQQT?DUVHAPATILIRV NV P
TCATGGGCCACCARAATGCGACCGGAGCGGGCTAARACTGTTTTGCGGCAAGATGTTCATGCGCCGGCTACCTTACGCGTGAATGTGCCG
1720 1730 1740 1750 1760 1770 1780 1790 1800

Vg N F P AW Y QA FNY @@P Q DGEGMY ROPOIE K RILTTIW
GTGCARARACTTTCCTGCATGGTACCAGGCATTTAATGTTCAGCCACAAGATGGTATGTATCGGCAACCACAGARGCGGCTGACGATTTGG
1810 1820 1830 1840 1850 1860 1870 1880 1890

H g *
CATCAGTAA
1899
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as1-casein:
+—>
$ M { ¥ {

1 R-P-K-H-P-I-K-H-Q-G-L~-P-Q-E-V-L-N-E-N-L-L-R-F-F-V-A~P-F-P-~E-V-F-G-K-E-K-V-N-E-L-$-K-D-I-G-8-E-S$-T-E-D-Q-A-M-E-D-I-K-Q-M-E-A-E-$-I-5-S-S-E-E-

l {
71 I-V-P-N-S-V-E-Q-K-H-I-Q-K-E-D-V-P-8-E-R-Y-L-G-Y-L-E-Q-L-L~R-L-K-K-Y-K-V-P-Q-L-E~I-V-P-N-S-A-E-E-R-L-H-8-M-K-E-G-I-H-A-Q-Q-K-E-P-M-I~G-V-N-Q-

e
¥ 1 4 1 4 \ I

141 E-L-A-Y-F-Y-P-E-L-F-R-Q-F-Y-Q-L-D-A-Y-P-$-G-A-W-Y-Y-V-P-L-G-T-Q-Y-T-D-A-P-$-F-$-D-I-P-N-P-I-G-§-E-N-S-E-K-T-T-M-P-L-W

B-casein:
1 R-E-L-E-E-L-N-V-P-G-E-I-V-E-8-L-8-8-8-E-B-§-I-T-R-I-N-K-K-I-E-K-F-0-S-E-E-Q-Q-Q-T-E-D-E-L-Q-D-K-I-H-P-F-A-Q-T-Q-8-L-V-Y-P-F-P-G-P-I-P-N-5-L-
- NS
71 P-Q-N-I~P-P-L-T-Q-T-P-V-V-V-P-P-F-L-Q-P-E-V-M-G-V-$-K-V-K-E-A-M-A-P-K-Q-K~E-M-P-F-P-K-Y~P-V-E-P-F-T-E-$-Q-$-L-T-L-T-D-V-E-N-L-H-L-P-L-P-L-L-
il Lol i \
141 Q-S-W-M-H-Q-P-H-Q-P-L-P~-P-T-V-M-F-P-P-Q-5-V-L-5-L-5-0-5-K-V-L-P-V-P-Q-K-A-V-P-Y-P-Q~R-D-M-P-I1~-Q-A-F-L-L-Y-Q-E-P-V-L-G-P-V-R-G-P-F-P-1-T-V
K-casein:
1 Q-E-Q-N-Q-E-Q-P-I-R-C-E-K-D-E-R-F-F~3-D-K-I-A-K-Y-I-P-1-Q0-Y-V-L-S-R-Y-P-83-Y-G-L-N-Y-Y-Q-Q-K-P-V-A-L-I-N-N-Q-F-L-P-Y-P-Y Y-A-K-P-A-A-V-R-S-P-
\
71 A-Q-T-L-Q-W-Q-V-L~S~N-T-V-P-A-K~S-~C-Q-A-Q-P-T-T-M-A-R-H-P-H-P-H-L-S-F-M-A-I-P-P-K-K-N-Q-D-K-T-E-I-P-T-I-N-T-I-A-$-G-E-P-T-$-T-P-T-T-E-A-V-E-
141 $-T-V-A-T-L-E-D-8-P-E-V-I-E-8$-P-P-E-I-N-T-V-Q-V-T-S-T-A-V
Figure 2.1 Chymosin Cleavage Sites and Soluble Peptide Products of as:-, B-, and x-casein (Visser 1977, McSweeney 1993; Fox 2000).

(4, Cleavage sites;«—, soluble peptides produced by chymosin).
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sq-casein:
‘t————%
+ > d_b_
b 4 v 4
1 R-P-K-H-P-I-K-H-Q-G-L-P-Q-E-V-L-N-E-N-L-L-R-F-F-V-A-P-F-P-E-V-F-G-K-E-K-V-N-E-L-S-K-D-I-G-S-E-S-T-E-D-Q-A-M-E-D-I-K-Q-M-E-A-E-S-I-5-S-S-E-E-
l { { 4 { 1
71 I-V-P-N-S-V-E-Q-K-H-I-Q-K-E-D-V-P-S-E-R-Y-L-G-Y-L-E-Q-L-L-R-L-K-K-Y-K-V-P-Q-L-E-I-V-P-N-S-A-E-E-R-L-H-8-M-K-E-G-I-H-A-Q-Q-K-E-P-M-I-G-V-N-Q-
1 \: 1 1

141 E-L-A-Y-F-Y-P-E-L-F-R-Q-F-Y-Q-L-D-A-Y-P-S-G-A-W-Y-Y-V-P-L-G-T-Q-Y-T-D-A-P-§-F-8-D-I-P-N-P-I-G-5S-E-N~§-E-K-T-T-M-P-L-W

R b
p-casein: +————» . = S = E b o
— > b .
44 e \: ) 4 b & 1
1 R-E-L-E-E-L-N-V-P-G-E-I-V-E-S-L-S§-5-S-E-E-S-I-T-R-I-N-K-K-I-E-K-F-Q-S-E-E-Q-Q-Q-T-E-D-E-~L-Q-D-K-I-H-P-F-A-Q-T-Q-8-L-V-Y-P-F-P-G-P-I-P-N-S-L-
< ok - > «
—» < >
e > 2 LIS s « = > e
l i l 4L b b 4 L4 4 4 b b
71 P-Q-N-I-P-P-L-T-Q-T-P-V-V-V-P-P-F-L-Q-P-E-V-M-G-V-S-K-V-K-E-A-M-A-P-K-Q-K-E-M-P-F-P-K-Y-P-V-E-P-F-T-E-5-Q-S-L-T-L-T-D-V-E-N-L-H-L-P-L-P-L-L-
—_— * -+ > - »
— - » -t >
- - + < B + -
-— . * e
-+ L es——— Ll " - = ;
N T T 4 boodd e d | + 4 v+ 4 Ll

141 Q-S-W-M-H-Q-P-H-Q-P-L-P-P-T-V-M-F-P-P-Q-8-V-L-8-L-8-Q-8-K-V-L-P-V-P-Q-K-A-V-P-Y-P-Q-R-D-M-P-1-Q-A-F-L-L-Y-Q-E-P-V-L-G-P-V-R-G-P-F-P-I-I-V

K-casein: "
-+ - > - —
4 1 4 i L
1 Q-E-Q-N-Q-E-Q-P-I-R-C-E-K-D-E-R-F-F-S-D-K-I-A-K-Y-I-P-1-Q-Y-V-L-5-R-Y-P-5-Y-G-L-N-Y-Y-Q-Q-K-P-V-A-L-I-N-N-Q-F-L-P-Y-P-Y-Y-A-K-P-A-A-V-R-5-P-
g ) ¢ A i

71 A-Q-I-L-Q-W-Q-V-L-§-N-T-V-P-A-K-S-C-Q-A-Q-P-T-T-M-A-R-H-P-H-P-H-L-§-F-M-A-I-P-P-K-K-N-Q-D-K-T-E-I-P-T-I-N-T-I-A-5-G-E-P-T-§-T-P-T-T-E-A-V-E-

fig i
141  S-T-V-A-T-L-E-D-S-P-E-V-I-E-S-P-P-E-I-N-T-V-Q-V-T-S-T-A-V

Figure 2.2 L. lactis subsp. cremoris stratins H2 and SK11 PrtP Cleavage Sites and Soluble Peptide Products of usi-, B-, and k-casein (Reid 1991a; Reid 1991b; Reid 1994b).

