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Abstract

ABSTRACT

Over the last 30 years there has been deep interest into the folding of proteins and the
mechanisms in which they fold. One of the rate limiting steps of protein folding has
been shown to be the cis/trans isomerisation of proline residues, which is catalysed by
a range of peptidyl prolyl cis/frans isomerases (PPlases). In the periplasmic space of
E.coli and other gram-negative bacteria two PPlases, SurA and PpiD, have been
identified, which show high sequence similarity to the catalytic domain of the small
PPlase parvulin.  This observation raises the question about the biological
significance of two apparently similar enzymes being present in the same cellular
compartment: Do they interact with different substrates or do they catalyse different
reactions? SurA has recently shown to be an important function in the formation of
outer membrane porins and the pilus. Recent developments have revealed the
crystallographic structure of SurA, indicating a possible region that could act as a
binding cleft which corresponds to an area that has been shown to bind peptides. The
substrate binding motif of PpiD has not been characterised so far and no biochemical
data have been available on how this folding catalyst recognizes and interacts with
substrates.

To characterise the interaction between model peptides and the periplasmic PPlases
PpiD and SurA from E.coli, a chemical cross-linking strategy was employed that has
been used previously to elucidate the interaction of substrates with PDI.

It was found that PpiD interacted with a range of model peptides independent of
whether they contained proline residues or not. It was further demonstrate here that
PpiD and SurA could interact with similar amino acids in a specific model peptide
and therefore have overlapping substrate recognition motifs. However, the binding
motif of PpiD is less specific than the one of SurA, indicating that the two PPIases
might interact with different substrates, which was confirmed by in vivo crosslinking.
We therefore propose that although PpiD and SurA have overlapping substrate
recognition motifs they fulfil different functions in the cell. Molecular modeling
coupled with mutagenesis has highlighted residues within SurA that are significant for
the overall structure of the protein and subsequently the binding ability. This study

has also shown that the N-terminal domain of SurA alone is sufficient for the binding
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of peptides and does not require the C-terminal domain for binding but does require

the C-terminal domain for stability.
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1.1  INTRODUCTION

Over 60 years ago Anfinsen asked the questions how proteins fold into their
distinctive three-dimensional shapes. Were they assisted by other enzymes and why
do they adopt this particular structure? Using a model, in this case bovine pancreatic
ribonuclease (RNase), Anfinsen and postdoctoral students Michael Sela and Fred
White observed that the RNase can spontaneously, i.e. without the assistance of other
enzymes, fold into its active form. Anfinsen called the resulting structure, although
not known at this time, the enzyme’s “native conformation”. In a ground breaking
article in the Journal of Biological Chemistry in 1954, Anfinsen showed that the
folding pattern in a polypeptide chain is determined by sequence of the amino acids.
Thus the mysterious and complex process of protein folding could be explained
entirely by the physical and chemical interactions among the amino acid side groups
(Anfinsen et al., 1954).

Later, in 1962, Anfinsen had developed what he called his "thermodynamic
hypothesis" of protein folding to explain the native conformation of proteins. He
hypothesized that the native or natural conformation occurs because this particular
structure is thermodynamically the most stable in the intracellular environment. To
test this hypothesis, Anfinsen chemically unfolded RNase with the chaotropic agent
urea under reducing conditions. He observed that the enzyme refolded spontaneously
back into its original form when he returned the chemical environment to natural
cellular conditions (Anfinsen et al., 1961; Haber and Anfinsen, 1962). As he stated ten
years later, in his 1972 Nobel Prize acceptance speech, "The native conformation is
determined by the totality of interatomic interactions and hence by the amino acid
sequence, in a given environment."

However, this hypothesis did not explain why some proteins do not fold
spontaneously into their native conformations and why some proteins show
aggregation upon folding. That proteins fold at all within a biologically reasonable
time span is surprising after all. Assuming a relatively small polypeptide chain
comprising 100 amino acids and also assuming that each amino acid can position
itself in three different spatial orientations (which is probably a gross underestimate)

100 _ %7

the folding polypeptide chain can adopt 3 different conformations, only one

of which is the native one. If all of these conformations were to be queried randomly,
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allowing only 10" seconds for each conformation to be probed, then finding the
thermodynamically most stable conformation would take 10*° seconds, or 3 x 10’
years. According to this calculation, termed Levinthal’s paradox, proteins do not fold
by a random process in which every single conformation is probed (Levinthal, 1968).
Since protein folding operates on a very different timescale (milliseconds to minutes
in most cases) a different mechanism of protein folding has to be postulated.
Levinthal therefore postulated that a folding polypeptide chain follows a specific path
to the final configuration, and therefore folding must be under kinetic control (i.e.,
under the control of a specific sequence of reactions). If the final, native state was one
of lowest configurational energy, it would be a consequence of the biological
evolution of specific chemical reaction sequences ("kinetic control"), and not of
physical chemistry and the laws of thermodynamics ("thermodynamic control")

(Levinthal, 1968).

1.2 PROTEINS AND FOLDING

A central dogma of biochemistry is that only proteins in their native conformation can
perform their specific biological function. In other words, a misfolded protein will be
biologically inactive. Examples of incorrect protein folding have been shown in many
diseases including diabetes (Aridor and Balch, 1999) and Alzheimer’s disease (Lomas
and Carrell, 2002). Over the last few decades there has been increasing interest in the
processes that lead to misfolding, which can be triggered by several factors such as
heat or cold shock, osmotic shock, toxins, and heavy metal; and how the cell prevents
misfolding and subsequent aggregation of proteins.

Early concepts of protein folding postulated the existence of ‘templates’ that
somehow caused a folding polypeptide chain to adopt its native conformation.
However, there still was the need to explain as to why or how the template obtained
its native conformation. [n vitro proteins often fold slowly into their native
conformation whereas in vivo polypeptides fold quickly into their native
conformations as they are being synthesized. The reason for this is that cells contain
accessory proteins called molecular chaperones or folding catalysts that assist the

folding of the protein (Gething and Sambrook, 1992) (figure 1.3.1).
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1.3 MOLECULAR CHAPERONES AND FOLDING
CATALYSTS

In general there are two types of proteins that assist in the protein folding process,
specifically molecular chaperones and folding catalysts.

In 1978 Laskey coined the phrase ‘molecular chaperone’ for proteins involved in the
folding of some polypeptide chains that were unable to correctly fold spontaneously
in vitro (figure 1.3.1) (Laskey et al., 1978). These molecular chaperones are a
ubiquitous family of proteins whose proposed role is to mediate the folding of

polypeptides and the assembly into oligomeric complexes.

Disulphide bond formation,
Prolyl c/s-trans isomerisation

l
| ® oI

I PPIases

\
(V) e=h (I,) == (I,) ¢mmd (I;) ¢mm) (I,) ¢=md (N)

I— = = = Molecular chaperone
activity

Aggregates

Figure 1.3.1 Schematic overview of the function of molecular chaperones and folding catalysts.
Folding catalysts enhance the rate of slow folding steps, i.e. disulphide bond formation or peptidyl
prolyl cis/trans isomerisation, whereas molecular chaperones prevent the aggregation of folding
intermediates. U, unfolded polypeptide chain; I, folding intermediates; N, native conformation.

This essential function is achieved by preventing the formation of incorrectly folded
structures, which may result from the transient exposure of usually hydrophobic
surfaces on the folding polypeptide chains. This may occur during the synthesis of
polypeptides, the unfolding and refolding while being transported across membranes,
changes in protein-protein interactions during the physiological functioning of a

complex, and recovery from stresses such as heat or cold shock.
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Two types of folding catalysts have been characterized so far: those that catalyse
disulphide exchange, thus ensuring native disulphide bond configuration, and those
that catalyse the otherwise slow cis/trans isomerisation of peptidyl prolyl bonds

(Schiene and Fischer, 2000).

1.4 PROTEIN FOLDING COMPARTMENTS

Eukaryotic cells comprise a number of compartments that perform different, but
essential functions, thus contributing to the viability of the whole cell. [n mammalian
cells the endoplasmic reticulum (ER) and the cytoplasm are key compartments in
which the folding of polypeptide chains occurs. For gram-negative bacteria the
cytoplasm and an extracytoplasmic compartment between the outer cell wall and the

inner membrane, called the periplasmic space, are involved in protein folding.

1.4.1 The Cytoplasm

Molecular chaperones like trigger factor, Hsp70, and prefoldin prevent nascent
polypeptide chains on the ribosome from adopting non-native conformations, which
may lead to aggregation. Subsequent folding of these chains in the cytosol is then
achieved either by controlled chain release from these factors or after transfer of
newly synthesized proteins to downstream chaperones, such as the chaperonins. These
are large, cylindrical complexes that provide a central cavity large enough to
accommodate a single polypeptide chain thus preventing aggregation and allowing the

tolding polypeptide to adopt its native conformation.

1.4.2 The Endoplasmic Reticulum and periplasmic space

The ER contains proteins that are essential for the folding and post-translational
modification of secreted and membrane proteins (Feldman and Frydman, 2000;

Gething and Sambrook, 1992; Gilbert, 1997). As proteins are transported through the
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Sec61 translocon into the ER the polypeptide chain immediately begins the folding
process (Brodsky, 1998). The chaperones in the ER, like their counterparts in the
cytoplasm, prevent the aggregation of the folding polypeptides. They also serve as a
quality control mechanism that recognises and selectively retains misfolded proteins
before exit from the ER. This interaction then allows more time for the correct
folding to occur. Failure of adopting its native conformation will ultimately result in
the degradation of the misfolded protein (Cox et al., 1997). This can occur by ER-
associated protein degradation (ERAD), which eliminates misfolded or unassembled
proteins from the ER. ERAD targets are selected by a quality control system within
the ER lumen and are ultimately destroyed by the cytoplasmic ubiquitin—proteasome
system (Meusser et al., 2005).

Functionally similar to the ER is the periplasmic space of prokaryotic cells. Like the
ER it contains a number of folding catalysts and molecular chaperones involved in the

folding of newly translocated proteins.

1.5 OXIDATIVE FOLDING OF PROTEINS IN THE ER AND
PERIPLASMIC SPACE

An important factor in the folding of various proteins is the formation of disulphide
bonds, which stabilise the native conformation of the folding polypeptide chain. This
oxidative folding process is assisted by the redox conditions in the ER lumen and the
periplasmic space, respectively, as both compartments are more oxidizing than the
respective cytosol (Fink, 1999). In addition to the redox conditions, both
compartments also host folding catalysts that catalyse disulphide bond formation and

rearrangement (Gilbert, 1997).
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[s s
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Thiolate Disulphide

Figure 1.5.1. Oxidation of protein thiolates into a disulphide bond. Thiolates of cysteine residues
are oxidized into a disulphide bond. This process leads to the loss of two electrons.

In eukaryotes the main oxidative folding catalyst is protein disulphide isomerase
(PDI), which has been shown to function as a molecular chaperone and folding
catalyst. PDI inserts disulphide bonds into folding proteins and also facilitates
disulphide bond isomerisation (Gething and Sambrook, 1992; Gilbert, 1997). See
figures 1.5.1 and 1.5.2.

S
s =5
x> m
s =S=5
'5 Correct disulphide
bonds

Incorrect disulphide
bonds

Figure 1.5.2 Isomerisation of disulphide bonds. An incorrectly formed pair of disulphide bonds is
rearranged into the correct ensemble. This process is electro-neutral.

Along with PDI another important protein in the oxidation process is the ER-resident
protein Erolp. Erolp plays an analogous role to the bacterial periplasmic protein

DsbB. Both Erolp and DsbB specifically oxidize a thioredoxin-like protein (PDI in
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eukaryotes, DsbA in bacteria) that serves as an intermediary in the transfer of
oxidizing equivalents to folding proteins (Bardwell et al., 1993; Frand and Kaiser,
1999; Tu et al., 2000). Molecular oxygen can serve as the terminal electron acceptor
for disulphide formation in both prokaryotes and eukaryotes (Bader et al., 1999; Tu
and Weissman, 2002). Under anaerobic conditions, the DsbB—DsbA system can
support disulphide formation via alternate electron acceptors, such as fumarate (Bader
et al.,, 1999). However, while in bacteria oxidative folding is coupled to molecular
oxygen through the respiratory chain, Erolp uses a flavin-dependent reaction to pass
electrons directly to molecular oxygen (Tu and Weissman, 2002).

Past studies showed that peptides can bind PDI via hydrophobic interactions, which
has also been observed with other molecular chaperones e.g. heavy chain binding
protein BiP. However since PDI displays enzymatic activity, it is not clear whether
this interaction is indicative of a distinct role as a molecular chaperone or whether it is
an intrinsic property of the mechanism by which PDI acts as a catalyst of disulphide
bond formation (Feldman and Frydman, 2000).

The periplasmic space of prokaryotes also contains proteins with similarity to the
enzymatically active domains of PDI, specifically the Dsb proteins (Chen et al.,
1999). These perform the various thiol-disulphide exchanges, oxidation, reduction or
isomerisation of disulphide bonds. The E.coli cytoplasm is comparatively more
reducing than the periplasm therefore the cytoplasm contains very few proteins with

disulphide bonds (Missiakas and Raina, 1997).

1.6 PEPTIDYL PROLYL CIS/TRANS ISOMERISATION

Another slow step in the folding of a protein may be the cis/trans isomerisation of the
proline residues. Unlike disulphide bond formation, however, this process is not
restricted to specific redox conditions and hence occurs in every intracellular
compartment, in which protein folding commences, e.g. in the ER, cytoplasm,
mitochondria in eukaryotes and periplasmic space and cytoplasm in prokaryotic cells.
Of all the twenty amino acids, proline is the most likely to adopt the cis conformation
in peptide bonds, because of its unique side chain. In general, the peptide bond has

partial double bond character and can exist in two conformations, either in the cis or
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in the frans form. In every amino acid, except proline, steric hindrance between the
adjacent side chains strongly disfavour the cis isomer but not the trans configuration
(figure 1.6.1). However, in proline the side chain is linked to the back bone nitrogen,
thereby reducing the energy difference between the two conformations. As a
consequence non-prolyl peptide bonds are always in the frans conformation and only
where there is a proline residue present the cis conformation of the peptidyl prolyl
bond has been observed.

It is thought that all proteins are synthesised at the ribosome with bonds in the trans
configuration, however, the native state of many proteins require specific prolyl
peptidyl bonds to be present in the cis conformation. For example the slowest step in
the folding of denatured RNase A is the isomerisation of the peptide bond around Pro
93. By the use of a trans proline-specific peptidase it has been established that 80%
of unfolded RNase A exists in a slow folding form with Pro 93 in the trans form. The
remaining 20% of the unfolded form has Pro 93 in the cis form, which can rapidly
fold into the native state. Therefore it appears that the energy barrier of forming the
cis proline isomer limits the rate of folding (Kiefhaber et al., 1990; Texter et al.,
1992). Mutagenesis studies have shown that specific proline residues can be assigned
to slow recovery phases from misfolded states (Evans et al., 1987; Herning et al.,
1991; Kelley and Richards, 1987; Kiefhaber et al., 1990; Texter et al., 1992; Wood et
al., 1988). However, in some cases complete refolding is required for a protein to

escape from its misfolded state caused by proline isomerisation (Brandts et al., 1975).