(4, Cleavage sites; «—», «—» , soluble peptides produced by SK11, H2, and both SK11 and H2 PrtP enzymes, respectively; «—s*, C-terminus unknown).
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asi-casein: « > 3 >
i o odddd b bl
1 R-P-K-H-P-I-K-H-Q-G-L-P-Q-E-V-L-N-E-N-L-L-R-F-F-V-A-P-F-P-E-V-F-G-K-E-K-V-N-E-L-S-K-D-I-G-S-E-S-T-E-D-Q-A-M-E-D-I-K-Q-M-E-A-E-S-I-§-§-S-E-E-
*,r-— B —
\ 4 ol L 1)

71 I-V-P-N-S-V-E-Q-K-H-I-Q-K-E-D-V-P-S-E-R-Y-L-G-Y-L-E-Q-L-L-R-L-K-K-Y-K-V-P-Q-L-E-I-V-P-N-S-A-E-E-R-L-H-S-M-K-E-G-I-H-A-Q-Q-K-E-P-M-I-G-V-N-Q-

141 E-L-A-Y-F-Y-P-E-L-F-R-Q-F-Y-Q-L-D-A-Y-P-3-G-A-W-Y-Y-V-P-L-G-T-Q-Y-T-D-A-P-5-F-§-D-I-P-N-P-I1-G-S-E-N-S-E-K-T-T-M-P-L-W

B-casein:
L4 1 +
1 R-E-L-E-E-L-N-V-P-G-E-I-V-E-$-L-5-5§-S-E-E-8-I-T-R-I-N-K-K-I-E-K-F-Q-S-E-E-Q-Q-Q-T-E-D-E-L-Q-D-K-I-K-P-F-A-Q-T-Q-8-L-V-Y-P-F-P-G-P-I-P-N-5-L-
‘-
+ > "
4 ¥ 4 4 + 4 + +
71 P-Q-N-I-P-P-L-T-Q-T-P-V-V-V-P-P-F-L-Q-P-E-V-M-G-V-5-K-V-K-E-A-M-A-P-K-Q-K-E-M-P-F-P-K-Y-P-V-E-P-F-T-E-5-0-§-L-T-L-T-D-V-E-N-L-H-L-P-L-P-L-L-
B e EEE— < »
4 s 4

141  Q-S-W-M-H-Q-P-H-Q-P-L-P-P-T-V-M-F-P-P-Q-§-V-L-5-L-§-Q-8-K-V-L-P-V-P-Q-K-A-V-P-Y-P-Q-R-D-M-P-I-Q-A-F-L-L-Y-Q-E-P-V-L-G-P-V-R-G-P-F-P-I-I-V

K-casein: " »
A b4 !
1 Q-E-Q-N-Q-E-Q-P-I-R-C-E-K-D-E-R-F-F-S-D-K-I-A-K-Y-I-P-I-Q-Y-V-L-§-R-Y-P-S-Y-G-L-N-¥Y-Y-0Q-Q-K-P-V-A-L-I-N-N-Q-F-L-P-Y-P-Y-Y-A-K-P-A-A-V-R-S5-P-
&
7" A-Q-I-L-Q-W-Q-V-L-S§-N-T-V-P-A-K-5-C-Q-A-Q-P-T-T-M-A-R-H-P-H-P-H-L-S-F-M-A-I-P-P-K-K-N-Q-D-K-T-E-I-P-T-I-N-T-I-A-S-G-E-P-T-S-T-P-T-T-E-A-V-E-
4 % 4

141 §-T-V-A-T-L-E-D-S-P-E-V-I-E-S-P-P-E-I-N-T-V-Q-V-T-§-T-A-V

Figure 2.3 as1-, B-, and k-casein Peptides Identified in Cheddar Cheese (Alli 1998; Fox 2000).

(4, Cleavage sites;«—, soluble peptides produced by proteolytic enzymes).
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APPENDIX I

APPENDIX Il

RP-HPL.C ANALYSES OF s~ B- and xk-CASEIN SUBSTRATE PEPTIDES

500 ~ — — —— N
400 —
o 4
< )
£ us-casein(1-23)
£ a00 § | (2764 .2 Da) |
< ?l ‘
- |
o~ il
% :
& 200~ I
= - [
I i
5 » R
2 B
< 100 “ j \,\
P N N - . e e _
-50 E ey — ; . T gy e e |
50 75 10.0 125 150 175 200 225 250
Figure 3.1 RP-HPLC Analysis of asi-casein(1-23).
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wsi-casein

wsi-casein digested with Chymosin

500 T 500 +AT
400 4 400
300' am_
200 200 -
100 - 100
min min
A S e T B o I T e I T i 0 A
50 75 100 125 150 175 200 225 250 50 75 100 125 150 175 200 225 250
[}-casein [i-casein digested with Chymosin
700 45 500 15D
600
‘ 400
|
o0 ll
I 300
\.
300 - ‘| 500 |
|
200 Il i
1001 | ;
sl II |
7 mil min
T SINEERELULLE - : : : T | LA
50 75 100 125 150 175 200 225 250 50 75 100 125 150 175 200 225 250
k-casein x-casein digested with Chymosin
500 =2 700 TR0
600 -
400
500 -
300 A 400 - |
I‘: | |
|'| 300 - |
200 f | J
| 1
‘ . 200 -
\ )
1
%o | 100 - I
|
S - O A ~ /
- 7 min
-50 T T T T T T T L) '50"'1""' il s = WL} W L L T
50 75 100 125 150 175 200 225 250 50 75 100 125 150 75 200 225 250
Figure 3.2 RP-HPLC Analysis of Undigested Caseins (left panel) and Casein Peptides Generated

from Chymosin Digestion of asi-, B-, and k-casein (right panel).
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APENDIX

us1-casein digested with H2 PriP

asi-casein digested with SK11 PriP

1,000 AT 1,000-FAT
800 - 800
800 - 600 -
400 - 400
200 200
- min 1 min
50 1= T T T T T T T -50 T T T | AR 0257 e 51 s . 252 7
50 75 100 125 150 175 200 225 250 50 75 100 125 150 175 200 225 250
[-casein digested with H2 PrtP [-casein digested with SK11 PrtP
300 Ay g 500 AU 9
400 - 400 4
300 - ‘ 300 1 l
200 200 +
I 1
| [ r
100 - { . 100
1 1 -.‘
men min
T R R T T e T ¢ B S T Ty AR
50 75 100 125 150 175 200 225 250 50 75 100 125 150 175 200 225 250
k-casein digested with H2 PrtP k-casein digested with SK11 PrtP
500 “mAY 500 Ay o
400 - ‘ 400 -
300 ~ ‘ 300 -
200 - ’ ' 200 -
|
100 | 100
1 ]
min min
-50 LELTIE | LS [ Y | | LT BRI | o A -50 | 3R SR B A 2 ) 15 | A LY o | AL
50 75 100 125 150 175 200 225 250 50 75 100 125 150 175 200 225 250
Figure 3.3 RP-HPLC Analysis of Casein Peptides Generated from H2 (left panel) and SK11 (right

panel) PrtP Digestion of uss-, B-, and k-casein.
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APENDIX [l

usi-casein digested with Chymosin and H2 PriP

us1-casein digested with Chymosin and SK11 PrtP

mAU mAU
800 800
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400 400
200+ 200
i min il min
-50 LTI MLET I N A | LI VR LI TN 50 T T T LT 0 B b 2 R
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[}-casein digested with Chymosin and H2 PrtP [}-casein digested with Chymosin and SK11 PrtP
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Figure 3.4 RP-HPLC Analysis of Casein Peptides Generated either by the action of Chymosin

and either H2 PrtP (left panel) or by Chymosin and SK11 PrtP (right panel) on

asi-, -, and x-casein.
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Cheddar Cheese Extracted Peptides
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Figure 3.5 RP-HPLC Analysis of the Peptides Extracted from Cheddar cheese.
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APPENDIX IV

RP-HPLC ANALYSES OF L. RHAMNOSUS PEPO SUBSTRATE SPECIFICITY
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5007=; 500 TmAU
400 400-
300+