.CO-P,
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Figure 1.6.1 cis/trans isomerisation. Schematic presentation of cis/trans isomerisation about the
peptidyl-prolyl bond catalysed by a PPIase. Blue arrows indicate the rotation.
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The isomerisation reaction can occur spontaneously, however several specific
enzymes have been isolated that can catalyse cis/trans isomerisation. These are called

peptidyl-prolyl cis/trans isomerase or PPlases.

1.7 DISCOVERY OF PPIASES

In the 1980°s an 18 kDa enzyme was extracted from pig kidney cortex that was
claimed to be able to accelerate cis/trans isomerisation of the peptidyl-prolyl bond
(Fischer et al., 1984). Handschumacher ef al. and others reported the isolation of an
18 kDa protein from calf thymus cytosol (Handschumacher et al., 1984), which had a
strong binding affinity to Cyclosporin-A (CsA), a cyclic immunosuppressive
undecapeptide, and hence this protein was called cyclophilin (Handschumacher et al.,
1984; Harding et al., 1986). In 1989 it was shown that the porcine 18 kDa cyclophilin
and the PPlase had identical sequences. This result established a correlation between
the catalytic activity of cyclophilin, its binding to the CsA and the basis of
immunosuppression that had been induced by CsA (which was not well understood at
the time)(Fischer et al., 1989; Takahashi et al., 1989). In the same year another
tamily of PPlases was discovered, but the sequences of these enzymes were unrelated
to the cyclophilins. Since these proteins had strong affinities to different
immunosuppressive drugs, i.e. macrolide antibiotics FK506, ascomycin and
rapamyecin, this group was named FK506 binding proteins (FKBPs) (Harding et al.,
1989). It was later shown that blocking the PPIase activity of cyclophilin-A or FKBP-
12 by these immunosuppressive drugs was essential for immunosuppression
(Siekierka et al., 1989a; Siekierka et al., 1989b) and hence these PPlases were named
immunophilins (Fischer et al., 1998; Galat and Riviere, 1998; Schonbrunner and

Schmid, 1992).

Four distinct families of PPlases have been identified so far, specifically the FKBPs,
for example FkpA, the cyclophilins, for example RotA and RotB, and members of the
parvulin family, for example SurA and PpiD, and trigger factor. Although there is
sequence and structural similarity within the individual families, no sequence

similarities between the FKBPs, the cyclophilins and the parvulins exist.

10
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Since the various PPlases are highly conserved between pro- and eukaryotes it was
inferred that they play an essential role in protein folding and loss of one of them
would cause lethality, however this is not the case for most of the proteins (Gething,
1997).

PPlases are generally considered as folding catalysts, enhancing the otherwise slow
cis/trans isomerisation around a peptidyl prolyl bond, however, some of the PPlases,

such as SurA and trigger factor may also have activity as molecular chaperones.

1.8 THE ROLES AND FUNCTIONS OF THE PPIASES

The variety of functions performed by the PPlases is vast and highlights their
significance and importance for the cell. Cyclophilins, FKBPs and parvulins have all
been shown to catalyse the protein folding of RNAse T1 in vitro (Dolinski et al.,
1997; Scholz et al., 1997a). Cyclophilins and FKBPs, but not parvulins, have been
reported to catalyse reactions in the vesicular pathway. One such example is the ER
cyclophilin B, which is believed to be involved in the chaperoning of plasma
membrane proteins such as apolipoprotein (Zhang and Herscovitz, 2003) through the
secretory pathway (Price et al., 1994; Price et al., 1991). The human parvulin Pinl has
been reported to activate Bel-2 by catalysing cis/trans isomerisation in the proline rich
loop region (Pathan et al., 2001). Furthermore PPlases are involved in cell signalling
processes (Abbott et al., 1998; Walsh et al., 1992), acting on transcription factors,
steroid receptors, receptor protein kinases, the CD147 receptor, calcium release
channels, mitochondrial-permeability transition pores, and components involved in
apoptosis.

Cyclophilin A has been shown to help protect cells from oxidative stress brought on
by the treatment with peroxide, possibly through its binding to the antioxidant protein
Apol (Doyle et al., 1999) or through the activation of the peroxidase activity of
peroxidins (Lee et al., 2001). Heat stress has been shown to up regulate the expression
of some PPlases in rat myogenic cells (Andreeva et al., 1997), S.pombe (Weisman et
al., 1990), S.cerevisiae (Gasch et al., 2000), N.crassa (Faou and Tropschug, 2003) and

wheat cells (Dwivedi et al., 2003), with these observations mainly related to the heat

11
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shock protein 90 (Hsp90) associated with cyclophilin 40 (Yokoi et al., 1996a; Yokoi
et al., 1996b).

Other known functions of the PPIases include cell cycle regulation through Pinl (Lu
et al., 1996); (Yaffe et al., 1997), transcription (Yang et al., 1995), splicing (Horowitz
et al., 2002), translation, nuclear pore export factors (Singh et al., 1999) and sugar

enzyme trafficking (Hoffman and Chiang, 1996).

1.9 CYCLOPHILINS

The first cyclophilin identified was cyclophilin-A (Cyp-A), an 18 kDa cytoplasmic
protein with peptidyl prolyl cis/trans isomerase activity that could be inhibited by
cyclosporine A (Fischer et al., 1989). Various types of transcripts of cyclophilin
genes have been discovered in eukaryotes, whereas in prokaryotes there is less
diversity. E.coli has only two isoforms of cyclophilin, one cytosolic and one
periplasmic. The size of the archetype cyclophilin may vary from 15 kDA in
prokaryotes to 18 kDa in mammalian cells. Several members of the Cyp-A subgroup
have been found in prokaryotes. Bacillus subtilis and Synechococcus sp. contain a 15
kDa acidic CyP-A homologue. The cytoplasmic isoform has an acidic pI (CSCEB),
whereas the highly basic counterpart (CSCEA) is translocated into the periplasm
(Galat and Riviere, 1998). E.coli cyclophilins exhibit significantly reduced affinity
for CsA, compared to eukaryotic cyclophilins, due to the presence of a polar residue
that protrudes over the active site thus preventing the access of the CsA to the

substrate binding pocket of the cyclophilin molecule (Konno et al., 1996).

1.10 FKS06-BINDING PROTEINS

The FKBPs are ubiquitous proteins as various numbers of transcripts have been found
in both eukaryotes and prokaryotes. Particular FKBPs have well defined cellular
functions; for example the mammalian proteins, FKBP-12 is involved in the co-
regulation of various molecular complexes while FKBP-13 and FKBP-52 are

overproduced in response to heat shock (Galat and Riviere, 1998).
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In prokaryotes, the cellular function of the FKBPs is not as clearly defined. FKBP-12,
FKBP-13, FKBP-25 and FKBP-38 have only one FK506 binding domain but the
FKBP-52, FKBP-54 and FKBP-61 contain three or four sequence repeats specific for
the FK506 binding domain (Galat and Riviere, 1998). Their functions remain to be
established, although acidic FKBP-12 from E.coli has sequence homology with the
mammalian FKBP-12. An FKBP-12 like sequence was also located in the operon
encoding leader peptidase complex in E. coli and Enterobacter aerogenes (Wulfing et
al., 1994). FKBP-20 has two different domains, a FKBP-like N-terminal domain and

a C-terminal metal binding domain.

1.11 TRIGGER FACTOR

Trigger factor is a 48 kDa PPlase that has been found associated with the ribosome
and hence an involvement in de novo protein folding has been postulated (Stoller et
al., 1996). It was discovered during biochemical screening of the cytosolic
components of the secretion machinery in E.coli (Crooke and Wickner, 1987). When
the translocation of outer membrane protein A (OmpA) across the inner membrane
was analyzed an activity was identified that stabilized the precursor of the OmpA in a
loosely folded conformation thereby stimulating its membrane translocation (Crooke
and Wickner, 1987; Hesterkamp and Bukau, 1996). Trigger factor is co-regulated
with the genes that encode ribosomal components and can be isolated from ribosomal
fractions of E.coli (Galat and Riviere, 1998). Studies of protein folding in vivo
showed that trigger factor possess PPlase activity (Hesterkamp and Bukau, 1996).
Trigger factor does not bind FK506 (Stoller et al., 1996) or CsA although it does have
low sequence similarity with the FKBP family of proteins (Zarnt et al., 1997).
Trigger factor has a catalytically active PPlase domain that catalyses the rate of
folding of RNase T1 more efficiently than the cyclophilins or FKBPs (Schmid, 1993;
Zarnt et al., 1997). Trigger factor binds with high affinity to the unfolded RNase T1,
and this function is the prerequisite for the excellent catalysis of protein folding
(Scholz et al., 1997b). In cells where the deletion of the tig gene is accompanied by
the absence of DnaK and Dnal cells die above 30 °C and newly synthesized proteins

aggregate. It has been shown that in wild type E. coli cells, about 9% to 18% of
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newly synthesized proteins interact transiently with DnaK, but in the absence of
Trigger Factor, this level is increased 2- to 3-fold, indicating that, upon loss of Trigger
tactor, DnaK can associate with the nascent polypeptide (Deuerling et al., 1999;
Schaftitzel et al., 2001; Teter et al., 1999). In addition, it was shown that deletion of
the tig gene induces the heat shock response in E.coli thereby leading to a
compensatory increase in the steady state levels of chaperones, including DnaK
(Deuerling et al., 2003). Therefore DnaK may serve as a back-up system in the
absence of Trigger factor (Deuerling and Bukau, 2004). It has been shown that cells
can be rescued from the effects due to the absence of Trigger factor and Dnak, either
by the cell growth below 30 °C or by overproduction of the GroEL/GroES
(Vorderwulbecke et al., 2005).

Like FkpA Trigger factor exhibits both PPIlase activity and chaperone activity. It was
shown that both activities take place in the same binding pocket of the central binding
domain (Ramm and Pluckthun, 2001). It has also been shown in recent studies that
trigger factor recognizes protein substrates independently of proline residues (Fischer
et al., 1989; Galat and Riviere, 1998). Interestingly the PPlase activity of trigger
factor is not essential for the folding of newly synthesized proteins (Kramer et al.,
2004). In addition to its chaperone activity trigger can also act as an “anti-chaperone’
as it has been shown to directly promote the formation of protein aggregates under

certain conditions (Callebaut and Mornon, 1995; Huang et al., 2002).

1.12  PARVULINS

Parvulin, from the Latin word ‘parvus’ meaning “small’, is the smallest protein that
contains PPlase activity. Parvulin from E.coli was isolated and sequenced in 1994
(Rahfeld et al., 1994). The corresponding gene was identified (Rahfeld et al., 1994;
Rudd et al., 1995) and shown to be between 84.5 and 86.5 minute on the E.coli
genome. E.coli parvulin has a molecular weight of 10 kDa and a pl of 9.64. It was
predicted that parvulin would be made up of mainly helices, which was confirmed by
UV-CD spectra. Parvulin has no sequence homology with any of the cyclophilins
from prokaryotes or eukaryotes although there is some similarity with FKBP-12

(Rahfeld et al., 1994). Parvulin from FE.coli is not inhibited by the
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immunosuppressant cyclosporin A or FK506. Homologies were found with domains
of PrsA from Bacillus subtilis (Jacobs et al., 1993; Kontinen and Sarvas, 1993), SurA
and PpiD from FE.coli (Eisenstark et al., 1992), PrtM from Lactococcus lactis
(Haandrikman et al., 1989), Ptfl1/Essl from yeast (Hani et al., 1995), and human Pinl
(Lu et al., 1996). All of these proteins seem to be involved in protein folding or
activation (Scholz et al., 1997a). Parvulin has catalytic activity that is comparable to
the mammalian FKBPs as it has a binding preference for large hydrophobic residue

before a proline residue (Hennig et al., 1998; Scholz et al., 1997a).

1.13 PPIASES IN THE PERIPLASMIC SPACE OF
PROKARYOTES

The periplasmic space of prokaryotic cells can be regarded as a compartment that,
despite of its extracellular location, fulfils important functions essential for the cell. In
general this compartment can be compared to the ER in eukaryotic cells with respect
to protein folding of secreted proteins and those that are integral proteins of the outer
membrane (Outer Membrane Proteins, OMPs). In line with the function of the
periplasmic space in protein folding is its specific repertoire of folding catalysts and
molecular chaperones, which show some similarity to the ones found in the ER. In
addition, even some elements of the translocation machinery, required for the
transport of proteins across the inner membrane of prokaryotes and the membrane of
ER in eukaryotes, show some structural and functional similarities. In both systems
there is efficient targeting of newly synthesized proteins to a ‘translocation
machinery’, which enables the protein to cross the membranous barrier (for extensive
comparison translocation components between periplasmic space and ER see (Wiech
et al., 1991).

[nner membrane proteins (IMPs) are targeted to in the inner membrane by the signal
recognition particle (SRP) (Ulbrandt et al., 1997) which is an evolutionary conserved
ribonucleoprotein complex that was first described in mammalian cells. The SRP in
E.coli has been shown to bind to nascent polypeptides co-translationally (Bernstein,
2000). However, disruption of the SRP pathway has been observed to partially block

the insertion of IMPs, suggesting that the insertion can also occur in an SRP
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independent manner. Subsequently nascent IMPs are released from the SRP and
transferred to the translocon (Scotti et al., 1999; Valent et al., 1998). The translocon
has a signal sequence recognition function at the SecY — SecE interface (Bernstein,
2000). The transmembrane segments of the IMPs possibly displace the SecE subunit
so that the hydrophobic segments are not exposed to the hydrophilic environment
(Newitt and Bernstein, 1998). SecA is required for the translocation of IMPs that
contain large periplasmic domains; SecA is not required for proteins that contain only
small periplasmic loops or small nascent IMPs (Koch et al., 1999; Scotti et al., 1999).

For inner membrane proteins to fold into their native conformation they follow the
‘positive inside rule’, i.e. positively charged loops are orientated towards the
cytoplasmic face of the inner membrane. This orientation has not only been observed
in prokaryotes but also in eukaryotic cells (von Heijne, 1989). The final formation of
the native structure can occur after the translocation is complete, figure 1.13.1

(Bernstein, 2000).

o)\

SecA?
—

Fst‘

Inner Membrane

SecY .
Complex IMP

Figure 1.13.1 The biogenesis of the inner membrane proteins. IMPs are targeted to the IM co-
translationally by the SRP. Interaction between the SRP and the FtsY catalyses the release of the
nascent IMPs and their insertion into the SecY complex. SecA could be required to assist with the
insertion of the protein in some cases. Post synthesis PE appears to facilitate the folding in the lipid
bilayer to the final conformation.