200 _
usy-casein(1-23)
100
M r——
min
.50 . . : . ’ ' . L, 50T  ERLBOLAE, o f5L 0 e T Ty T
50 75 100 125 150 175 200 225 250 50 75 100 125 150 175 200 225 250
-— tgy-Casein(1-23) -— tg1-Casein(1-23)
— usi-casein(1-23) digested with PepO (+ Leupeptin) o i151-casein(1-23) digested with PepO (+ Pepstatin)
mAL mAL
400 400-
300+ | 300+ |
\ | \
2004~ 2004 >
100 100
P S S J | TR P P T ]
-50 T T T T T T T L -50 T T T T T T T o
50 75 100 125 150 175 200 225 250 50 75 100 125 150 175 200 25 250
— (g1-casein(1-23) — (15y-casein(1-23)
Y us-casein(1-23) digested with PepO (+ EDTA) 500 @st-Casein(1-23) digested with PepO (+ Phosphoramidon)
mAU mAL
400+
500
] 300+
375 { i k
1\ \\ i A A
\ Loao -t M b ANl — _—
e ——— M ——i
250+
Phosphoramidon
100
125- L ‘N\,\N“-—-—)\*J L_—r
min min
50 - e e e 50 T T | T
50 75 10.0 125 150 175 200 225 250 50 75 100 125 150 175 200 225 250

Figure 4.1 RP-HPLC Analysis of PepO Inhibition. (Serine peptidase inhibitors; Aprotinin, Leupeptin,
Cysteine peptidase inhibitor, Leupeptin; Aspartic peptidase inhibitor, Pepstatin; Metallo
peptidase inhibitors; EDTA and Phosphoramidon).
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—— t54-casein substrate peptides (H2 PrtP)
as5-casein product peptides (PepO)

—— ug-casein substrate peptides (SK11 PrtP)
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Figure 4.2 RP-HPLC Analysis of PepO Substrate Specificity for us1-casein Peptides Generated by L.

lactis H2 and SK11 PrtP enzymes and Chymosin. (!, Peptides hydrolysed by PepO)
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— p-casein substrate peptides (H2 PriP)

1606 [i-casein product peptides (PepQO)

- [i-casein substrate peptides (SK11 PrtP)
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Figure 4.3 RP-HPLC Analysis of PepO Substrate Specificity for p-casein Peptides Generated by L.

lactis H2 and SK11 PrtP enzymes and Chymosin. (\. Peptides hydrolysed by PepO).
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— k-casein substrate peptides (H2 PrtP)
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Figure 4.4 RP-HPLC Analysis of PepO Substrate Specificity for k-casein Peptides Generated by L.
lactis H2 and SK11 PrtP enzymes and Chymosin. (!. Peptides hydrolysed by PepO).
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-- Casein substrate peptides (Cheese Extract)
-- Casein product peptides (PepO)
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50 7.5 10.0 12.5 15.0 17.5 20.0

Figure 4.5 RP-HPLC Analysis of PepO Substrate Specificity for Cheddar Cheese Peptides.
(+. Peptides hydrolysed by PepO).
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B-casein Peptide Substrates:

- - >
“«—— >
— — > 4 &
< & &
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t—p + > <P
= > < rt————>» —>
L T L 4 ! ' } ! ! L L b $od ! i
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4 L4 { & b ¢ i 4 k4 ¢ i { Lo
141 Q-S-W-M-H-Q-P-H-Q-P-L-P-P-T-V-M-F-P-P-Q-5-V-L-8-L-5-Q-5-K-V-L-P-V-P-Q-K-A-V-P-Y-P-Q-R-D-M-P-I-Q-A-F-L-L-Y-Q-E-P-V-L-G-P-V-R-G-P-F-P-I-I-V
Figure 5.1 The Soluble PepO Substrate Peptides (¢—) from [-casein and the Product Peptides (+—) Resulting from their Hydrolysis by PepO. Chymosin cleavage sites (1),

and possible PepO cleavage sites (.) are shown. C-terminus unknown (4—+#* ).
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K-casein:
i < e 4>
|
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- R it
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141 S8-T-V-A-T-L-E-D-S-P-E-V-I-E-S-P-P-E-I-N-T-V-Q-V-T-S-T-A-V
Figure 5.2 The Soluble PepO Substrate Peptides (¢—) from k-casein and the Product Peptides (+—*) Resulting from their Hydrolysis by PepO. Chymosin cleavage sites (1),

and possible PepO cleavage sites (.) are shown.
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s1-casein:
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i
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o
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Figure 5.3 The Soluble PepO Substrate Peptides (+—») from Cheddar Cheese and the Product Peptides (4—*) Resulting from their Hydrolysis by PepQO. Cheese proteolytic

enzyme cleavage sites (1), and possible PepO cleavage sites (.) are shown.
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APPENDIX VI

CRYSTALLISATION REAGENTS
Hampton Screen 1:

Precipitan Buffer Salt
1 30% MPD 0.1 M Sodium acetate trihydrate pH 4.6 0.02 M Calcium chloride
2 0.4 M Potassium Sodium tartrate . .
3 0.4 M Ammonium dihydrogen phosphate - .
4 2.0 M Ammonium sulfate 0.1 M Tris-HCI pH 8.5 -
5 30% MPD 0.1 M Sodium HEPES pH 7.5 0.2 M tri-Sodium citrate
6 30% PEG 4000 0.1 M Tris-HCI pH 8.5 0.2 M Magnesium chloride
7 1.4 M Sodium acetate 0.1 M Sodium cacodylate pH 6.5 :
8 30% Isopropanol 0.1 M Sodium cacodylate pH 6.5 0.2 M tri-Sodium citrate
g 30% PEG 4000 0.1 M tri-Sodium citrate dihydrate pH 5.6 0.2 M Ammonium acetate
10 30% PEG 4000 0.1 M Sodium acetate trihydrate pH 4.6 0.2 M Ammonium acetate
11 1.0 M Ammonium dihydrogen phosphate 0.1 M tri-Sodium citrate dihydrate pH 5.6 =
12 30% Isopropanol 0.1 M Sodium HEPES pH 7.5 0.2 M Magnesium chloride
13 30% PEG 400 0.1 M Tris-HCI pH 8.5 0.2 M tri-Sodium citrate
14 28% PEG 400 0.1 M Sodium HEPES pH 7.5 0.2 M Calcium chloride
15 30% PEG 8000 0.1 M Sodium cacodylate pH 6.5 0.2 M Ammonium sulfate
16 1.5 M Lithium sulfate 0.1 M Sodium HEPES pH 7.5 =
17 30% PEG 4000 0.1 M Tris-HCIpH 8.5 0.2 M Lithium sulfate
18 20% PEG 8000 0.1 M Sodium cacodylate pH 6.5 0.2 M Magnesium acetate
19 30% Isopropanol 0.1 M Tris-HCI pH 8.5 0.2 M Ammonium acetate
20 25% PEG 4000 0.1 M Sodium acetate trihydrate pH 4.6 0.2 M Ammonium sulfate
21 30% MPD 0.1 M Sodium cacodylate pH 6.5 0.2 M Magnesium acetate
22 30% PEG 4000 0.1 M Tris-HCI pH 8.5 0.2 M Sodium acetate
23 30% PEG 400 0.1 M Sodium HEPES pH 7.5 0.2 M Magnesium chloride
24 20% Isopropanol 0.1 M Sodium acetate trihydrate pH 4.6 0.2 M Calcium chloride
25 1.0 M Sodium acetate 0.1 M Imidazole pH 6.5 S
26 30 % MPD 0.1 M tri-Sodium citrate dihydrate pH 5.6 0.2 M Ammonium acetate
27 20% Isopropanol 0.1 M Sodium HEPES pH 7.5 0.2 M tri-Sodium citrate
28 30% PEG 8000 0.1 M Sodium cacodylate pH 6.5 0.2 M Sodium acetate
29 0.8 M Potassium sodium tartrate 0.1 M Sodium HEPES pH 7.5 i
30 30% PEG 8000 : 0.2 M Ammonium sulfate
31 30% PEG 4000 s 0.2 M Ammonium sulfate
32 2.0 M Ammonium sulfate s s
33 4.0 M Sodium formate = -
34 2.0 M Sodium formate 0.1 M Sodium acetate trihydrate pH 4.6 -
35 0.8 M Sodium dihydrogen phosphate 0.1 M Sodium HEPES pH 7.5 -