OMPs follow a slightly different path compared to IMPs. Firstly, SecB appears to

play a much more prominent role in the transport of OMPs by binding to mature
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regions in the preprotein. This interaction prevents folding, thus facilitating the transit
across the inner membrane (Collier et al., 1988; Gannon et al., 1989). In addition,
SecB also interacts with the signal sequence and keeps it exposed for interactions with
the SecY complex (Bernstein, 2000). The OMPs are then transported across the lipid
bilayer by the SecY complex, (figure 1.13.2).

SecB

e

Ribosome

SecA
SecY complex

Inner Membrane

/ Skp, SurA

Periplasm PpiD

~
Outer Membrane o l' i

LPS OMP

Figure 1.13.2 The biogenesis of bacterial outer membrane proteins. OMPs are targeted to the IM
either by the late stage of translation or post-translationally by the molecular chaperone SecB. They
are then transported across the membrane through a translocon called the SecY complex. SecA uses
the energy of ATP hydrolysis to drive the translocon reaction. Proteins such as SurA may act as
molecular chaperones that assist with folding or prevent aggregation of the OMPs during their transit
through the periplasm. Interaction with LPS promotes folding into compact B-barrel structure and
stabilise the insertion into the outer membrane. Diagram modified from Bernstein 2000.

SecA is essential for the translocation of most OMPs and periplasmic proteins and
utilizes ATP hydrolysis to provide the energy required to push the protein cross the
membrane (Wickner and Leonard, 1996). A number of studies have shown that when
the OMPs are over expressed and folded incorrectly they build up in the periplasm.

After translocation over the inner membrane by the Sec machinery the leader
sequence is removed by a leader peptidase. It is the following stages of OMP
biogenesis that are unclear, since OMPs, once in the periplasmic space, must be

prevented from folding prematurely and from being inserted into the inner membrane.
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The OMPs intermediates must somehow transverse the periplasmic space to arrive at
the outer membrane in a conformation that is capable of being inserted into the lipid
bilayer. A range of proteins have been identified as being significant for OMP
formation, folding and transport, see figure 1.13.3.

Proteins —> Omp58

Outer membrane
Folding factors

\ Phospholipids
Lipids <:
LPS

Folding Factors

\ Proteases > DegP
/ Skp
Periplasmic Molecular
Folding factors=—> Chaperones FkpA
SurA
PPIases :
» PpiA
Fo mg i
Catalysts di
o . DsbA
Protein Disulphide
Isomerases
DsbC

Figure 1.13.3 Overview of periplasmic and outer membrane folding factors. The folding factors
that are relevant for understanding of the intermediate and late steps of OMP folding. Note that
categorisation of the folding factors is not strict, as some of the proteins display more than one
function. Diagram from Morgensen et al, 2005.

The most prominent folding catalysts in the periplasmic space involved in the
biogenesis of OMPs are PPlases.

Four periplasmic PPlases, SurA, PpiA, PpiD and FkpA have been identified so far,
there involvement in biogenesis of OMPs is outlined in figure 1.13.4. Some of these
show secondary, non-catalytic chaperone activities and therefore must be considered

as molecular chaperones as well as folding catalysts. The proteases DegS and DegP
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are linked to OMP biogenesis by maintaining the homeostasis in the periplasm but do

not promote the folding of the OMPs (Mogensen and Otzen, 2005).

External
environment
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Figure 1.13.4 Biogenesis of OMPs in Gram-negative bacteria. The arrows from SurA, Skp and
PpiD show that there is evidence that they are involved in OMP formation, lack of arrows from PpiA
and FkpA indicate lack of evidence. There maybe several different pathways of chaperone activity, it
is not known whether the periplasmic chaperones deliver OMPs to the outer membrane-integrated
Omp85 or whether they are also responsible for the terminal step. Modified from Morgensen et al,
2005.

1.14 FKPA

FkpA is a periplasmic PPlase (Bothmann and Pluckthun, 2000; Lazar et al., 1998;
Ramm and Pluckthun, 2000) under the control of the ¢® regulon (Missiakas et al.,
1996). FkpA exists as a homodimer (Arie et al., 2001) with two subunits comprising
of 245 amino acid residues. Each subunit contains an N-domain of ~100 amino acids
that is important for the chaperone activity (Saul et al., 2004) and the catalytically
active C-domain of ~110 amino acids. The dimer structure is V-shaped with the N-

domains forming the dimer interface and the two ‘legs’. Each ‘leg’ is capped by the
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C-domain. It has been suggested that the cleft between the subunits may form the
binding site. This would allow the binding of the substrate in a non-native
conformation at the dimer interface while at the same time access to the C-domains is

provided (Saul et al., 2004).

Figure 1.14.1 Three-dimensional structure of FkpA. The PDB file used to create this image was
from the Protein Data Bank 1Q6H. FkpA is a dimer, the two structures are linked by the ‘legs’ that
form the V-shape that has been suggested as the binding cleft.

Like other members of the FKBP family FkpA can be inhibited by the
immunosuppressant FK506 (Arie et al., 2001; Ramm and Pluckthun, 2000; Ramm
and Pluckthun, 2001). It has been proposed that FK506 inhibits the PPIase activity in
this protein family by mimicking the transition state in the cis/trans isomerisation
(Rosen et al., 1990). FkpA displays chaperone properties that are independent of its
PPlase activity (Arie et al., 2001). For example FkpA has been shown to assist the
folding of the scFv antibody fragment independently of its PPlase activity and of
proline residues in the scFv fragment (Bothmann and Pluckthun, 2000; Ramm and
Pluckthun, 2000). Furthermore FkpA was shown to interact with partially aggregated
and unfolded proteins, which is a particular characteristic of chaperones (Arie et al.,
2001).

The fkpA null mutant displays increased sensitivity to antibiotics and detergents, and

hence it has been suggested that FkpA is involved in the folding of OMPs.
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1.15 PPIA

PpiA, also known as RotA, is one of the periplasmic PPlases belonging to the
cyclophilin family (Hayano et al., 1991; Liu and Walsh, 1990). PpiA has no known
function but is a potent PPlase in vitro (Hayano et al., 1991; Liu and Walsh, 1990).
The protein is expressed under the Cpx stress response system (Pogliano et al., 1997)
but has been shown to not be essential for viability (Kleerebezem et al., 1995). The
ppiA null mutant showed no effect to the steady state levels of OMPs or on the

kinetics of their formation (Kleerebezem et al., 1995).

Figure 1.15.1 Three dimensional structure of PpiA. The PDB file used to create this image was
from the Protein Data Bank 1J2A. PpiA is a periplasmic PPlase but has not been shown to have an
important function in vivo.

1.16 SURA

SurA is a periplasmic PPlase required for the correct and efficient folding of
extracytoplasmic proteins. Sequence analysis of SurA reveals that there is sequence
homology to parvulin. SurA was originally isolated as a protein product of stationary
phase survival genes of E.coli (Lazar et al., 1998; Lazar and Kolter, 1996; Tormo et

al., 1990). Null mutants of surA resulted in the loss of cell viability after 3-5 days
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incubation, which lead to the conclusion that SurA is essential during late stages of
growth (Lazar et al., 1998). Although loss of viability in stationary phase also
depends on the allelic state of the rpoS gene, coding for sigma S (sigma 38) factor of
RNA polymerase, SurA is essential for the growth of cells under alkaline conditions,
irrespective of the allelic state of rpoS (Lazar et al., 1998). surA null cells exhibit the
pleiotropic phenotypes characteristic of a defective cell envelope, such as cell lysis
and increased sensitivity to hydrophobic agents. Cells without SurA expression are
constitutively induced for the o"-dependant extracytoplasmic stress response, one of
two signal transduction pathways known to communicate the folding state in the
periplasm to the cytoplasm (Lazar et al., 1998).

Functional studies showed that SurA is involved in the maturation of OMPs. Lack of
SurA interferes with an early step in the folding of LamB maturation, the conversion
of the unfolded to folded monomer, and negatively effects the expression of the major
trimeric porins OmpC, OmpF and LamB (Lazar et al., 1998; Lazar and Kolter, 1996).
SurA is comprised of 428 amino acids and has a molecular weight of 47283 Da. The
first 20 amino acids are the N-terminal leader sequence and the two separate. The

PPlase activity of SurA is present only in the C-terminal parvulin-like domain.

N- domain Parvulin 1 Parvulin 2 C-domain
v~ DN 2 @
21 168 280 389 428

Figure 1.16.1 Domain structure of SurA. The blue region represents the binding domain, the green
and yellow indicate the parvulin domains 1 and 2 respectively and the red indicates the C-terminal
region.

The N-terminal domain is required for peptide binding, which has been shown by
cross-linking experiments. Furthermore, this domain exhibits PPlase-independent
chaperone-like activity and is required for the selective recognition of the OMPs
(Rouviere and Gross, 1996).

Behrens et al have shown that a domain construct comprising the first 150 amino
acids of the N-terminus of SurA fused to 43 amino acids at the very C-terminus has a

PPlase-independent activity, which can mimic the in vivo activity of intact SurA
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(Behrens et al., 2001). It has therefore been speculated that the 43 amino acids from
the C-terminus of SurA stabilize the fragment containing the 150 N-terminal amino
acids but were not involved in the overall chaperone activity of the fragment. The N-
terminal domain has properties of a molecular chaperone, as it prevents heat-
denatured citrate synthase from aggregation, and is essential for the interaction with

model peptides (Webb et al., 2001).

3‘11,1%

i~

Figure 1.16.2 Three-dimensional structure of SurA. The PDB file used to create the image was
from the Protein Data Bank 1MSY. The core domain consists of the N-terminal domain, the PPlase
domain and the C-terminal domain with the satellite domain tethered to the core via domain 1.

Recently the three-dimensional structure of SurA has been solved. The overall
structure has been described to resemble an asymmetric dumbbell (Bitto and McKay,
2002). The C-terminal domain is sandwiched between the N-terminus and the first
PPlase domain. Because of the location of the C-terminal domain it has been
suggested to be essential for the stability of the protein (Behrens et al., 2001),
however, the N-terminal binding domain without the C-terminal domain could be
expressed in soluble form, indicating that the C-terminal domain is not essential for
the stabilization of the N-terminal domain (Webb et al., 2001). The core domain has
an elongated crevice with dimensions that are well suited for the binding of an

extended polypeptide chain. Attached to the central core, comprising the N-terminal
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substrate binding domain and the first PPlase domain, is the satellite domain
containing the second PPlase domain (Bitto and McKay, 2002).

The substrate binding motif of SurA was recently identified and the enzyme was
shown to bind to proteins with the motif Ar-X-Ar, where Ar is an aromatic residue
(Bitto and McKay, 2003; Bitto and McKay, 2004). A peptide with the sequence
WEYIPN bound to SurA with the highest affinity in the range of 1-14 uM (Bitto and
McKay, 2003; Bitto and McKay, 2004). It was also suggested that the minimum
number of amino acids that were required for the binding was five, and that a proline
residue at position five increased the binding affinity (Bitto and McKay, 2003; Bitto
and McKay, 2004) although it has been shown that proline is not needed to be present
in a peptide for it to bind to SurA (Webb et al., 2001). Further investigation into the
Ar-X-Ar motif showed that it has a high occurrence in OMP’s (Bitto and McKay,
2004; Hennecke et al., 2005), which makes it tempting to speculate that SurA is
predominantly involved in the correct folding of this particular class of proteins.
However the view that SurA is involved with OMPs has recently been questioned by
Justice et al. They showed that levels of the OMPs LamB and OmpA in mutants
lacking SurA were indistinguishable from the wild-type (Justice et al., 2005). They
also demonstrated that the importance of SurA was with the formation of P-pili and
type I fimbriae, and mutants lacking SurA affected the pilus assembly and the usher
pathway (Justice et al., 2005). They also showed that only a mutant with no FkpA,
PpiA, PpiD and SurA resulted in a decreased growth rate and not a loss of cell
viability (Justice et al., 2005), which is in contradiction to earlier experiments

(Dartigalongue and Raina, 1998).

1.17 PPID

PpiD is a member of the parvulin family, like SurA. The gene encoding the PpiD
protein was identified for its transcription by the two component system CpxR-CpxA
(Dartigalongue and Raina, 1998). When the protein was purified it was shown to
have PPlase activity in vitro. PpiD is 623 amino acids long and has a molecular

weight of 68150 Da. It is anchored to the inner membrane of E.coli by a single
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transmembrane segment of around 21 amino acids, with the catalytic domain facing

the periplasmic space (Dartigalongue and Raina, 1998).

N- domain Parvulin C-domain
N} (D C
16 36 266 355 623

Figure 1.26.1 Diagram showing PpiD. The grey area indicates the signal sequence, followed by
the orange region which represents the transmembrane domain. The green area is the parvulin like
domain.

Figure 1.26.1 shows the proposed structure of PpiD. PpiD contains one parvulin like
domain (Dartigalongue and Raina, 1998; Missiakas et al., 1996; Rouviere and Gross,
1996). PpiD was shown to be the first of the heat-shock induced protein that is
involved in the folding of non-cytoplasmic proteins. What makes PpiD interesting is
that the combination of the null mutants of sur4 and ppiD has been reported to lead to
a lethal phenotype under all growth conditions. This has been reinforced by the
observation that over expression of PpiD can complement the effect of the null sur4
mutant by restoring the normal membrane profile. Furthermore over expression of
SurA can complement the effects of the null ppiD mutant, as well as the over
expression of PpiD restoring elevated 6 activity (observed in mutant surd strains)
(Dartigalongue and Raina, 1998). These observations however were recently put into
question as mutants created by Justice et a/ have shown that there was no loss in cell
viability in a combined ppiD/surA null mutant and only a decrease in the growth rate
of the cells was observed with a quadruple mutant lacking SurA, PpiD, PpiA and
FkpA (Justice et al., 2005).
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1.18 AIMS OF THE STUDY

The threat of antimicrobial resistance has become increasingly real and its dimensions
have now been globally recognized. The cost of antimicrobial-resistant infections
acquired in hospitals was estimated by the National Foundation for Infectious Disease
to be as high as four billion dollars annually (USDA, 20006). In the UK the costs have
been estimated to be in the order of $100 million p.a. and likely to increase in the near
future.

Since the beginning of the 1990s a strong increase of drug-resistant pathogenic
Enterobacteria like Shigella ssp, Salmonella ssp and Escherichia coli (E.coli) have
been reported (WHO, 2005). In humans, Shigella ssp, Salmonella ssp and E.coli,
especially strain O157:H7, are important causes of food-borne illness, causing severe
diarrhoea and in some cases renal failure and death. In addition Sa/monella ssp and
E.coli cause significant morbidity and mortality in livestock. Disease caused by
enterotoxigenic E.coli (ETEC) follows ingestion of contaminated food or water and is
characterized by profuse watery diarrhoea lasting for several days. It may lead to
dehydration and malnutrition in young children in developing countries. ETEC is the
most frequently isolated enteropathogen in community-based studies of children aged
less than 5 years in the developing world, and probably accounts for approximately
200 million diarrhoea episodes and 380 000 deaths annually (WHO, 2006). The
Centers for Disease Control and Prevention estimates that 73000 cases of E.coli
O157:H7 infections occur annually in the United States with 2100 people being
hospitalised and 61 casualties as a direct or indirect result of the infection (Rangel et
al., 2005). Most importantly, however, E.coli is a leading cause of extraintestinal
infections, mainly of the urinary tract, costing billions of dollars in health care costs,
and an estimated 40,000 deaths from sepsis annually in the United States alone (Russo
and Johnson, 2003). Since 2003, new highly resistant strains of £.coli have become
widespread in England and parts of Northern Ireland. These strains of E.coli are able
to destroy a large number of common antibiotics, making the infections they cause
very difficult to treat. The bacteria produce enzymes called extended-spectrum -
lactamases (ESBLs) that destroy, and thus confer resistance to, beta-lactam antibiotics
such as penicillins and cephalosporins. A study of 54 deaths linked to a recent

outbreak in Shropshire showed that ESBL-producing E. coli directly contributed to a
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quarter of the deaths. The same strain has been linked to 29 deaths in the
Southampton area in 2004, in an outbreak of more than 1,000 cases that left 357
people needing treatment in hospital (Livermore and Hawkey, 2005). Shigellosis is
endemic throughout the world with approximately 164.7 million cases, of which
163.2 million in developing countries and 1.5 million in industrialized countries. Each
year 1.1 million people are estimated to die from Shigella infection and 580 000 cases
of shigellosis are reported among travellers from industrialized countries. A total of
69% of all episodes and 61% of all deaths attributable to shigellosis involve children
less than 5 years of age (WHO, 2003). Salmonellosis is one of the most common and
widely distributed foodborne diseases. It constitutes a major public health burden and
represents a significant cost in many countries. Millions of human cases are reported

worldwide every year and the disease results in thousands of deaths (WHO, 2005).

A novel and promising target for new antimicrobial drugs is the periplasmic PPlase
SurA, which is required for the correct folding of several outer membrane proteins in
E.coli, Salmonella ssp, Shigella ssp, Yersinia pestis and other coliform bacteria.

In general, bacteria that do not contain SurA are less virulent than the wildtype
strains. Expression of P-pili and type | fimbriae, produced by uropathogenic strains of
E. coli and assembled by the chaperone/usher pathway, were severely diminished in
the absence of SurA (Justice et al., 2005). A Salmonella enterica serovar
Typhimurium C5 strain with inactive SurA was found to be defective in the ability to
adhere to and invade eukaryotic cells (Sydenham et al., 2000). Furthermore deletion
of SurA in E.coli results in hypersensitivity to a variety of antibiotics (Justice et al.,
2005). These results make SurA an attractive target for the development of inhibitors
that interfere with the substrate binding site of SurA.

Administration of SurA inhibitors might improve the control and management of
infections caused by a variety of pathogens since SurA from E.coli is very similar to
paralogous proteins from other pathogenic gram-negative bacteria and therefore it can
be assumed that antimicrobial compounds against E.coli SurA are also effective

against these organisms.
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Figure 1.18.1 Clustal W alignment of the N-terminal binding site, excluding the leader sequence, of
SurA. Sequences were taken from SwissProt.

These inhibitors of the substrate binding site of SurA are expected to exhibit a dual

effect:

e they will increase the pathogen’s sensitivity to antibiotics, thus facilitating the
treatment of drug-resistant pathogens. Many drug-resistant pathogens have
developed mechanisms to inactivate antimicrobials administered in standard
concentrations although the pathogens are still sensitive to very high
concentrations of the drugs. Combination of specific antibiotics with a SurA
inhibitor acting as a sensitizer therefore is expected to bring back conventional
antibiotics into the therapy of drug-resistant pathogens.

e they will prevent the pathogen from producing virulence factors, especially P-pili

and type 1 fimbriae, thus reducing the severity of the infection.

To facilitate the development of potential inhibitors of SurA activity a detailed study
of the interaction between SurA and its substrates is required. In particular one has to

address the following questions:

e What is the binding motif that SurA recognises in a substrate?

e What is the specific mechanism by which SurA interacts with its substrates?
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At the beginning of the study it was assumed that PpiD could complement a surA
deletion, and hence it was speculated that PpiD and SurA have overlapping substrate
specificities (Dartigalongue and Raina, 1998). To develop efficient inhibitors it was
therefore deemed necessary to include PpiD in this study and investigate how this

PPlase recognises its substrates.
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Chapter 2: Materials and Methods

2.1 MATERIALS

Biochemicals were purchased from Sigma or Roche (formally Boehringer Mannheim
Ltd. (BCL)) unless otherwise stated. Bulk liquids (Organic solvents, acids, bases and
glycerol) were purchased form BDL Ltd. Media components were purchased from
Difco or Oxoid. Radiochemicals were purchased from Amersham International, UK.

Pre-mixed Acrylamide/Bis acrylamide solutions were obtained form Bio-rad.

2.2 STRAINS USED IN THIS STUDY

2.2.1 Escherichia coli STRAINS

The E.coli strains used in this study are detailed in Table 2.1.1

STRAIN GENOTYPE SOURCE OR REFERENCE

hsdS gal (Aclts857, ind1, Sam7,
BL21 (DE3) nin5, LacUVS-T7 gene 1 Studier and Moffatt,
(1986)

supE44, AlaclU169 (¢80
DH5a laczAM15) hsdR17, recAl, Hanahan (1983); Bethesda
endAl, gyrA96, thi-1, relAl Research Laboratories, (1986)

supE44, hsdR17, recAl, endAl,

XL1-BLUE gyrA46, thi, relAl, lac’ Bullock et al.(1987)

F’[proAB" lacl%, lacZAM15
Tn10(tet")]

Table 2.2.1 E.coli strains used in this study.
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2.3 GROWTH MEDIA AND SOLUTIONS

2.3.1 Escherichia coli

All media were sterilised by autoclaving for 15 min at 126 °C (15Ib/sq.in) using a
Prestige autoclave. Solid medium was prepared by the addition of 1.5% (w/v)
bactoagar (Difco). Antibiotic stock supplements (Table 2.3.1.1), were usually
prepared at 100-1000 X concentration and filter sterilised with a 0.2 pum sterile filter

before their addition to previously autoclaved and cooled (less than 40 °C) media.

ANTIBIOTIC STOCK SOLUTION WORKING
CONCENTRATION
Ampicillin 50 mg/ml in H,O 100 pg/ml
Choramphenicol 25 mg/ml in ethanol 25 pg/ml
Kanamycin 10 mg/ml in H,O 30 pg/ml
Tetracycline 5 mg/ml in H,O 10 pg/ml

Table 2.3.1.1 Antibiotics stock and working concentration.

MEDIA COMPONENT AMOUNT
NaCl 1% w/v
Bacto tryptone 1% w/v
Yeast Extract 0.5% w/v
Agar 1.5% w/v

Table 2.3.1.2 Percentage of components in Luria broth. Agar is only added to components to make
agar plates.

E.coli strains were grown for 16 hrs at 37 °C in Luria broth with shaking at 200 rpm

for all recombinant DNA methods. E.coli strains were also grown on LB solid media
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at 37 °C for 18-24 hrs and stored at 4 °C for up to one month. Longer term storage
was achieved by storing the E.coli strains in 25% (v/v) glycerol at -70 °C.

2.3.2 MONITORING E.coli CELL GROWTH

E.coli cell growth was monitored by inoculating a known amount of stationary phase
cells into fresh LB medium or LB medium containing selective antibiotics and, after 2
- 4 hrs, measuring the cell density by reading the absorbance at 600nm. An ODgyy =
0.2-0.5 was taken to be early to mid-exponential (log) phase, 0.6—1.0 as mid to late
log phase and over 1.0 as stationary phase. Cells were grown to 0.3-0.4 for protein

expression and 0.3-0.5 for making competent cells.

2.4 RECOMBINANT DNA TECHNIQUES

2.4.1 DNA MARKERS

DNA markers were obtained from Promega. These were the Lambda/Hind III marker
supplied in 10mM Tris-HCL (pH 7.5), 10mM NaCl and 1mM EDTA. Bands of
23130, 9416, 6557, 4361, 2322, 2027, 564 and 125 base pairs (bp) were visible.

2.4.2 VECTORS

Vectors used in this study are listed below. The sequences and detail of each vector

can be found in the appendix.

pLitmus 28i vector: blue / white selection, high copy number. The pLitmus 28i vector

was supplied by the New England Biolabs.

pET28a(+) vector: His tag. The pET28a(+) vector was supplied by Novagen.
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pET23a(+) vector: His tag. This vector has no T7/ac promoter, just the T7 promoter.
The pET23a(+) vector was supplied by Novagen.

pGEM®-T Easy vector: T7 and SP6 RNA polymerase promoters flank a multiple
cloning region within the a-peptide coding region for B-galactosidase. The pGEM®-T

Easy vector was supplied by Promega.

2.4.3 DIGESTION OF DNA WITH RESTRICTION
ENDONUCLEASES

Restriction enzymes were purchased either from Roche or Promega. They were used
according to the manufacturer’s specifications, with typical DNA restriction digest

conditions as follows:

1 pg DNA (either plasmid or PCR product)
2 ul 10x Enzyme Buffer
1.0 unit of restriction enzyme

Sterile water up to 20 pl

If a larger reaction was required then all the components were scaled accordingly.
The DNA was usually digested for 3-4 hrs at 37 °C and the reaction stopped by heat-
inactivation at 65 °C for 15 min. If more than one enzyme digest was carried out in
the same reaction then the buffer that would produce the optimal activity for both
enzymes was used. However if the same buffer could not be used then the two
enzymes would be used separately with ethanol precipitation or purification (with

Qiagen PCR purification kit) between the steps.

2.44 ETHANOL PRECIPITATION

Ethanol precipitation of DNA was carried out by the addition of 0.1 volume of 3 M

sodium acetate (pH 5.2), and 2 volumes of 95% ethanol (2 times the volume after the
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sodium acetate addition) at room temperature for 1-2 hrs. The sample was then
centrifuged for 15 min in a microcentrifuge at 13000 rpm at room temperature. The
supernatant was immediately decanted. Recentifugation of the sample allowed
removal of the residual supernatant. The pellet was washed by the addition of 200-
500 pl of cold (<10 °C) 70% ethanol, recentrifuged for 5 min and decanted as above.
The pellet was then air dried and then resuspended in the appropriate volume of water
or buffer (TE buffer 10mM Tris-HCI, ImM EDTA), allowing at least 15 min for the

nucleic acid to re-dissolve.

2.4.5 AGAROSE GEL ELECTROPHORESIS OF DNA (after
Sambrook et al 1989)

Typically 1% (w/v) agarose gels were prepared using molecular biology grade
agarose and 1 x TAE buffer (40mM Tris-acetic acid, 10mM EDTA, pH 8.0). The
agarose was dissolved in the buffer by heating in a microwave for 1-2 min on full
power and was left to cool to 50 °C. 0.5 pl of 10 mM ethidium bromide was then
added to the molten agarose. This was poured into the gel former and comb inserted
before being left to set. Once completely set, the gel was placed into a gel holder and
the sample to be electrophoresed were prepared by mixing with 10 x sample loading
buffer (50 mM EDTA, 0.2% (w/v) bromophenol blue, 50% (w/v) Tris) and loaded
into the wells with a micropipette. The gel was then electrophoresed at 5-10 volts /
cm for approximately 45 min to 1 hour until the bromophenol blue dye had migrated
to the bottom of the gel. The DNA was then visualised and photographed using a

short wave UV transilluminator (312nm).

2.4.6 PURIFICATION OF DNA

The DNA to be excised from an agarose gel was loaded into an agarose gel made with
high purity agarose and using TAE buffer. The gel was visualised using a short wave
transilluminator and the DNA fragment of interest was removed with a clean razor

blade. The DNA was then purified using a ‘Qiagen Gel Extraction Kit’.
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2.4.7 QIAGEN GEL EXTRACTION

Gel extraction of DNA fragments was carried out with Qiagen Gel Extraction Kit

according to the manufacturer’s instruction.

2.4.8 pGEM-T EASY VECTOR SYSTEM

The pGEM®-T Easy Vector System is a convenient system for the cloning of PCR

products. The vectors were prepared by cutting Promega’s pGEM"®-T Easy Vectors

with EcoR V and adding a 3’ terminal thymidine to both ends. These single 3°-T

overhangs at the insertion site greatly improve the efficiency of ligation of a PCR

product into the plasmids by preventing recircularization of the vector and providing a

compatible overhang for PCR products generated by certain thermo stable

polymerases. These polymerases often add a single deoxyadenosine, in a template-

independent fashion, to the 3"-ends of the amplified fragments. The high copy number

pGEM®-T Easy Vector contain T7 and SP6 RNA polymerase promoters flanking a

multiple cloning region within the alpha-peptide coding region of the enzyme beta-

galactosidase. A typical pGEM-T Easy reaction contained the following components:

STANDARD POSITIVE BACKGROUND
REACTION CONTROL CONTROL
2X Rapid Ligation Buffer 5nul 5ul Sul
pGEM-T easy Vector 1 pl 1 ul 1 ul
PCR Product 2ul - -
Control Insert DNA - 2ul -
T4 DNA Ligase 1 ul 1 ul 1 ul
Deionised Water to a final 10 pul 10 pl 10 pl

volume of

Table 2.4.8.1 Components required for the pPGEM-T easy ligation.
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The samples were incubated at room temperature for 1 hour or at 4 °C overnight. The
ligations were transformed into competent DHS5a cells and plated on to agar plates
containing Ampicillin, IPTG (1 mM) and XGAL (40 mg/ml). The plates were

incubated at 37 °C overnight. White colonies should contain the insert.

2.4.9 LIGATION: COHESIVE AND NON-COHESIVE TERMINI

Ligation reactions of digested DNA were performed using T4 DNA ligase obtained
from Promega. Ligations were typically carried out in 0.2ml PCR tubes and

contained the following:

7:1 Molar ratio of insert DNA to vector DNA
2 pl 10 x ligation buffer
1 ul T4 ligase

Sterile deionised water up to 20 pl

The sample was mixed by pipetting and incubated overnight at 4 °C (12-16 hrs).