0.8 M Potassium dihydrogen phosphate
36 8% PEG 8000 0.1 M Tris-HCI pH 8.5 -
37 8% PEG 4000 0.1 M Sodium acetate trihydrate pH 4.6 :
38 1.4 M tri-Sodium citrate 0.1 M Sodium HEPES pH 7.5 "
39 2% PEG 400, 2.0 M Ammonium sulfate 0.1 M Sodium HEPES pH 7.5 .
40 20% Isopropanol, 20% PEG 4000 0.1 M tri-Sodium citrate dihydrate pH 5.6 -
41 10% Isopropanol, 20% PEG 4000 0.1 M Sodium HEPES pH 7.5 e
42 20% PEG 8000 . 0.05 M Potassium Phosphate
43 30% PEG 1500 = .
44 0.2 M Magnesium formate . 5
45 18% PEG 8000 0.1 M Sodium cacodylate pH 6.5 0.2 M Zinc acetate
46 18% PEG 8000 0.1 M Sodium cacodylate pH 6.5 0.2 M Calcium acetate
47 2.0 M Ammonium sulfate 0.1 M Sodium acetate trihydrate pH 4.6 s
48 2.0 M Ammeonium dihydrogen phosphate 0.1 M Tris-HCl pH 8.5 :
49 2% PEG 8000 = 1.0 M Lithium sulfate
50 15% PEG 8000 - 0.5 M Lithium sulfate
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Hampton Screen 2:

Precipitant

Buffer

-

10% PEG 6000

Salt
2.0 M Sodium chloride

0.5 M Sodium chloride,

2 0.01 M Magnesium chioride . g.rg:nihé‘lyexa-decyl-tn-methyl- Ammonium
3 25% Ethylene Glycol = =
4 35% Dioxane : 3
5 5% Isopropanol ; 2.0 M Ammonium sulfate
6 1.0 M Imidazole pH 7.0 B i
7 10% PEG 1000, 10% PEG 8000 & <
8 10% Ethanol e 1.5 M Sodium chloride
g 2.0 M Sodium chloride 0.1 M Sodium acetate pH 4.6 =
10 30% MPD 0.1 M Sodium acetate pH 4.6 0.2 M Sodium chloride
11 1.0 M 1,6-Hexanediol 0.1 M Sodium acetate pH 4.6 0.01 M Cobaltous chloride
12 30% PEG 400 0.1 M Sodium acetate pH 4.6 0.1 M Cadmium chloride
13 30% PEG Monomethyl ether 2000 0.1 M Sodium acetate pH 4.6 0.2 M Ammonium sulfate
14 2.0 M Ammonium sulfate 0.1 M tri-Sodium citrate pH 5.6 0.2 M Potassium sodium tartrate tetrahydrate
15 1.0 M Lithium sulfate monohydrate 0.1 M tri-Sodium citrate pH 5.6 0.5 M Ammonium sulfate
16 2% Ethylene imine polymer 0.1 M tri-Sodium citrate pH 5.6 0.5 M Sodium chloride
17 35% tert-Butanol 0.1 M tri-Sodium citrate pH 5.6 v
18 10% Jeffamine M-600 0.1 M tri-Sodium citrate pH 5.6 0.01 M Ferric chloride
19 2.5 M 1,6-Hexanediol 0.1 M tri-Sodium citrate pH 5.6 -
20 1.6 M Magnesium sulfate 0.1 M MES pH 6.5 .
21 2.0 M Sodium chloride 01MMESpHB.5 0.1 M Sodium phosphate,
0.1 M Potassium phosphate

22 12% PEG 20,000 01MMESpHE.5 -
23 10% Dioxane 0.1 MMES pHE.5 1.6 M Ammonium sulfate
24 30% Jeffamine M-600 0.1 M MES pH 6.5 0.05 M Cesium chloride
25 1.8 M Ammonium sulfate 0.1 MMES pH 6.5 0.01 M Cobaltous chloride
26 30% PEG Monomethyl ether 5000 0.1 M MES pH 6.5 0.2 M Ammonium sulfate
27 25% PEG Monomethyl ether 550 01 MMES pH6.5 0.01 M Zinc sulfate
28 1.6 M tri-Sodium citrate dihydrate pH 6.5 i z
29 30% MPD 0.1 MHEPES pH 7.5 0.5 M Ammonium sulfate
30 10% PEG, 5% MPD 0.1 MHEPES pH 7.5 =
31 20% Jeffamine M-600 01 MHEPES pH 7.5 "
32 1.6 M Ammonium sulfate 0.1 MHEPES pH 7.5 0.1 M Sodium chloride
33 2.0 M Ammonium formate 0.1 MHEPESpH 7.5 .
34 1.0 M Sodium acetate 01 MHEPESpH 7.5 0.05 M Cadmium sulfate
35 70% MPD 01 MHEPESpH 75 -
36 4.3 M Sodium chloride 01 MHEPES pH 7.5 .
37 10% PEG 8000, 8% Ethylene glycol 01 MHEPESpH 7.5 .
38 20% PEG 10,000 0.1 MHEPES pH 7.5 ;
39 3.4 M 1,6-Hexanediol 0.1 M Tris pH 8.5 0.2 M Magnesium chloride
40 25% tert-Butanol 0.1 M Tris pH 8.5 .
41 1.0 M Lithium sulfate monohydrate 0.1 M Tris pH 8.5 0.01 M Nickel(ll) chloride
42 12% Glycerol anhydrous 0.1 M Tris pH 8.5 1.5 M Ammonium sulfate
43 50% MPD 0.1 M Tris pH 8.5 0.2 M Ammonium phosphate
44 20% Ethanol 0.1 M Tris pH 8.5 s
45 20% PEG Monomethyl ether 2000 0.1 M Tris pH 8.5 0.01 M Nickel(I1) chloride
46 20% PEG Monomethyl ether 550 0.1 M Bicine pH 9.0 0.1 M Sodium chloride
47 2.0 M Magnesium chloride hexahydrate 0.1 M Bicine pH 9.0 =
48 10% PEG 20,000 0.1 M Bicine pH 9.0 2% Dioxane
2-Methyl-2 4-Pentanediol (MPD) Screen:

Precipitant Buffer Salt
1 40% (viv) MPD - 0.2 M Cadmium chloride
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2 40% (viv) MPD - 0.2 M Potassium fluoride

3 40% (viv) MPD - 0.2 M Ammonium fluoride

4 40% (v/iv) MPD - 0.2 M Lithium chloride anhydrous

] 40% (viv) MPD - 0.2 M Magnesium chloride hexahydrate
6 40% (viv) MPD - 0.2 M Sodium chloride

7 40% (viv) MPD - 0.2 M Calcium chloride dihydrate

8 40% (viv) MPD - 0.2 M Potassium chloride

9 40% (viv) MPD - 0.2 M Ammonium chloride

10 40% (viv) MPD - 0.2 M Sodium iodide

11 40% (viv) MPD - 0.2 M Potassium iodide

12 40% (v/v) MPD - 0.2 M Ammonium iodide

13 40% (v/v) MPD - 0.2 M Sodium thiocyanate

14 40% (viv) MPD - 0.2 M Potassium thiocyanate

15 40% (viv) MPD - 0.2 M Lithium nitrate

16 40% (viv) MPD - 0.2 M Magnesium nitrate hexahydrate
17 40% (viv) MPD - 0.2 M Sodium nitrate

18 40% (viv) MPD - 0.2 M Potassium nitrate

19 40% (viv) MPD - 0.2 M Ammonium nitrate

20 40% (viv) MPD - 0.2 M Zinc sulphate heptahydrate

21 40% (viv) MPD - 0.2 M Sodium formate

22 40% (v/v) MPD - 0.2 M Potassium formate

23 40% (v/v) MPD - 0.2 M Ammonium formate

24 40% (v/v) MPD - 0.2 M Lithium acetate dihydrate

25 40% (v/v) MPD - 0.2 M Magnesium acetate tetrahydrate
26 40% (v/v) MPD - 0.2 M Sodium malonate

27 40% (v/v) MPD - 0.2 M Sodium acetate trihydrate

28 40% (v/v) MPD - 0.2 M Calcium acetate hydrate

29 40% (v/iv) MPD - 0.2 M Potassium acetate

30 40% (v/v) MPD - 0.2 M Ammonium acetate

31 40% (v/v) MPD - 0.2 M Lithium sulphate monohydrate

32 40% (viv) MPD - 0.2 M Lithium sulphate heptahydrate

33 40% (v/iv) MPD - 0.2 M Cesium chloride

34 40% (v/v) MPD - 0.2 M Ferric chloride

35 40% (viv) MPD - 0.2 M Ammonium sulphate

36 40% (v/v) MPD - 0.2 M di-Sodium tartrate dehydrate

37 40% (v/v) MPD 0.2 M Potassium sodium tartrate tetrahydrate
38 40% (v/iv) MPD - 0.2 M di-Ammonium tartrate