2.4.10 COMPETENT CELLS

A 2 ml culture of the E.coli strain to be made competent was prepared with LB
medium and the appropriate antibiotics and incubated at 37 °C overnight with
vigorous shaking (200 rpm). 0.5 ml of the overnight culture were then used to
inoculated 40 ml of fresh liquid LB medium, the cells were then kept at 37 °C with
vigorous shaking for 2-3 hrs until the ODgyonm ~ 0.3-0.5. The cells were then
centrifuged in sterile 50 ml centrifuge tubes at 2500g for 5 min and the supernatant
was discarded. The pellet was resuspended in 20 ml of sterile 50 mM calcium
chloride solution and stored on ice for at least 30 min. The cells were centrifuged at
2500g for 5 min and the supernatant discarded and the pellet was resuspended in 4 ml
of ice cold sterile calcium chloride solution and stored on ice for at least 30 min.

Cells were stored with 25% glycerol at -70 °C.

37



Chapter 2: Materials and Methods

2.4.11 TRANSFORMATION INTO E.coli WITH PLASMID DNA

100 pl of competent cells were mixed with the appropriate amount of DNA, 1-2 pl of
uncut vector or up to 20 pl of ligation reaction in a microcentrifuge tube. These were
incubated for 30 min on ice. The cells were then ‘heat shocked’ at 42 °C for 45
seconds, and then left to recover on ice for five min. 1 ml of fresh LB medium
without antibiotics was added to each of the transformations, which were then
incubated at 37 °C for an hour with shaking. The cells were then spun down at 5000g
for 2 min and all but 100 pl of the supernatant was removed. The remaining 100 ul
medium was used to resuspend the pelleted cells. These were then streaked on LB
plates containing the appropriate antibiotics and were incubated overnight (12-16 hrs)

at 37°C.

2.4.12 SMALL SCALE QIAGEN MINIPREPS OF PLASMID DNA

Qiagen mini-prep kit was routinely used according to the manufactures instructions.

2.4.13 MAXIPREP PLASMID DNA PURIFICATION

The Wizard plus maxipreps (Promega) was routinely used according to the
manufactures instructions.

500 ml liquid LB medium was inoculated with 50 pl of overnight culture and the
appropriate antibiotics. This was left to grow overnight at 37 °C with shaking at 200
rpm. The cells were then pelleted by centrifugation at 5000g for 10 min. The pellet
was resuspended using 15 ml of the cell resuspension solution, to this 15 ml of cell
lysis solution was mixed in gently until the solution became clear and viscous.
Neutralisation solution was added and mixed gently inverting the centrifuge bottle
several times. This was centrifuged at 140000g for 15 min at 22 °C. The supernatant
was transferred into a graded cylinder through autoclaved coffee filter and 0.5 volume
of isopropanol was added, this was then mixed by inversion. The mixture was then

centrifuged at 14000g for 15 min at 22 °C. The supernatant was discarded and the
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pellet was resuspended in 2 ml of TE buffer. The walls of the tube were washed with
the TE buffer to recover all the DNA. The DNA was purified by mixing 10 ml of
purification resin to the DNA solution, the resin/DNA mix was transferred to the
maxicolumn and attached to a vacuum to pull the resin/DNA mix through the column.
The column was washed using the column wash solution and was pulled through the
column using the vacuum. The resin was rinsed using 80% ethanol; the column was
then placed in a screw top tube and spun in a swing bucket rotor at 2500 rpm for 5
min. The tube and the liquid were discarded. The column was left to dry. To elute
the DNA, 1.5 ml of pre-heated (65 - 70 °C) nuclease free water was added to the
column and left for 1 min, this was the centrifuged at 2500 rpm for 5 min. The resin
fines were removed by filtration through a 0.2 um syringe filter. The filtrate was
centrifuged at 14000g for 1 min to remove the last resin fines. The supernatant was

immediately removed and stored in microcentrifuge tubes at -20 °C.

2.4.14 GENOMIC DNA

E.coli colonies were picked and resuspended in 100 pl of water. The suspensions

were heated to 100 °C for 10 min and centrifuged at 12000 rpm for 2 min.

2.5 POLYMERASE CHAIN REACTION (PCR)

2.5.1 PCR PROTOCOL

The primers used in the PCR are listed below in section 2.5.3.
The samples were mixed thoroughly and centrifuged briefly, the cycles and

temperatures are described below in table 2.5.1.1. The dNTPs came from Promega as

100 mM stock solutions.
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A typical PCR 100 pl reaction contained the following components:

3 ul DNA template

10 ul 10x PCR reaction buffer

8 ul 25 mM MgCl, (supplied with the polymerase, sometimes in the buffer)
16 pl 5 mM dNTP mix (1.25 mM each of dATP, dTTP, dCTP and dGTP)

2 ul 10 uM Forward Primer

2 ul 10 uM Reverse Primer

58 ul Distilled water

1 pl Pfu or Taq polymerase

PROGRAMME | TEMPERATURE | DURATION | NUMBER LINK
OF TO...
CYCLES
1 94 °C 30 sec 1 2
2 94°C 3 min
X" 30 sec 25 3
68°C or 72°C " 2 min
3 68°C or 72°C”~ 7 min 1 4
4 4°C o 1 End

Table 2.5.1.1 Table showing the components of a general PCR. ‘68 °C if using Pfu or 72 °C if using
Taq.  Annealing temperature dependent on the primer melting temperature, usually 4 °C lower than
the lowest primer melting temperature.

The products were run on 1% agarose gel with standard gel loading buffer to confirm

the presence of products.
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2.5.2 QIAGEN QIAQUICK PURIFICATION

The QIAquick kit is designed to purify single- or double-stranded DNA fragments
from PCR. The purification was carried out according to the manufacturer’s

instructions.

2.5.3 PRIMERS

The primers were designed to have a minimum GC content of 50%.

SurA Primers:

SurAF
Y.TTT TTT TTC ATA TGG CCC CCC AGG TAG TCG ATA AAG TCG-

SurAR
S_TTT TTT TTC TCG AGC TAT TAG TTC CTC AGG ATT TTA ACG TAG GC->

PpiD Primers:

PpiDR

>-TTT TTT TTC TCG AGC TAT TAT TGC TGT TGT TCC AGC GCA-*

Initial reverse primer for the full length and fragments of peptidyl-prolyl isomeraseD
to exclude the signal sequence. Used with PpiDF, 1, 2 and 3.

PpiDF
- AAA AAA AAC ATA TGG GAG GCA ATA ACT ACG CCG CCA-*
Forward primer for the full length PpiD minus the signal sequence.

PpiD1

“_AAA AAA AAC ATA TGC CGC AGC GTA CCC GCT ACA GCA-*
Largest PpiD fragment.
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PpiD2
S_AAA AAA AAC ATA TGC CAG CGA AAG TGA AAT CGT TAG->
Medium PpiD fragment.

PpiD3
S.AAA AAA AAC ATA TGC CGT TGG CAG ATG TTC AGG AAC-
Shortest PpiD fragment.

PpiD REV
>.GGG GGG GGA TCC GTC GCG CAA CAA CGC GTG GTG CG->

Final reverse primer for PpiD.

PpiD VAQQ
>.GGG GGG AAG CTT TTA TTG CTG TTC CAG CGC ATC GC-¥
Forward primer for PpiD without the first 187 residues.

2.5.4 DIAGNOSTIC PCR

For diagnostic PCR, such as the screening of potential positive clones, Taq
polymerase from Promega was used. To confirm the presence of an insert for a SurA
or PpiD mutant or fragment single colonies could not be used because of the
endogenous PPlase. Mini cultures were grown overnight from single colonies. These
were mini-preped and 3 pl of the mini-prep DNA was used in the PCR reaction. For
the cloning of PpiD fragments, a plasmid containing the PpiD gene was used. The
presence of the ligated vector was confirmed by transforming the vector into DH5a
cells. A single colony was picked and resuspended in 100 ul of distilled water. The
solution of cells was spun down at 13000 rpm for 2-3 min and resuspended in 50 pl
distilled water. 10 pl of the vortexed sample was used as the template for the PCR

reaction.
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2.6 PROTEIN ANALYTICAL METHODS

2.6.1 SMALL SCALE EXPRESSION OF RECOMBINANT
PROTEIN

An overnight culture of E.coli, transformed with the respective expression vector, was
set up from a single colony in 2 ml of LB medium with the appropriate antibiotics and
incubated at 37 °C with shaking at 200 rpm. 10 pl of the overnight culture was used
to inoculate 2ml of fresh LB medium with the appropriate antibiotics. This was then
incubated at 37 °C with vigorous shaking for 2-3 hrs until the OD reached 0.2 - 0.4.

The expression was induced using 1mM IPTG final concentration and incubated for
another 3 hrs at 37 °C with vigorous shaking. The cells were then spun down at
13000 rpm for 5 min and the supernatant was removed. The pellet was resuspended
in 100 pl of distilled water with 3 pl of DNAse (0.5 mg/ml stock solution). The cells
were then freeze-thawed by freezing at -70 °C and defrosting at room temperature

three times.

2.6.2 LARGE SCALE EXPRESSION OF RECOMBINANT
PROTEIN

An over night culture was set up in 50ml of LB medium with the appropriate
antibiotics and incubated at 37 °C with shaking at 200 rpm. 1 ml of the overnight
culture was used to inoculate 1 1 of LB medium with the appropriate antibiotics. This
was then incubated at 37 °C with vigorous shaking for 2-3 hrs until the OD reached
0.2-0.4. The expression was induced using 1 mM IPTG final concentration and the
culture was incubated for another 3 hrs at 37 °C with vigorous shaking. The cells
were then spun down at 8000 rpm for 20 min and the supernatant was removed. The
pellet was resuspended in 5 ml of distilled water with 100ul of DNAse (0.5 mg/ml
stock solution). The cells were then frozen at -70 °C for 15 min, thawed at room

temperature and then refrozen; this process was repeated 3 times.
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2.6.3 PROTEIN PURIFICATION USING FPLC

After repeated freeze-thawing the samples were centrifuged at 8000g for 10 min to
remove cell debris. The cleared supernatant was then passed through a 0.2 um single
use sterile filter unit and stored on ice until use.

For the purification an AKTA design system was used. The column was a Sml
HisTrap HP optimised for the purification of His-tagged proteins. All solutions were
filter sterilised and degassed before use. The column and the pumps were washed
with distilled water at 4 ml/min for 8 min. 50 ml of filter sterilised 100 mM nickel
sulphate solution was run down the column at a flow rate of 2 ml/min. To prevent
phosphate binding to the nickel sulphate, distilled water was passed down the column.
20 mM phosphate buffer was used to equilibrate the column before the sample was
loaded. The sample was loaded at a flow rate of 2 ml/min and the column was then
washed with 20 mM phosphate buffer pH 7.2 to remove unbound protein. To remove
weakly bound protein from the column a wash buffer containing 20mM Phosphate
buffer, 0.5 M NaCl and 50 mM imidazole pH 7.2 was used. The column was then
washed using 20 mM phosphate buffer pH 7.2. To elute the protein, elution buffer
was used, containing 20 mM phosphate buffer and 10 mM EDTA. Finally the column

was washed with distilled water and stored in 20% ethanol.

2.6.4 PROTEIN DESALTING

Desalting of the sample was achieved using the NAP™

-10 Column (Pharmacia
Biotech). The columns are made of Sephadex G-25 in distilled water. The column
was equilibrated with 15 ml of 10 mM Phosphate buffer pH 7.2 - 7.3. The flow
through was discarded and 1ml sample was added to the column. The desalted
protein sample was eluted from the column with 1.5 ml of 10 mM Phosphate buffer

pH 7.2-7.3.
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2.6.5 SLIDE-A-LYZER®

The Slide-A-Lyzer® (Pierce), is used for low molecular weight contaminant removal,
buffer exchange and desalting. The Slide-A-Lyzer® was hydrated for 30 seconds in
the dialysis buffer (10 mM Phosphate buffer pH 7.2-7.3) before use. The sample was
introduced to the cassette using a hypodermic needle. The used Slide-A-Lyzer® had a
capacity of 0.5-3 ml and MW cut off of 10,000. Samples were typically dialysed in
500 times the volume of the sample. Initially the sample was dialysed for 2 hrs and
the buffer was changed and the sample was dialysed again for 2 hrs, again the buffer
was changed and the sample left at 4 °C overnight. The sample was removed from the

cassette with a hypodermic needle.

2.6.6 CONCENTRATING PROTEIN BY DIALYSIS AND SPEED
VAC

Dialysis tubing came from Medical International Ltd and had pore size of 12-14000
Da. A length of roughly 60 cm of dialysis tubing was cut and boiled in distilled water
for 10 min; this was allowed to cool and stored in the fridge. To dialyse the protein
sample 20 cm of tubing was cut using sterile scissors. One end was tied in a knot and
a dialysis clip put next to the knot. 7ml of protein was pipetted into the dialysis tube
and the second dialysis clip was put on the open end to seal the tube. This was then
submerged in 10mM phosphate buffer pH 7.2 with a gentle stirring for 45 min. The
dialysis buffer was changed and left for a further 45 min. The contents of the dialysis
tube was aliquoted into 6 sterile microfuge tubes and put into the ‘speed vac’ on
medium so the sample would stay cold but not frozen. This was usually left for 2-3

hrs or depending on what the final volume was required.

2.6.7 CENTRICON

Centricon is a centrifugal filter unit made by Millipore. The centricon was prerinsed

using distilled water or buffer. 2 ml of the distilled water or buffer was pipetted into
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the sample reservoir. When at least half the original volume had passed through, the
filter unit was inverted and spun at 300-1000g to remove the remaining rinse. This
was repeated 3-5 times. The sample was spun at 5000g and the filtrate was removed
and more sample added to the sample reservoir. This process was continued until the
desired amount was left in the sample reservoir. To remove the sample the filter unit

was inverted and spun at 1000g for 5 min.

2.6.8 CONCENTRATING PROTEIN BY FREEZE DRYING

Purified desalted protein was concentrated by freeze drying. 1 ml aliquots of the
protein sample were transferred to 1.5 ml eppendorf tubes and covered with
thermoplastic, self-sealing film (Parafilm M). Approximately a half dozen small
holes were made in the sealing film.

The samples were frozen in liquid nitrogen. The frozen samples were left overnight

in a Freeze-dryer. The samples were then stored at -20 °C.