39 40% (viv) MPD - 0.2 M Sodium dihydrogen phosphate hydrate
40 40% (v/iv) MPD - 0.2 M Potassium bromide

41 40% (viv) MPD - 0.2 M Sodium bromide

42 40% (viv) MPD - 0.2 M di-Potassium hydrogen phosphate
43 40% (v/v) MPD - 0.2 M Ammonium dihydrogen phosphate
44 40% (viv) MPD - 0.2 M di-Ammonium hydrogen phosphate
45 40% (viv) MPD - 0.2 M di-Ammonium hydrogen phosphate
46 40% (viv) MPD - 0.2 M tri-Lithium citrate tetrahydrate

47 40% (viv) MPD - 0.2 M tri-Potassium citrate monohydrate
48 40% (v/iv) MPD - 0.2 M di-Ammonium hydrogen citrate

49 10% (v/v) MPD 0.1 M Citric acid pH 4.0

50 10% (viv) MPD 0.1 M Sodium acetate anhydrous pH 5.0 | -

51 10% (v/v) MPD 0.1 MMES pH 6.0 -

52 10% (v/v) MPD 0.1 MHEPES pH 7.0 -

53 10% (v/v) MPD 0.1 M Tris pH 8.0 -

54 10% (v/v) MPD 0.1 M Bicine pH 9.0 -

55 20% (viv) MPD 0.1 M Citric acid pH 4.0 -

56 20% (viv) MPD 0.1 M Sodium acetate anhydrous pH 5.0 | -

57 20% (v/iv) MPD 0.1 M MES pH 6.0 -

58 20% (v/v) MPD 0.1 MHEPES pH 7.0 -

59 20% (v/v) MPD 0.1 M Tris pH 8.0 -

60 20% (viv) MPD 0.1 M Bicine pH 9.0 -

152




APPENDIX VI

61 | 40% (v/v) MPD

0.1 M Citric acid pH 4.0

62 | 40% (v/v) MPD

0.1 M Sodium acetate anhydrous pH 5.0

63 40% (viv) MPD

0.1 M MES pH 6.0

40% (viv) MPD

0.1 MHEPES pH 7.0

65 | 40% (v/v) MPD

0.1 M Tris pH 8.0

40% (v/v) MPD

0.1 M Bicine pH 9.0

67 | 65% (viv) MPD

0.1 M Citric acid pH 4.0

68 65% (v/v) MPD

0.1 M Sodium acetate anhydrous pH 5.0

69 65% (vi/v) MPD

0.1 MMES pH 6.0

70 | 65% (viv) MPD

0.1 MHEPES pH 7.0

71| 65% (viv) MPD

0.1 M Tris pH 8.0

72 | 65% (viv) MPD

0.1 M Bicine pH 9.0

el 10% (v/v) MPD

0.1 M HEPES sodium salt OH 7.5

0.1 M tri-Sodium citrate dehydrate

74 | 12% (viv) MPD

0.1 M Tris-HCL pH 8.5

0.05 M Magnesium chloride heptahydrate

75 | 15% (viv) MPD

0.1 M Sodium acetate pH 4.6

0.02 M Calcium chloride dehydrate

76 | 15% (viv) MPD, 5% (w/v) PEG 4000

0.1 M Imidazole-HC! pH 8.0

77| 15% (viv) MPD

0.1 M Sodium citrate pH 5.6

0.2 M Ammonium acetate

78 | 15% (viv) MPD

0.1 M MES sodium salt pH 6.5

0.2 M Magnesium acetate

79 | 15% (viv) MPD

0.1 M HEPES sodium salt pH 7.5

0.2 M tri-Sodium citrate dehydrate

80 20% (v/v) MPD

0.1 M HEPES sodium salt pH 7.5

0.1 M tri-Sodium citrate dehydrate

81 20% (viv) MPD

0.1 M Imidazole-HCI pH 8.0

82 | 40% (viv) MPD, 4% (w/v) Glycerol

0.2 M Sodium chloride

83 | 30% (viv) MPD

0.1 M Sodium acetate pH 4.6

0.02 M Calcium chloride dehydrate

84 30% (viv) MPD

0.1 M Sodium citrate pH 5.6

0.2 M Ammonium acetate

85 | 30% (viv) MPD

0.1 M MES sodium salt pH 6.5

0.2 M Magnesium acetate tetrahydrate

86 | 30% (v/v) MPD

0.1 M HEPES sodium salt pH 7.5

0.5 M Ammonium sulphate

87 30% (v/v) MPD

0.1 M HEPES sodium salt pH 7.5

0.2 M tri-Sodium citrate dihydrate

88 30% (v/v) MPD, 5% (w/v) PEG 4000

0.1 M HEPES sodium salt pH 7.5

89 30% (v/iv) MPD, 10% (w/v) PEG 4000

0.1 M Imidazole-HC| pH 8.0

90 30% (v/iv) MPD, 20% (w/v) \ethanol

91 | 35% (v/v) MPD

92 | 35% (v/v) MPD

0.1 M Imidazole-HCI pH 8.0

93 | 40% (viv) MPD

0.1 M Tris-HCL pH 8.5

94 47% (viv) MPD

0.1 M HEPES sodium salt pH 7.5

a5 47% (viv) MPD, 2% (wilv) Tert-

96 | 50% (viv) MPD

Poly Ethylene Glycol (PEG) Screen:

Precipitan Buffer Salt
1 7% PEG 6000 0.2 M Citric acid-KOH pH 4.9 .
] 14% PEG 6000 0.2 M Acetic acid-KOH pH 4.9 -
3 21% PEG 6000 0.2 M Citric acid-KOH pH 4.9 -
4 28% PEG 6000 0.2 M Acetic acid-KOH pH 4.9 .
5 7% MPEG 5000 0.2 M Acetic acid-KOH pH 4.9 -
6 14% MPEG 5000 0.2 M Citric acid-KOH pH 4.9 -
7 21% MPEG 5000 0.2 M Acetic acid-KOH pH 4.9 -
8 28% MPEG 5000 0.2 M Citric acid-KOH pH 4.9 -
9 7% PEG 6000 0.2 M Succinic acid-KOH pH 5.5 -
10 | 14% PEG 6000 0.2 M Malic acid-KOH pH 5.5 -
11| 21% PEG 6000 0.2 M Succinic acid-KOH pH 5.5 -
12| 28% PEG 6000 0.2 M Malic acid-KOH pH 5.5 -
13| 7% MPEG 5000 0.2 M Malic acid-KOH pH 5.5 -
14 | 14% MPEG 5000 0.2 M Succinic acid-KOH pH 5.5 -
15 | 21% MPEG 5000 0.2 M Malic acid-KOH pH 5.5 -
16 | 28% MPEG 5000 0.2 M Succinic acid-KOH pH 5.5 -
17__| 7% PEG 6000 0.2 M Cacodylic acid-KOH pH 6.1 -
18 | 14% PEG 6000 0.2 M MES-KOH pH 6.1 :
19 | 21% PEG 6000 0.2 M Cacodylic acid-KOH pH 6.1 -
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20 28% PEG 6000

0.2 M MES-KOH pH 6.1

21 7% MPEG 5000

0.2 M MES-KOH pH 6.1

22 14% MPEG 5000

0.2 M Cacodylic acid-KOH pH 6.1

23 21% MPEG 5000

0.2 M MES-KOH pH 6.1

24 28% MPEG 5000

0.2 M Cacodylic acid-KOH pH 6.1

25 7% PEG 6000

0.2 M PIPES-KOH pH 6.7

26 14% PEG 6000

0.2 M BTP-HCI pH 6.7

27 21% PEG 6000

0.2 M PIPES-KOH pH 6.7

28 28% PEG 6000

0.2 M BTP-HCIpH 6.7

29 7% MPEG 5000

0.2 M BTP-HCI pH 6.7

30 14% MPEG 5000

0.2 M PIPES-KOH pH 6.7

3 21% MPEG 5000

0.2 MBTP-HCIpH 6.7

32 28% MPEG 5000

0.2 M PIPES-KOH pH 6.7

33 7% PEG 6000

0.2 M MOPS-KOH pH 7.3

14% PEG 6000 0.2 M HEPES-KOH pH 7.3 -
35 21% PEG 6000 0.2 M MOPS-KOH pH 7.3 -
28% PEG 6000 0.2 M HEPES-KOH pH 7.3 -

37 7% MPEG 5000

0.2 M HEPES-KOH pH 7.3

38 14% MPEG 5000

0.2 M MOPS-KOH pH 7.3

39 21% MPEG 5000

0.2 MHEPES-KOH pH 7.3

40 28% MPEG 5000

0.2 M MOPS-KOH pH 7.3

41 7% PEG 6000

0.2 M EPPS-KOH pH 7.9

42 14% PEG 6000

0.2 M Tris-Hcli pH 7.9

43 21% PEG 6000

0.2 M EPPS-KOH pH 7.9

Lk 28% PEG 6000

0.2 M Tris-Hcli pH 7.9

45 7% MPEG 5000

0.2 M Tris-HelipH 7.9

46 14% MPEG 5000

0.2 M EPPS-KOH pH 7.9

47 21% MPEG 5000

0.2 M Tris-Hcli pH 7.9

48 28% MPEG 5000

0.2 M EPPS-KOH pH 7.9

49 7% PEG 6000

0.2 M BTP-HCI pH 8.5

50 14% PEG 6000

0.2 M TAPS-KOH pH 8.5

51 21% PEG 6000

0.2 M BTP-HCI pH 8.5

52 28% PEG 6000

0.2 M TAPS-KOH pH 8.5

53 7% MPEG 5000

0.2 M TAPS-KOH pH 8.5

54 14% MPEG 5000

0.2 M BTP-HCI pH 8.5

55 21% MPEG 5000

0.2 M TAPS-KOH pH 8.5

56 28% MPEG 5000

0.2 MBTP-HCIpH 8.5

57 7% 0.2 M AMPSO-KOH pH 9.1 -
58 14% 0.2 M Boric acid-KOH pH 9.1 -
59 21% 0.2 M AMPSO-KOH pH 9.1 -
60 28% 0.2 M Boric acid-KOH pH 9.1 -

61 7% MPEG 5000

0.2 M Boric acid-KOH pH 9.1

62 14% MPEG 5000

0.2 M AMPSO-KOH pH 9.1

63 21% MPEG 5000

0.2 M Boric acid-KOH pH 9.1

64 28% MPEG 5000

0.2 M AMPSO-KOH pH 9.1

PEG!/lon Screen Formulation:

Precipitant Buffer Sat
20% PEG 3350 - 0.2 M Sodium fluoride

20% PEG 3350

0.2 M Potassium fluoride

20% PEG 3350

0.2 M Ammonium fluoride

20% PEG 3350

0.2 M Lithium chloride

20% PEG 3350

0.2 M Magnesium chloride

20% PEG 3350

0.2 M Sodium chloride

20% PEG 3350

0.2 M Calcium chloride

20% PEG 3350

0.2 M Potassium chloride

O@~NOO|s WM |—=

20% PEG 3350

0.2 M Ammonium chloride
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10 20% PEG 3350

- 0.2 M Sodium lodide

11 20% PEG 3350

- 0.2 M Potassium iodide

12 20% PEG 3350

- 0.2 M Ammonium iodide

13 20% PEG 3350

- 0.2 M Sodium thiocyanate

14 20% PEG 3350

- 0.2 M Potassium thiocyanate

15 20% PEG 3350

- 0.2 M Lithium nitrate

16 20% PEG 3350

= 0.2 M Magnesium nitrate

17 20% PEG 3350

- 0.2 M Sodium nitrate

18 20% PEG 3350

® 0.2 M Potassium nitrate

19 20% PEG 3350

¢ 0.2 M Ammonium nitrate

20 20% PEG 3350

- 0.2 M Magnesium formate

21 20% PEG 3350

- 0.2 M Sodium formate

22 20% PEG 3350

- 0.2 M Potassium formate

23 20% PEG 3350

- 0.2 M Ammonium formate

24 20% PEG 3350

5 0.2 M Lithium acetate

25 20% PEG 3350

5 0.2 M Magnesium acetate

26 20% PEG 3350

- 0.2 M Zinc acetate

27 20% PEG 3350

- 0.2 M Sodium acetate

28 20% PEG 3350

. 0.2 M Calcium acetate

29 20% PEG 3350

- 0.2 M Potassium acetate

30 20% PEG 3350

- 0.2 M Ammonium acetate

3 20% PEG 3350

, 0.2 M Lithium sulfate

32 20% PEG 3350

- 0.2 M Magnesium sulfate

33 20% PEG 3350

- 0.2 M Sodium sulfate

34 20% PEG 3350

- 0.2 M Potassium sulfate

35 20% PEG 3350

- 0.2 M Ammonium sulfate

36 20% PEG 3350

- 0.2 M di-Sodium tartrate

37 20% PEG 3350

- 0.2 M Potassium sodium tartrate

38 20% PEG 3350

- 0.2 M di-Ammonium tartrate

39 20% PEG 3350

- 0.2 M Sodium dihydrogen phosphate

40 20% PEG 3350

- 0.2 M di-Sodium hydrogen phosphate

41 20% PEG 3350

- 0.2 M Potassium dihydrogen phosphate

42 20% PEG 3350

- 0.2 M di-Potassium hydrogen phosphate

43 20% PEG 3350

- 0.2 M Ammonium dihydrogen phosphate

44 20% PEG 3350

- 0.2 M di-Ammonium hydrogen phosphate

45 20% PEG 3350

- 0.2 M tri-Lithium citrate

46 20% PEG 3350

- 0.2 M tri-Sodium citrate

47 20% PEG 3350

= 0.2 M tri-Potassium citrate

48 20% PEG 3350

- 0.2 M di-Ammonium hydrogen citrate

Footprint Screen:

Precipitant Buffer Salt
1 15% PEG 600 0.2 M Imidazole malate pH 5.5 -
2 10% PEG 4000 0.2 M Imidazole malate pH 7.0 -
3 7.5% PEG 10000 0.2 M Imidazole malate pH 8.5 -
4 0.75 M (NH,),SO4 0.15 M Sodium citrate pH 5.5 -
5 - 0.8 M Sodium dihydrogen phosphate pH 7.0 -
6 0.75 M Citrate 10 mM Sodium borate pH 8.5 -
7 24% PEG 600 0.2 M Imidazole malate pH 5.5 -
8 15% PEG 4000 0.2 M Imidazole malate pH 7.0 -
9 12.5% PEG 10000 0.2 M Imidazole malate pH 8.5 -
10 1.0 M (NH,4),SO, 0.15 M Sodium citrate pH 5.5 -
11 E 1.32 M Sodium dihydrogen phosphate pH 7.0 2
12 1.0 M Citrate 10 mM Sodium borate pH 8.5 -
13 33% PEG 600 0.2 M Imidazole malate pH 5.5 -
14 20% PEG 4000 0.2 M Imidazole malate pH 7.0 -
15 17.5% PEG 10000 0.2 M Imidazole malate pH 8.5 -
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16 | 1.5 M (NH.),SO.