2.6.9 RESOURCE Q COLUMN

Elution fractions from the IMAC purification (section 2.6.3) were loaded onto a 6 ml
Resource Q column from Amersham Pharmacia Biotech that had been equilibrated
with 20 mM phosphate buffer pH 7.2. The protein was eluted from the column with a
linear gradient from 0 to 0.5 M NaCl in 20mM phosphate buffer pH 7.2. The
fractions that contained SurA were dialysed in a Slide-A-Lyzer cassette against 10

mM phosphate buffer pH 7.2.
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2.6.10 SDS POLYACRYLAMIDE GEL (PAGE) ELECTROPHORESIS
UNDER DENATURING CONDITIONS

SDS-polyacrylamide gels were prepared using 10, 12.5, 15, and 17.5% (w/v)
polyacrylamide resolving gels and 5% (w/v) stacking gels, (see tables 2.6.10.1 and

2.6.10.2 for the resolving and stacking gel compositions).

SOLUTION COMPOSITION AMOUNT
A 30% Acrylamide/Bis solution 37.5:1
10% gel 3.3 ml
12.5% gel 4.2 ml
15% gel 5.0 ml
17.5% gel 5.8 ml
B Distilled Water
10% gel 4.5 ml
12.5% gel 3.7 ml
15% gel 2.8 ml
17.5% gel 2.0 ml
C 1.875M Tris, pH 8.85 2.0 ml
D 10% SDS Solution 100 pl
E TEMED 10 pl
F AMPS (10 mg/ml) 50 pl

Table 2.6.10.1 Table outlining the Resolving Gel composition.

47




Chapter 2: Materials and Methods

SOLUTION COMPOSITION AMOUNT
A 30% Acrylamide/Bis solution 37.5:1 0.88 ml
B Distilled Water 3.6 ml
1M Tris, pH 6.8 0.3 ml
D 10% SDS Solution 50 ul
E TEMED 7 ul
F AMPS (10 mg/ml) 40 pl

Table 2.6.10.2 Table showing the composition of the Stacking Gel

Protein samples were prepared by boiling for 5 min in 5x loading sample buffer (1.83
g Tris, 5g SDS, 25 ml glycerol and 12.5 ml Distilled water then 750 pl of this was
mixed with 250 pl of B-mercaptoethanol and few bromophenol blue crystals pH 6.2.
The running bufter composition was 0.05M Tris, 0.4M glycine, 0.1% (w/v) SDS at
pH 8.85. Samples were loaded on to the gel using a Hamilton syringe and were

electrophoresed in a Mini Protean II gel system from BioRad.

2.6.11 DETERMINING PROTEIN CONCENTRATION

The determination of the protein concentration was required for binding assays and
NMR analysis. A standard curve was produced using known concentrations of BSA
(1-10 mg). These were run on a 12.5% SDS-PAGE gel with three different amounts
of the unknown protein. From a comparison between the different concentrations of
the BSA and the unknown sample it was possible to make an estimation of the

concentration of the protein of interest.
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2.6.12 CHYMOTRYPSIN DIGEST

Purified SurA was incubated with chymotrypsin (30 pg/ml) for 30 min at 0 °C. The
reaction was stopped by the addition of 10mM PMSF and subsequent incubation for 5

min at 0 °C.

2.6.13 PROTEINASE K DIGEST

Purified SurA was incubated with proteinase K (3 pg/ml) for 30 min at 0 °C. The
reaction was stopped by the addition of 10mM PMSF and subsequent incubation for 5

min at 0 °C.

2.7 IMMUNOLOGICAL METHODS

2.7.1 WESTERN BLOTTING USING THE ECL DETECTION
SYSTEM

Proteins were transferred after SDS-PAGE on to Millipore polyvinyliadene (PVDF)
membranes (Millipore) via the semi-dry western blot method. SDS-PA gels were
submersed in transfer buffer (20% (v/v) methanol, 2.42 g Tris, 11.3 g glycine all made
up to 11 with distilled water). The PVDF membrane was prepared by rinsing in 100%
methanol and then left in transfer buffer until used. Six (10 x 7cm) pieces of 3 mm
Whatman paper were also soaked in transfer buffer until used. The western blot was
set up as shown in figure 2.7.1.1 and run at 15 volts for 35 min. The blot was
disassembled and the proteins were visualised on the PVDF membrane using

coomassie brilliant blue staining.
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Semi-dry

Filter Paper

Gel
Membrane

Filter Paper

Anode (+)

Arrow indicates the direction that the proteins migrate

Figure 2.7.1.1 Diagram outlining the semi-dry blotting procedure for the PVDF membrane.

2.7.2 COOMASSIE BLUE STAINING OF PVDF MEMBRANES AND
SDS-POLYACRYLAMIDE GELS

Coomassie stain was made using 40% v/v methanol, 10% v/v acetic acid and 50%
distilled water with the coomassie brilliant blue crystals dissolved in the solution. The
stain was then filtered through Whatman No.1 filter paper.

The PVDF membrane was submersed in the coomassie stain for 1-2 min. The
coomassie stain was removed and the membrane was washed in destain (40% v/v
methanol, 10% v/v acetic acid and 50% distilled water) for 5 min.

For the SDS-PA gels the coomassie stain was left on the gel for 30 min after which

the gel was destained on a rotating platform for 1 hour.

2.7.3 IMMUNODECORATION OF PVDF MEMBRANE

The PVDF membrane was photocopied so that comparisons could be made with the

ECL film and the original band pattern. The PVDF membrane was washed with
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100% methanol until no bands were visible and rinsed with distilled water. The
membrane was placed into a sterile 50 ml polypropylene test tube with the protein
side facing the lumen of the tube. 20 ml of fat-free milk (~10 ml ‘Marvel’ milk
powder dissolved in 50 ml of distilled water) was added to the tube and incubated at
room temperature on a roller for 1 hour. The milk was then discarded and replaced
with primary antibody in milk, and incubated on the roller at room temperature of 1
hour. The PVDF membrane was washed with 20 ml TBS (18.5 mM Tris and 0.14 M
NaCl at pH 7.6) for 5 min on the roller and then with water for 5 min, this was then
repeated. The secondary antibody was then added to the tube and incubated on the

roller at room temperature for 1 h. The PVDF membrane was washed as before.

2.7.4 ECL DETECTION OF ANTIBODIES

The ECL western blotting detection agents were purchased from Amersham

pharmacia biotech and used according to the manufacturer’s instructions.

2.7.5 ANTIBODY PRODUCTION

The primary antibodies against SurA and PpiD were produced at the University of
Kent. Full length SurA and PpiD proteins were purified by FPLC. Residual
imidazole was removed by dialysis against phosphate buffer. For full length SurA,
100 pg of protein was emulsified with Freund’s complete adjuvant and injected into a
rabbit into the subcutaneous layer on four areas of the rabbit. This was followed with
a booster of Freund’s incomplete adjuvant which contained 100 pg of protein. The
first test bleed showed high levels of antibody, terminal bleed was performed 1 week
later. For the PpiD antibodies 100 pg of protein was introduced to the rabbit with
Titermax, the usual 5 boosters followed and the terminal bleed one week after the
final booster.

Secondary antibodies were obtained from DAKO (Denmark). These were polyclonal
swine anti-rabbit immunoglobulins, which had been peroxidase-conjugated. The

antibodies were used as a 1:1000 dilution in 10% (v/v) milk solution.
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2.8 PEPTIDE STUDIES

2.8.1 RADIOACTIVITY STORAGE

For radioactive labelling of peptides '*’I Bolton and Hunter reagent (N-succinimidyl
3-(4-hydroxy,5-['*I] iodophenyl) propionate) was used (Amersham Pharmacia
Biotech). The radioactivity was supplied in dry benzene containing 0.2% dimethyl
formamide. Aliquots were transferred into microcentrifuge tubes and sealed with

parafilm and stored at 4 °C in lead lined containers.

2.8.2 PEPTIDE SYNTHESIS

All peptides were synthesised at the University of Kent. Peptides were received as
freeze dried powder and were stored at -20 °C.

The peptides used in this study were made up in PBS solution. The pH was adjusted
by the addition of 2 M NaOH, a small sample was dripped on to pH paper to check
that the pH was roughly between pH 7 and 8. The peptides in solution were stored at
-20 °C.

2.8.3 MEASURING PEPTIDE CONCENTRATION

The peptide concentration was measured at Ajs. 1 pl of the peptide solution
described in 2.8.2 was added to 100 pl of distilled water in an appropriately sized
curvette. Using the extinction coefficients of the aromatic residues the concentrations

were calculated.

2.8.4 RADIOLABELLING OF PEPTIDES

Solvent from an aliquot of '°I Bolton and Hunter reagent was removed by passing

compressed air through a pasture pipette over the top of the microcentrifuge tube. To
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the dry tube, 3 pl of 1X PBS and 4 pl of high concentration peptide was added.
Incubation was carried out on ice for at least 90 min. 13 pl PBS and 15 pl 50% TCA
(w/v) was added and the sample was incubated on ice for 1 hour. The samples were
then spun at 13000 rpm for 30 min at 4 °C. The supernatant was removed and the
pellet resuspended in 75 pl of ice cold acetone. This was then immediately
centrifuged at 13000 rpm for 20 min at 4 °C. The supernatant was removed and the
pellet was left to air dry for 5 min. The pellet was resuspended in 95 pl of PBS and 5
ul of DMSO (dimethyl sulfoxide). The radiolabelled sample was stored at 4 °C in a

lead line container until use.

2.8.5 CROSS-LINKING ASSAY

Cross-linking was performed using the homobifunctional cross-linking reagent DSG
(discuccinimidyl glutarate). The samples were incubated with one-fifth volume of
cross-linking solution (30 mg/ml in DMSO) at 0°C for 60 min and the reaction was

stopped by the addition of SDS-polyacryamide gel electrophoresis loading buffer.

2.8.6 COMPETITION ASSAY

The peptide A-somatostatin has been shown to have a high affinity to SurA and PpiD,
and was used as the reporter peptide in the competition assay. In each competition
assay, the final concentration of the competing peptide used was 0.5 mM. Pure SurA
was used as well as cell lysate containing the expressed protein. 1 pl SurA was mixed
with the appropriate amount of peptide made up to 5 pl with 1x PBS and 3 pl of
radiolabelled A-somatostatin, this was left on ice for 10 min. Then 2 pl of DSG mix
(2 pl of DSG 30 mg/ml in 40ul 1X PBS) was added and left for 1 hr on ice. The
samples were run on an SDS-PA gel and subsequently electrotransferred onto PVDF
membrane. The blot was covered with a layer of cling film and placed in a cassette

with MP film; this was stored at -70°C.
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2.8.7 BINDING ASSAY

The reporter peptide was radiolabelled as described in 2.8.2. 2 pl of protein was
mixed with 3 pl of radiolabelled peptide and 2 pl of 1X PBS and left for 10 min on
ice. Then 2 pl of DSG mix was added and the sample was incubated on ice for 1
hour. The sample was run on an SDS-PA gel, western blotted onto a PVDF

membrane and exposed to MP film as described before.

2.8.8 scRNAse

Freeze dried scRNase as described by Hawkins and Freedmann (Klappa et al., 1997),
was dissolved in 50 pl of 1X PBS giving a final concentration of 5 mg/ml. In each
binding assay 1.5 pl of scRNase and 3 pl of protein were cross linked using 2 pl of
DSG (made up as before). Samples without crosslinker or scRNAse served as
controls. Samples were incubated on ice for 1 hour. They were then run on SDS-
PAGE gels and blotted onto PVDF membranes and immunodecorated with the

appropriate antibodies.

2.8.9 TRITON-X-100

Protein samples were incubated for 10 min with 0.1% solution of Triton X-100 and
radiolabelled A-somatostatin with subsequent cross-linking for 1 hour on ice. The
samples were analysed on 10% polyacrylamide gels, Western blotted and exposed to

MP film to detect the radioactivity.

2.8.10 HEAT INACTIVATION

Radiolabelled A-somatostatin was incubated with proteins that were either untreated

or treated with heat inactivation for 5 min at 95°C prior to cross-linking. After cross-
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linking the samples were analysed on 10% polyacrylamide gels, Western blotted and

exposed to MP film to detect the radioactivity.

2.9 MUTAGENSIS

2.9.1 DESIGNING PRIMERS FOR MUTAGENESIS

Primers were designed following the instructions from QuikChange™ Site-Directed
Mutagenesis Kit by Stratagene. Both mutagenic primers contained the desired
mutation and anneal to the same sequence on opposite sides of the plasmid. In all
cases the primer length was between 25 and 45 bases and the Ty, was greater than
78°C. The mutations had at least 10-15 bases of correct sequence each side of the

mutation, each terminated with one or more GC and had roughly a 40% GC content.

A64VF
_GCA AGG CAG CAA CTT CCG GAT GAC GTG ACG CTG CGC CAC CAA
ATC

A64VR
7.GAT TTG GTG GCG CAG CGT CAC GTC ATC CGG AAG TTG CTG CCT

TG

R73DF
S_CTG CGC CAC CAA ATC ATG GAA GAT TTG ATC ATG GAT CAA ATC->

R73DR
7.GAT TTG ATC CAT GAT CAA ATC TTC CAT GAT TTG GTG GCG CAG->
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2.9.2 MUTAGENESIS

A typical mutagenesis reaction contained the following components:

37 pl ddH,0O

1 ul ANTP’s

5 ul 10X Reaction buffer

2 ul of dsDNA template (5-50 ng)
2 ul Forward Primer (125 ng)

2 ul Reverse Primer (125 ng)

1ul of PFU polymerase turbo (2.5 U/ul) was added to the above components. The

cycles and temperatures are described below in figure 2.9.3.1.

PROGRAMME | TEMPERATURE | DURATION | NUMBER LINK
OF CYCLES | TO...

1 94 °C 3 min 1 2
2 94 °C 30 seconds
55°C 1 min 1, 12-18° 3
68 °C 8 min J
3 68 °C 7 min 1 4
4 4°C o 1 End

Table 2.9.3.1 Cycles of a general mutagenesis reaction. = 12-18 cycles depending on the type of
mutation required, where 12 is for a point mutation, 16 for single amino acid changes and 18 for
multiple amino acid deletions or insertions.

The products were run on 1% agarose gel with standard gel loading buffer to confirm

the presence of products.

The restriction enzyme Dpnl was used to digest the parental DNA. 1 ul (10 U/ul) was

added directly to the amplification. The reactions were incubated at 37 °C for 1 hour.
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The circular, nicked dsDNA is then transformed into super competent XL 1-Blue cells.
100 pl of super competent cells were mixed with varying concentrations of reaction
that had been digested with Dpn/ (1 pl-10 pl). The transformations were carried out

as described as above.

Individual colonies were then picked and incubated in LB media with the appropriate
antibiotics overnight. The DNA was mini-preped and then sent off for sequencing to

confirm the presence of the mutation.