0.15 M Sodium citrate pH 5.5

17 -

1.6 M Sodium dihydrogen phosphate pH 7.0

18 1.2 M Citrate

10 mM Sodium borate pH 8.5

19 42% PEG 600

0.2 M Imidazole malate pH 5.5

20 25% PEG 4000

0.2 M Imidazole malate pH 7.0

21 22.5% PEG 10000

0.2 M Imidazole malate pH 8.5

22 2.0 M (NH.).S0,4

0.15 M Sodium citrate pH 5.5

23 -

2.0 M Sodium dihydrogen phosphate pH 7.0

24 1.5 M Citrate

10 mM Sodium borate pH 8.5

PEG Footprint Screen:

Precipitant Buffer Salt
1 30% MPEG 550 0.1 M HEPES pH 8.2 -
2 18% PEG 600 0.1 MHEPES pH 7.5 -
3 18% MPEG 2000 0.1 M Sodium cacodylate pH 6.5 -
4 8% PEG 4000 0.2 M Imidazole malate pH 6.0 -
5 12% MPEG 5000 0.1 M Sodium acetate pH 5.5 -
6 9% PEG 10000 0.1 M Ammonium acetate pH 4.5 -
7 40% MPEG 550 0.1 MHEPES pH 8.2 -
8 27% PEG 600 0.1 MHEPES pH 7.5 -
9 27% MPEG 2000 0.1 M Sodium cacodylate pH 6.5 -
10 15% PEG 4000 0.2 M Imidazole malate pH 6.0 -
11 18% MPEG 5000 0.1 M Sodium acetate pH 5.5 -
12 15% PEG 10000 0.1 M Ammonium acetate pH 4.5 -
13 50% MPEG 550 0.1 MHEPES pH 8.2 -
14 36% PEG 600 0.1 MHEPES pH 7.5 -
15 36% MPEG 2000 0.1 M Sodium cacodylate pH 6.5 -
16 20% PEG 4000 0.2 M Imidazole malate pH 6.0 -
17 24% MPEG 5000 0.1 M Sodium acetate pH 5.5 -
18 22.5% PEG 10000 0.1 M Ammonium acetate pH 4.5 -
19 60% MPEG 550 0.1 MHEPES pH 8.2 -
20 45% PEG 600 0.1 MHEPES pH 7.5 -
21 45% MPEG 2000 0.1 M Sodium cacodylate pH 6 5 -
22 30% PEG 4000 0.2 M Imidazole malate pH 6.0 -
23 36% MPEG 5000 0.1 M Sodium acetate pH 5.5 -
24 27% PEG 10000 0.1 M Ammonium acetate pH 4.5 -
Ammonium Sulfate Screen:
Buffer Salt

1 3.2 M Ammonium sulfate pH 4.0 -
2 3.2 M Ammonium sulfate pH 5.0 -
3 3.2 M Ammonium sulfate pH6.0 =
4 3.2 M Ammonium sulfate pH 7.0 -
5 3.2 M Ammonium sulfate pH 8.0 =
6 3.2 M Ammonium sulfate pH 9.0 -
T 2.4 M Ammonium sulfate pH 4.0 -
8 2.4 M Ammonium sulfate pH 5.0 =
9 2.4 M Ammonium sulfate pH 6.0 -
10 2.4 M Ammonium sulfate pH7.0 -
11 2.4 M Ammonium sulfate pH 8.0 =
12 2.4 M Ammonium sulfate pH 9.0 -
13 1.6 M Ammonium sulfate pH 4.0 -
14 1.6 M Ammonium sulfate pH 5.0 E
15 1.6 M Ammonium sulfate pH 6.0 -
16 1.6 M Ammonium sulfate pH7.0 -
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17 1.6 M Ammonium sulfate pH 8.0 -
18 1.6 M Ammonium sulfate pH 9.0 -
19 0.8 M Ammonium sulfate pH 4.0 -
20 0.8 M Ammonium sulfate pH5.0 -
21 0.8 M Ammonium sulfate pH 6.0 -
22 0.8 M Ammonium sulfate pH7.0 -
23 0.8 M Ammonium sulfate pH 8.0 -
24 0.8 M Ammonium sulfate pH9.0 -
Top 67 Screen:
Precipitan Buffer Salt
1 50% PEG 400 0.1 M Acetate pH 5.1 0.2 M Lithium sulfate
2 20% PEG 3000 0.1 M Citrate pH 5.5 -
3 20% PEG 3350 0.2 M di-Ammonium hydrogen citrate pH 4.85 | -
4 30% MPD 0.1 M Sodium acetate pH 4.6 0.02 M Calcium chloride
5 20% PEG 3350 0.2 M Magnesium formate pH 5.9 -
6 20% PEG 1000 0.2 M Phosphate-citrate pH 4.2 0.2 M Lithium sulfate
7 20% PEG 8000 0.1 M CHES pH 9.5 -
8 20% PEG 3350 0.2 M Ammonium formate pH 6.2 -
9 20% PEG 3350 0.2 M Ammonium chloride pH 4.0 -
10 20% PEG 3350 0.2 M Potassium formate pH 7.6 -
11 50% MPD 0.1 M Tris pH 8.5 0.2 M Ammonium dihyrogen phosphate
12 20% PEG 3350 0.2 M Potassium nitrate pH 6.3 -
13 = 0.1 M Citric acid pH 4.0 0.8 M Ammonium sulfate
14 20% PEG 3350 0.2 M Sodium thiocyanate pH 7.0 -
15 20% PEG 6000 0.1 M Bicine pH 9.0 -
16 10% PEG 8000, 8% ethylene glycol 0.1 MHEPES pH 7.5 -
17 40% MPD, 5% PEG 8000 0.1 M Cacodylate pH 7.0 -
18 40% Ethanol, 5% PEG 1000 0.1 M Phosphate-citrate pH 5.2 -
19 8% PEG 4000 0.1 M Sodium acetate pH 4.6 -
20 10% PEG 8000 0.1 M Tris pH 7.0 0.2 M Magnesium chloride
21 20% PEG 6000 0.1 M Citric acid pH 5.0 -
22 50% PEG 200 0.1 M Cacodylate pH 6.6 0.2 M Magnesium chloride
23 - 1.6 M Sodium citrate pH 6.5 -
24 20% PEG 3350 0.2 M tri-Potassium citrate hydrate pH 8.3 -
25 30% MPD 0.1 M Sodium acetate pH 4.6 0.02 Calcium chloride
26 20% PEG 8000 0.1 M Phosphate-citrate pH 4.2 0.2 M Sodium chloride
27 20% PEG 6000 0.1 M Citric acid pH 4.0 1.0 M Lithium chloride
28 20% PEG 3350 0.2 M Ammonium nitrate pH 4.3 -
29 10% PEG 6000 0.1 MHEPES pH 7.0 -
30 - 0.1 MHEPES pH 7.5 0.8 M Sodium dihydrogen phosphate
31 40% PEG 300 0.1 M Phosphate-citrate pH 5.2 -
32 10% PEG 3000 0.1 M Acetate pH 6.2 0.2 M Zinc acetate
33 20% Ethanol 0.1 M Tris pH 8.5 -
34 25% 1,2-propanediol, 10% Glycerol 0.1 M Sodium phosphate pH 6.8 -
35 10% PEG 20000, 2% Dioxane 0.1 M Bicine pH 9.0 -
36 - 0.1 M Acetate pH 4.6 -
37 10% PEG 1000, 10% PEG 8000 - -
38 24% PEG 1500, 20% Glycerol - -
39 30% PEG 400 0.1 MHEPES pH 7.5 0.2 M Magnesium chloride
40 50% PEG 200 0.1 M Sodium phosphate pH 7.2 0.2 M Sodium chloride
41 30% PEG 8000 0.1 M Acetate pH 4.5 0.2 M Lithium sulfate
42 70% MPD 0.1 MHEPES pH 7.5 0.2 M Magnesium chloride
43 20% PEG 8000 0.1 M Tris pH 8.5 -
44 40% PEG 400 0.1 M Tris pH 8.4 0.2 M Lithium sulfate
45 40% MPD 0.1 M Tris pH 8.0 -
46 25.5% PEG 4000, 15% glycerol - 0.17 M Ammonium sulfate
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47 40% PEG 300 0.1 M Cacodylate pH 7.0 0.2 M Calcium acetate

48 14% 2-propanol, 30% Glycerol 0.07 M Acetate pH 4.6 0.14 M Calcium chloride
49 16% PEG 8000, 20% Glycerol = 0.04 M Potassium dihydrogen
50 - 0.1 M Cacodylate pH 6.5 0.1 M Sodium citrate

51 2.0 M Ammonium sulfate 0.1 M Cacodylate pH 6.5 0.2 M Sodium chloride,

52 10% 2-propanol 0.1 MHEPES pH 7.5 0.2 M Sodium chloride

53 1.26 M Ammonium sulfate 0.1 M Tris pH 8.5 0.2 M Lithium sulfate

54 40% MPD 0.1 M CAPS pH 10.1 -

55 20% PEG 3000 0.1 M Imidazole pH 8.0 0.2 M Zinc acetate

56 10% 2-propanol 0.1 M Cacodylate pH 6.5 0.2 M Zinc acetate

57 = 0.1 M Acetate pH 4.5 1.0 M di-Ammonium hydrogen
58 - 0.1 MMES pH 6.5 1.6 M Magnesium sulfate
58 10% PEG 6000 0.1 M Bicine pH 9.0 l