2.10 NMR

2.10.1 PREPARATION OF NMR SAMPLES

The protein samples used in NMR had to be at a minimum concentration of 3 mM.

The proteins were produced as in section 2.6.2 and purified as in section 2.6.3.

2.10.2 NMR SAMPLE

The microtubes used in the NMR were made by Shigemi. These were cleaned with
concentrated Nitric acid (65%). The nitric acid was left inside the Shigemi tube for
more than an hour to remove all traces of protein. The tubes were then thoroughly
rinsed with Milli-Q water and dried with compressed air.

The samples were added to the Shigemi tube using either a 22 gauge needle or a NMR
pipette.

Standard NMR tubes had a total volume of 330 pl, 300 pl of protein at 3 mM and
10% D,0. Samples were prepared in an eppendorf tube and spun at 13000 rpm for 1
min before being carefully pipetted into the Shigemi tube.

Saturation Transfer Difference (STD) NMR samples were also analysed in the
Shigemi tubes and had 330 pl final volume, 80 uM protein, 2 mM peptide and 10%
D,0.
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Analysis of the 2 mM peptide had a total volume of 660 pl including 10% D-O.

2.10.3 SATURATION TRANSFER DIFFERENCE NMR

The STD-NMR experiment was composed of two stages and a number of analytical
steps.

The first stage involves a sample containing both the protein and peptide. The final
peptide concentration was 2 mM and the final concentration of the protein was 80
uM. The sample was in a total volume of 300 ul in PBS, to this 10% D,O was added.
The sample was then spun at 13000 rpm for 1 min to remove any insoluble matter.
The supernatant was pipetted into a Shigemi tube.

The second sample contained only peptide. The final concentration of the peptide
was 2 mM 1n a total volume of 600 pl with 10% of D,O added. Again the sample was
spun at 13000 rpm of 1 min and the sample was pipetted into an NMR tube.

All NMR experiments were recorded using a Varian UnityINOVA 600 MHz NMR
spectrometer at 25°C using samples dissolved and/or suspended in 600 pl PBS (25
mM phosphate, 100mM NaCl, pH 6.5) in standard Norell 509 or Wilmad 535-PP7
NMR tubes. Saturation transfer difference NMR (STD NMR) experiments were
recorded using a modified version of the basic sequence (Mayer and Meyer, 2001)
using a comb of Gaussian shaped pulses applied for 2.0 s with each pulse having 100
Hz bandwidth. Saturation transfer difference was measured by addition and
subtraction of data on the spectrometer with the on-resonance excitation at —3.0 ppm
and off-resonance excitation at —80.0 ppm. Suppression of saturation signals from the
target was achieved using a T jp-filter of Hahn Echo pulses set for 30 ms duration
with a y-B; of 9,500 Hz. STD NMR difference experiments were run with 16,384
transients (8,192 additions and subtractions) with a run time of 15 hrs and STD NMR
control experiments were run with 32 transients with a run time of 2 min.

All STD-NMR experiments were executed with the kind help of Dr Mark Howard at
the University of Kent at Canterbury.
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2.11 MOLECULAR MODELLING

Molecular dynamic simulation of mutants was an alternative way of visualising the
changes to a protein with altered/changed residues. This is only possible with
proteins that have been assigned structures by X-ray crystallography, or NMR e.t.c.
In the case of SurA the X-ray crystallography structure has already been published.

2.11.1 OUTLINE OF THE SYSTEM

In silico molecular modelling and simulated annealing of mutants of SurA were
carried out using Crystallography and NMR system (CNS) [Brunger et al, 1998]
running on Silicon Graphics O2+ and Octane2 workstations. The process of
simulated annealing requires that hydrogen atoms be added to the X-ray structure so

that all force fields are quantitative for energy minimisation.

2.11.2 CHOOSING THE RESIDUES

The residues were chosen because of their location in the full length SurA molecule.
The binding site of SurA was shown to be within the first 110 amino acids, so the

changes were made to only this region of the protein.

2.11.3 THE BASIC PROCESS

The residue to be mutated was changed in MolMol. The hydrogen atoms were also
added in MolMol. The PDB was then edited for the HIS+, LYS+ and ARG+ and
these were replaced with HIS, LYS and ARG.

The CNS standard simulated annealing (SA): model-anneal.inp. This involved using
Cartesian molecular dynamics that includes simulated annealing for 0.5 ps (1000 steps
of 0.0005 ps) at a constant temperature of 298 K in accordance with the standard SA

protocol.
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The rmsd was found to be 1.1A for C* between the X-ray and SA wild-type
structures. This validated the SA method and proved that SA did not adversely

perturb the structural model.

2.12 BIOINFORMATICS

Structure of SurA and other PPIases were taken from the Protein Data Bank:
http://www.rcsb.org/pdb/

H.M. Berman, J. Westbrook, Z. Feng, G. Gilliland, T.N. Bhat, H. Weissig, I.N.
Shindyalov, P.E. Bourne: The Protein Data Bank. Nucleic Acids Research, 28 pp.
235-242 (2000)

MolMol, Molecule analysis and Molecule display:
http://hugin.ethz.ch/wuthrich/software/molmol/
Koradi, R., Billeter, M., and Wiithrich, K. (1996) J Mol Graphics 14, 51-55.

MOLMOL: a program for display and analysis of macromolecular structures.

AGADIR:
http://www.embl-heidelberg.de/Services/serrano/agadir/agadir-start.html

Muiioz, V. & Serrano, L. (1994).

Elucidating the folding problem of a-helical peptides using empirical parameters, II.
Helix macrodipole effects and rational modification of the helical content of natural
peptides. J. Mol. Biol 245, 275-296.

Muioz, V. & Serrano, L. (1994).

Elucidating the folding problem of a -helical peptides using empirical parameters III:
Temperature and pH dependence J. Mol. Biol 245, 297-308.

Muifioz, V. & Serrano, L. (1997).

Development of the Multiple Sequence Approximation within the Agadir Model of a
-Helix Formation. Comparison with Zimm-Bragg and Lifson-Roig Formalisms.
Biopolymers 41, 495-509.

Lacroix, E., Viguera AR & Serrano, L. (1998).
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Elucidating the folding problem of a -helices: Local motifs, long-range electrostatics,
ionic strength dependence and prediction of NMR parameters. J. Mol. Biol. 284, 173-
191

Sequence alignments used BCM:

http://www.hgsc.bem.tmc.edu/

(Clustalw does multiple alignments of nucleic acid and amino acid sequences).

Protein searches used Swiss Prot:
http://www.expasy.org/
Gasteiger E., Gattiker A., Hoogland C., Ivanyi I, Appel R.D., Bairoch A.

ExPASy: the proteomics server for in-depth protein knowledge and analysis
Nucleic Acids Res. 31:3784-3788(2003).

Digest of DNA used NEBcutter:
http://tools.neb.com/NEBcutter2/index.php

Vincze, T., Posfai, J. and Roberts, R.J. NEBcutter: a program to cleave DNA with
restriction enzymes. Nucleic Acids Res. 31: 3688-3691 (2003).

Accelrys Discovery Studio Visualiser Version 1.6:
www.accelrys.com
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Chapter 3: N-Terminal Fragment of SurA

3.1 INTRODUCTION

surA was originally identified during a search for Escherichia coli genes that were
essential for stationary phase survival, hence the name SurA. An insertion of a mini-
Tnl0 element located near 1 minute on the £.coli chromosome lead to marked loss of
cell viability in stationary phase (Tormo et al., 1990).

surA encodes a protein of 428 amino acids, 47284 Da unprocessed. The first 20
amino acids at the N-terminus belong to the signal sequence (Yura et al., 1992), which
is followed by the cleavage sequence Ala — Pro — Glu — Val — Val (Rouviére and
Gross, 1996). The presence of a signal sequence indicates that the protein would be
likely to be found in the periplasmic space. This has been shown by purifications of
C-terminally tagged proteins and native proteins being purified from the periplasm of
E.coli cells (Lazar and Kolter, 1996; Rouviere and Gross, 1996). The first 150 amino
acids at the N-terminal end have been shown to contain the region essential for
binding to peptides (Webb et al., 2001). The two parvulin domains are positioned
from 150-252 and 265-364. Sequence alignments of the two domains show that
domain 1 (150-252 of mature SurA) shows 36% identity and 55% similarity to
parvulin and domain 2 (265-364 of mature SurA) shows 36% identity and 51%
similarity to parvulin. The PPlase activity of SurA has been deduced from the
similarity of the two domains to parvulin (Lazar et al., 1996; Missiakas et al., 1996;
Scholz et al., 1997) and the activity of SurA has been assigned to these two parvulin
like domains. Further investigation showed that the PPIlase activity was only found in
the second domain and exhibited the same activity as the intact protein (Missiakas et
al., 1996; Rouviére and Gross, 1996).

The importance of SurA was shown by subjecting null mutants to the osmotic stresses
of a stationary phase environment, during which cells lost viability after 3 — 5 days
(Lazar et al., 1998). Further investigation showed that the outer membrane integrity
was reduced in the absence of SurA, indicating that SurA was probably binding to
peptidoglycans (Lazar et al., 1996; Lazar et al., 1998). It was also shown that null
mutants, or mutants with decreased levels of SurA, resulted in a decrease in the

maltose-inducible porin LamB (Lazar et al., 1998). This leant towards the reasoning
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that SurA was not only important for maintaining the outer cell wall but was also
binding to outer membrane proteins (Missiakas et al., 1996).

A clone of the full length SurA, without the signal sequence was generated by Webb
et al, as well as the N-terminal region (first 150 amino acids without the signal
sequence) and the C-terminal region with the two parvulin domains but without the N-
terminal region. These clones were used to demonstrate that the binding domain was

in the first 150 amino acids.

N- domain Parvulin 1 Parvulin 2 C-domain
Cc (A
21 168 280 389 428
N- domain Parvulin 1 Parvulin 2 C-domain
c (B
21 168 280 389 428
Parvulin 1 Parvulin 2 C-domain
c (©
168 280 389 428
N- domain
N T ®
21 168

Figure 3.1.1 Diagram showing the different fragments of SurA cloned. The blue region represents
the binding domain, the green and yellow indicate the parvulin domains 1 and 2 respectively and the
red indicates the C-terminal region. A is the full length SurA, B with the signal sequence removed, C
with the binding domain removed and D is just the N-terminal region without the parvulin domains.

This chapter describes the series of experiments that were used to produce purified
full length SurA and the N-terminal fragment of SurA. This was important as the
concentrated and purified proteins would be later used in the binding assays and NMR

analysis.

3.2 INITIAL EXPERIMENTS CONFIRMED PRESENCE OF
EXPRESSION CLONES

Clones that had been previously made (Webb et al., 2001) were used to confirm that

the protein was in the soluble fraction, which is essential if it is to be purified and
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used in further experiments. Secondly they were used to confirm that the protein was
being expressed at reasonably high levels and it had the appropriate tag to be purified

by metal affinity chromatography using a nickel-nitrilotriacetic acid column.

— 200
116 and 97

66

45

31

21

\ 14

Lane Number

Figure 3.2.1 12.5 % SDS-PAGE showing the differences in the expression levels of the different
fragments of SurA. Lanes 1-2 are the N-terminal fragment, 3-4 are the parvulin domains only, 5-6 are
the full length SurA without the signal sequence. The even numbers are the samples that were induced
to express the various proteins. Lane 7 is the SDS-PAGE molecular weight standards, broad range
marker.

Figure 3.2.1 indicates that expression of all the fragments can be detected. Protein
expression was induced by adding [PTG. The expression was confirmed by the
positions of the bands indicated by arrows at the expected molecular weight levels on
the 12.5 % SDS — polyacrylamide gel. The N-terminal fragment is between markers 8
and 9 (14400 — 6500 daltons), the parvulin domains is near marker 6 (31000 daltons)
and the full length SurA is near the 5™ marker (45000 daltons). For the N-terminal
fragment and the parvulin domains there is a slightly raised level of expressed protein.
For the full length SurA the increased expression is clearly visible in lane 6 in figure

el
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Samples of lysates from the expressed N-terminal fragment, full length SurA and
parvulin domains of SurA were subjected to electrophoresis in 12.5 % SDS -
polyacrylamide gels. Samples for the previously mentioned proteins were from un-
centrifuged culture, the pellet and supernatant from a centrifuged culture. This was to

show that the protein was present in the soluble fraction, see figure 3.2.2.

Lane Number

Figure 3.2.2 12.5 % SDS-PAGE showing that the SurA proteins are soluble. Lane 1 is the SDS-
PAGE molecular weight standard, broad range marker. Lanes 2-4 are the N-terminal fragment, lane 2
is the uncentrifuged culture, lane 3 is supernatant and lane 4 is the pellet. Lanes 5-7 show the parvulin
domains of SurA, lane 5 is the uncentrifuged culture, lane 6 is supernatant and lane 7 is the pellet.
Lanes 8-10 show full length SurA, lane 8 is the uncentrifuged culture, lane 9 is supernatant and lane 10
is the pellet. Arrows indicate respective proteins.

A hexa-histidine tag was engineered onto the N-terminus of the mature full length
protein and fragments, respectively, to facilitate rapid purification. To verify the
presence of the hexa-histidine tag proteins from SDS-PAGE gels were transferred to
PVDF membranes and subsequently decorated with hexa-histidine tag antibodies, see

figure 3.2.3.
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==

1 2 3 4 5 6 7 8 910

Lane Number

Figure 3.2.3 Hex-His Antibody decoration of SurA and fragments of SurA. Protein samples were
separated on 12.5 % SDS-PAGE gels, the proteins were transferred to PVDF membrane and decorated
with primary antibodies to detect the His-tag. Lanes 1-2 show PpiD, indicated by the arrow labelled
(a). Lanes 3-4 are protein without the His-tag. Lanes 5-6 are the full length SurA, indicated by the
arrow labelled (b). Lanes 7-8 are the SurA fragment of just the parvulin domains, indicated by the
arrow labelled (c). Lanes 9-10 are the N-terminal fragment of SurA, indicated by the arrow labelled
(d). Bands that are labelled by the arrows are the induced proteins.

3.3 PRIMARY ANTIBODIES BIND TO FULL LENGTH SURA
AND FRAGMENTS

Polyclonal antibodies were produced using Freunds Complete Adjuvant with SurA.
PVDF membranes that had the appropriate protein transferred by western blot were
probed with the primary antibody and visualised by using secondary antibodies

conjugated with horse radish peroxidase.
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Lane Number

Figure 3.3.1 Immunodecorated Western blot of SurA and SurA fragments from cell lysates
indicating that the SurA antibodies bind to the N-terminal fragment of SurA. Lane 1 shows the
N-terminal fragment of SurA, lane 2 shows the fragment of SurA with the parvulin domains, lane 3
shows the full length SurA. The specific protein bands are indicated by arrows and numbers that relate
to the lane number.