60 14.4% PEG 8000, 20% Glycerol 0.08 M Cacodylate pH 6.5 0.16 M Calcium acetate
61 10% PEG 8000 0.1 M Imidazole pH 8.0 -

62 30% Jeffamine M-600 0.1 MMES pH 6.5 0.05 M Cesium chloride
63 - 0.1 M Citric acid pH 5.0 -

64 20% MPD 0.1 M Tris pH 8.0 -

65 20% Jeffamine 0.1 M HEPES pH 6.5 -

66 50% Ethylene glycol 0.1 M Tris pH 8.5 0.2 M Magnesium chloride
67 10% MPD 0.1 M Bicine pH 9.0 -

Clear Strategy Screen (CSS) [:

Precipitan Buffer Salt
1 25% PEG 2000 - 0.3 M Sodium acetate
2 25% PEG 2000 - 0.2 M Lithium sulfate
3 25% PEG 2000 - 0.2 M Magnesium chloride
4 25% PEG 2000 - 0.2 M Potassium bromide
5 25% PEG 2000 - 0.2 M Potasium thiocyanate
6 25% PEG 2000 - 0.8 M Sodium formate
7 15% PEG 4000 - 0.3 M Sodium Acetate
8 15% PEG 4000 - 0.2 M Lithium sulfate
9 15% PEG 4000 - 0.2 M Magnesium chloride
10 15% PEG 4000 - 0.2 M Potassium bromide
11 15% PEG 4000 - 0.2 M Potasium thiocyanate
12 15% PEG 4000 - 0.8 M Sodium formate
13 10% PEG 8000, 10% PEG 1000 - 0.3 M Sodium Acetate
14 10% PEG 8000, 10% PEG 1000 - 0.2 M Lithium sulfate
15 10% PEG 8000, 10% PEG 1000 - 0.2 M Magnesium chloride
16 10% PEG 8000, 10% PEG 1000 - 0.2 M Potassium bromide
17 10% PEG 8000, 10% PEG 1000 - 0.2 M Potasium thiocyanate
18 10% PEG 8000, 10% PEG 1000 - 0.8 M Sodium formate
19 8% PEG 20000, 8% PEG 550 - 0.3 M Sodium Acetate
20 8% PEG 20000, 8% PEG 550 - 0.2 M Lithium sulfate
21 8% PEG 20000, 8% PEG 550 - 0.2 M Magnesium chloride
22 8% PEG 20000, 8% PEG 550 - 0.2 M Potassium bromide
23 8% PEG 20000, 8% PEG 550 - 0.2 M Potasium thiocyanate
24 8% PEG 20000, 8% PEG 550 - 0.8 M Sodium formate

Precipitant Synergy Reagent Formulation:

Precipitant pH Salt Additive
1 2% PEG 400 pHS5.5 2.0 M Ammonium sulfate -
2 10% Glycerol pH6.5 2.0 M Ammonium sulfate 0.1 M Magnesium sulfate
3 1% MPD pH7.5 2.0 M Ammonium sulfate -
4 5% PEG 400 pH8.5 2.0 M Ammonium sulfate 0.1 M Magnesium sulfate
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5 2% PEG 400 pH5.5 4.0 M Sodium chloride 0.1 M Magnesium chloride
6 5% MPD pHB6.5 3.0 M Sodium chloride 0.1 M Calcium chloride

7 5% Isopropanol pH7.5 4.0 M Sodium chloride -

8 5% Isopropanol pH 5.5 2.5 M Sodium phosphate -

9 2% PEG 400 pH 6.5 2.0 M Sodium phosphate -

10 20% Glycerol pH7.5 2.5 M Sodium phosphate -

11 8% MPD pH 8.5 1.0 M Sodium phosphate -

12 1% MPD pH4.5 2.0 M Ammonium citrate 5

13 5% lsopropanol pHB6.5 2.0 M Ammonium citrate -

14 5% PEG 400 pH7.5 2.0 M Ammonium citrate -

15 5% Isopropanol pH 4.5 2.0 M Lithium sulfate 0.1 M Magnesium sulfate
16 5% PEG 400 pH5.5 2.0 M Lithium sulfate 0.1 M Magnesium sulfate
17 8% MPD pH 6.5 2.0 M Lithium sulfate -

18 2% PEG 400 pH 8.5 2.0 M Lithium sulfate =

19 1% MPD pH 4.5 1.0 M Lithium sulfate 0.1 M Magnesium sulfate
20 25% MPD pH55 0.75 M Ammonium citrate -

21 12% Isopropanol pH6.5 1.5 M Ammonium sulphate -

22 30% Isopropanol pH 6.5 1.3 M Sodium chloride 0.1 M Calcium chloride
23 10% PEG 400 pH7.5 4.0 M Sodium chloride -

24 20% PEG 400 pH7.5 0.8 M Sodium phosphate -

25 15% Isopropanol pH85 1.0 M Ammonium citrate -

26 15% Isopropanol, 2.5% PEG 3350 pH 8.5 2.0 M Sodium formate -

27 30% MPD, 25% PEG 1500 pH45 - -

28 30% MPD, 15% PEG 8000 pH5.5 - 0.1 M Calcium chloride
29 30% MPD, 10% PEG 3350 pH 6.5 - 0.2 M Ammonium sulfate
30 30% MPD, 4% PEG 1500 pH7.5 - -

31 30% MPD, 8% PEG 8000 pH8.5 - 0.5 M Sodium chloride
32 30% Isopropanol, 4% PEG 3350 pH 4.5 - 0.1 M Calcium chloride
33 30% Isopropanol, 10% PEG 1500 pH 5.5 - 0.2 M Lithium sulfate

34 40% Isopropanol, 15% PEG 8000 pH6E.5 - -

35 20% Isopropanol, 15% PEG 3350 pH7.5 - 0.2 M Ammonium citrate
36 30% Isopropanol, 30% PEG 3350 pH 8.5 - -

37 40% PEG 400, 20% PEG 8000 pH4.5 - -

38 40% PEG 400, 5% PEG 3350 pH 5.5 - -

39 40% PEG 400, 15% PEG 1000 pH6.5 - 0.15 M Sodium phosphate
40 40% PEG 400, 8% PEG 8000 pH7.5 - -

41 25% PEG 400, 20% PEG 3350 pH 8.5 - 0.1 M Magnesium chloride
42 3% MPD, 30% PEG 1500 pH55 - 0.2 M Magnesium sulfate
43 10% Isopropanol, 30% PEG 1500 pH 6.5 - 0.1 M Calcium chloride
44 20% PEG 400, 30% PEG 1500 pH7.5 - -

45 8% MPD, 30% PEG 1500 pH 8.5 - -

46 15% Isopropanol, 25% PEG 3350 pH 4.5 - 0.2 M Ammonium citrate
47 5% PEG 400, 25% PEG 3350 pH5.5 - -

48 15% MPD, 25% PEG 3350 pH6.5 - 0.2 M Lithium sulphate
49 4% Isopropanol, 25% PEG 3350 pH 7.5 - 0.1 M Calcium chloride
50 10% PEG 400, 20% PEG 8000 pH 5.5 - 0.5 M Sodium chloride
51 3% MPD, 20% PEG 8000 pH 6.5 - -

52 10% Isopropanol, 20% PEG 8000 pH7.5 - 0.2 M Ammonium sulfate
53 20% PEG 400, 20% PEG 8000 pH 8.5 - 0.1 M Magnesium chloride
54 25% PEG 3350 pH 4.5 - 0.1 M Calcium chloride
55 5% Isopropanol, 7.5% PEG 3350 pH4.5 - -

56 1% PEG 4000 pH55 - E

57 1.5% MPD, 12% PEG 1500 pH5.5 - -

58 20% PEG 3350 pH6.5 - 0.1 M Magnesium chloride
59 4% PEG 8000 pH6E.5 - -

60 0.5% PEG 4000 pH7.5 - -

61 10% PEG 3350 pH7.5 - -

62 2% PEG 8000 pH8.5 - E

63 5% PEG 4000 pH 8.5 - -

64 15%PEG 8000 pH 8.5 - -
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