The SurA antibody was able to discriminate between the different cellular proteins
and SurA in an untreated E.coli culture. The antibody was also suitable to use with
the fragments of SurA and the point mutations produced. The specificity is shown in
figure 3.3.1. The bands that are smaller than those indicated by the arrows are
believed to be degraded protein in the cell sample. Endogenous full-length SurA is

visible in lanes 1, 2 and 4, respectively.

3.4 EXPRESSION AND PURIFICATION

As it has been shown that only the N-terminal fragment of SurA is necessary and
sufficient for binding, the SurA fragment containing the parvulin domains only was

not further studied and purified. Figure 3.4.1 is an outline of the basic process.
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H,O0 =) Nickel mmmm)> H,O mmmmd> Phosphate Buffer

Step 1 Step 2 Step 3 Step 4

!

Column Wash <@mmm Protein Sample
Step 6 Step 5

Remove Weakly Bound @) Elution
Protein Step 8
Step 7

Figure 3.4.1 Flow diagram outlining simplified protein purification steps. The purification process
is discussed in detail in the materials and methods section 2.6.3. Both SurA and the N-terminal
fragment of SurA were purified using the HPLC method with the steps outlined above.

3.4.1 EXPRESSION AND PURIFICATION OF FULL LENGTH
SURA

A large 2L batch culture was inoculated with cells that were grown in an overnight
culture. Induction of the protein expression was achieved by the addition of IPTG
when the culture reached the appropriate ODgo and then left for 3 hours. The culture
was then centrifuged. The pellet was re-suspended in buffer and DNAse and freeze-
thawed twice. The lysed cells were centrifuged at 8000 rpm to remove the cell debris
and filtered through a 0.2 pum filter before being passed down a nickel-nitrilotriacetric
column. At each step of the purification process samples were collected, see figures
3.4.1.1 and 3.4.1.2.

The column was stored and run at ambient temperature. All buffers that were pumped
through the column were filtered and de-gassed before use. The process was
monitored using an AKTA system connected to the programme Unicorn.

Water was pumped down the column at a flow rate of 4 ml/min for 10 min and then 6
ml/min for another 10 min to remove the 20 % ethanol storage buffer. The 50 ml of
100 mM nickel sulphate solution was pumped onto the column at a flow rate of 2
ml/min. The column then was washed with water for 4 ml/min for 10 min and then 6

ml/min for 5 min. The column was equilibrated using phosphate buffer which was
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pumped over the column at 6ml/min until the conductivity increased by 3. The lysed
cell sample was pumped on to the equilibrated column at 2 ml/min. The column was
washed at a flow rate of 4 ml/min using phosphate buffer to remove the unbound
protein. The weakly bound proteins were washed from the column with phosphate
buffer containing 50 mM imidazole and 0.5 M sodium chloride pH 7.2 until the
UVagonm Was a steady flat line. The column was then rinsed with phosphate buffer
until the conductivity was a steady flat line for 10 min.

Two elution buffers were used in this study, the first was phosphate buffer containing
10 mM EDTA, pH 7.2, which removed all bound protein from the column as well as
the nickel, the second was phosphate buffer with 500 mM imidazole, which removed
all the protein but not the nickel. In both situations the elution buffer was pumped
down the column at a flow rate of 4 ml/min until there was a UVagonm flat line. When
the imidazole was used as the elution buffer the phosphate buffer with 10 mM EDTA
was used to clean the column after the elution.

Samples were only collected after the protein sample was loaded onto the column.
The protein sample was loaded on the column at step 5 and the first fraction was
collected when the OD reading began to rise, indicating the presence of molecules
other than the buffer. Following the addition of the protein sample to the column
there was a wash step using just buffer to remove any unbound protein, this is shown
in figure 3.4.1.1, lanes 3-5. This wash step was monitored by the change in the UV
reading, and was stopped when it remained constant. Step 7 is shown in lanes 6-7,
wash buffer containing imidazole was used to remove the loosely bound proteins.
Step 7, shown in figure 3.4.1.2 in lanes 2-3 is a further wash with phosphate buffer.
The protein was eluted from the column during step 8 with elution buffer containing
EDTA, this is shown in lanes 4-7 (figure 3.4.1.2), the full length SurA protein is
clearly visible and is indicated by the arrows. Although using the EDTA elution
buffer to remove the bound protein from the column was effective, the concentration
of EDTA in the final sample was too high for any detailed protein analysis. This is
because high levels of EDTA in NMR analysis interfere with the signal. The EDTA
also ‘strips’ the column, which results in nickel in high concentration in the eluted
protein, however these samples were usable in binding assays. An alternative method
used to elute the full length SurA from the purification column was using a higher

concentration of imidazole.
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Figure 3.4.1.1 Purification of SurA. Each of the fractions collected from the protein purification
were run on a 12.5 % SDS-PAGE gel. Lanes 1-2 indicate fractions taken when the protein sample was
loaded on to the column. Lanes 3-5 indicate where the column was washed after the loading of the
protein sample to the column using phosphate buffer. Lanes 6-7 is where the weakly bound protein is
eluted from the column. Lane 8 is the molecular weight standard.

1 2 3 + 5 6 7 8

Lane Number

Figure 3.4.1.2 Purification of SurA continued. Each of the fractions collected from the protein
purification were run on a 12.5 % SDS-PAGE gel. Lane 1-3 is where the weakly bound protein is
eluted from the column. Lanes 4-7 shows the purified sample that was eluted using EDTA. Lane 8 is
the molecular weight standard. The arrows indicate the fractions containing the purified full length
SurA.
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Different concentrations of imidazole were tried, 150 mM, 200 mM, 300 mM, 400
mM and 500 mM. The protein was eluted at 400 mM, therefore 400 mM was used to

remove the protein from the column.

3.4.2 EXPRESSION AND PURIFICATION OF THE N-TERMINAL
FRAGMENT OF SURA

A large 2L batch culture was inoculated with cells that were grown in an overnight
culture. Induction of the protein expression was achieved by the addition of IPTG
when the culture reached the appropriate ODgoonm, the culture was left for 4 hours.
The culture was then centrifuged. The pellet was re-suspended in buffer containing
DNAse and was subsequently freeze-thawed to lyse the cells. The lysed cells were
centrifuged to remove the cell debris and filtered before being passed over a nickel-
nitrilotriacetric column. At each step of the purification process samples were
collected, see figures 3.4.2.1 and 3.4.2.2. The protein was initially eluted from the
column using 100 mM EDTA elution buffer as with the full length SurA. Due to the
reasons mentioned for the full length SurA an alternative method to the EDTA elution
was preferred, using a higher concentration of imidazole. For the N-terminal
fragment different concentrations of imidazole were used to elute the protein, unlike
the full length SurA, which was eluted at 400 mM imidazole, the N-terminal fragment
was eluted at 500 mM imidazole. Figures 3.4.2.1 and 3.4.2.2 show the two 12.5 %
SDS-PAGE gels showing the different fractions taken from the protein purification.
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Figure 3.4.2.1 Purification of the N-terminal fragment of SurA. Lane I is the molecular weight
standard. Lanes 2-3 show the protein content in the pellet. Lane 4 shows the expressed N-terminal
fragment of SurA. Lane 5 is the sample that was loaded on to the column. Lane 6 is the fraction taken
when the protein sample was loaded on to the column. Lanes 7-9 indicate where the column was
washed after the loading of the protein sample to the column using phosphate buffer. Lane 10 and 11
are the last two wash steps prior to the elution, see figure 3.4.2.2.

G g R SRR

Lane Number

Figure 3.4.2.2 Purification of the N-terminal fragment of SurA continued. Lane 1 is the molecular
weight standard, lane 2 sample that was loaded on to the column and lanes 3-10 are the subsequent
elution steps.

73




Chapter 3: Full Length SurA and the N-Terminal Fragment of SurA

The N-terminal fragment expression levels were found to be much lower than the full
length SurA. Although this did not cause a problem with the purification procedure it
meant that the cell lysate could not be easily used in binding assays and purified
protein could not be used in any NMR studies. To be able to use the protein
effectively in later binding assays and NMR the concentration of the protein needed to
be much higher. The NMR experiments need the final concentration of the protein to
be at least 3 mM. The concentration of the protein from the column was at only 0.5

mg/ml (37 uM).

For the N-terminal fragment to be used it needed to be concentrated and purified, as
simply concentrating the sample would concentrate the salts and any other chemicals

within the sample.

3.5 CONCENTRATING FULL LENGTH SURA AND THE N-
TERMINAL FRAGMENT OF SURA

For the proteins to be used in NMR experiments, the protein needed to be in buffers
with minimal salt and as few impurities as possible, this meant removing all EDTA,

nickel, and reducing the levels of imidazole and salt.

3.5.1 RESOURCE Q CONCENTRATION

The fractions from the nickel-nitrilotriacetric column containing full length SurA
were loaded on to a Resource Q column. The main bulk of the protein eluted
immediately after loading. There were some subsequent small peaks but these
contained very little of the desired protein. The largest peaks were seen in the post
load fractions, followed by further peaks in fractions 12, 14, 20 and 24. Samples were
loaded onto a 12.5 % SDS gel, figure 3.5.1.1. The protein concentration in the
samples after the load was low. This indicates that the full length SurA did not bind
to the column. Subsequently the Resource Q was not used for the purification and

concentration of the N-terminal fragment.
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Lane Number

Figure 3.5.1.1 Resource Q Fractions for full length SurA. Fractions that had peaks were analysed
on 12.5 % SDS-PAGE gels. Lane 1 shows the molecular weight marker standard, lane 2 the pre-loaded
sample. Lanes 3 and 4 are the flow through from the loaded sample and lanes 5-8 are the eluted
fractions.

3.5.2 CENTRICON CONCENTRATION OF FULL LENGTH SURA

The full length SurA was concentrated using a Centricon 30. Samples were spun at
the maximum speed for 15 min. At 15 min intervals the filtrate was poured off and
more samples were added. The final volume of retentate collected was 11 ml with 30
ml of filtrate. The retentate was then washed with three times the retentates volume
with phosphate buffer to remove some of the EDTA. The final concentration of the
full length SurA sample was measured at ODjgp,m and the final concentration was

calculated at 6.7 mg/ml (150 uM).

3.5.3 FREEZE DRYING DOES NOT AFFECT SURA ACTIVITY

The least labour intensive method of concentrating the protein was to freeze dry the

eluted protein. Protein was desalted by using NAP™-10 Column (Pharmacia
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Biotech), however although there was less than 3% salt contamination to the eluted
sample, this would still be concentrated when the sample was freeze dried unless the
sample was resuspended in the original volume. The N-terminal fragment and the full

length SurA retained their binding ability even after they had been freeze dried.

3.54 CONCETRATING N-TERMINAL FRAGMENT OF SURA
WITH CENTRICON

Concentrating was achieved by filtering the sample through an anisotropic membrane.
Centrifugal force drives solvents and low molecular weight solutes through the
membrane into the filtrate vial. The Centricon was pre-rinsed using distilled water or
buffer. This pre-rinsing removes the glycerol that contaminates the samples and can
interfere with NMR scans. The centricon concentrated the full length SurA, however
it was time consuming and only a small volume was concentrated. For the N-terminal
fragment there was a loss in the protein concentration. The retentate and the filtrate
both had less protein than the initial protein sample. Therefore it was assumed that
the N-terminal fragment was becoming immobilised on the membrane. It was also
noted that although the centricon had be pre-rinsed, there were still levels of glycerol

in the retentate.

3.5.5 CONCETRATING N-TERMINAL FRAGMENT OF SURA
WITH THE ULTRAFREE®-4 CENTRIFUGAL FILTER UNIT

The filter unit was pre-rinsed using 10mM phosphate buffer to remove trace amounts
of glycerol, 12ml of buffer was then washed though the unit at 1500rpm. Each 4ml
wash took approximately 10 min to pass through the unit. The flow rate was affected
by several parameters, including the MW, solute concentration, viscosity, centrifugal
force and temperature. The protein samples were spun at 4°C, the same temperature
as for the pre-rinsing. The full length SurA and the N-terminal fragment were spun in
different filter units at the same time. The solution started decreasing in volume at the

same rate after the first 4ml had passed through the filters. The filtrate passing
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through the filter containing the N-terminal fragment began to slow down. As with
the Centricon the N-terminal fragment was believed to be immobilised on the

membrane.

3.5.6 BUFFER EXCHANGE WITH THE ULTRAFREE®-4
CENTRIFUGAL UNIT

The full length SurA was concentrated from 4 ml down to 0.5 ml and the filtrate was
discarded. The concentrate was reconstituted back to 4ml with buffer; the sample was
concentrated and again made up to 4 ml. This was also tried with the N-terminal

fragment of SurA but again the filter unit became blocked.

3.5.7 PROTEIN DIALYSIS OF THE N-TERMINAL FRAGMENT OF
SURA

Two methods were employed to dialyse the protein: dialysis tubing with a pore size of
12-14000 Da and Slide-A-Lyzer® with a capacity of 0.5 — 3 ml and MW of 10,000.
Both methods were equally effective for changing the buffer conditions of the
proteins. Initially the N-terminal fragment was dialysed for 2 hours, the buffer was
changed and the protein was dialysed again for 2 hours, again the buffer was changed
and the protein left at 4 °C overnight.

Typically 25 mM phosphate buffer, 100 mM sodium chloride pH 6.5 was used as
these are the conditions that are used in the NMR.

Dialysis was effective for full length SurA and the protein could be dialysed against a
buffer containing no salt. The protein remained stable and lost no activity. The N-
terminal fragment was stable with the imidazole removed from the buffer, but when
there was no sodium chloride present the protein precipitated quickly. Sequential
reduction of the sodium chloride revealed that the protein precipitated at salt

concentrations below 150 mM.
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3.6 CONCLUSIONS

The full length SurA was purified using a nickel-nitrilotriacetric column. Although
the full length protein did not bind to the Resource Q column, the other methods
employed were successful. The fractions containing the desired full length SurA were
subsequently concentrated and washed of EDTA impurities using a Centricon 30 filter
unit. The final concentration of the protein was 6.7 mg/ml. The results suggest that
the protein is soluble and therefore usable in further experiments related to this study.

The N-terminal fragment of SurA was not as stable as the full length protein.
Attempts to concentrate the N-terminal fragment were made difficult by its instability
in solutions with low salt concentrations. Subsequently, washes using the Centricon
filter unit and the Ultrafree centrifuge unit were unsuccessful probably due to a build-
up of precipitated N-terminal fragment protein on the membranes. The lack of
stability of the protein was shown using dialysis. With increasingly lowered salt

concentrations the N-terminal fragment of SurA precipitated out of the solution.
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4.1 INTRODUCTION

Over the last decade there has been increased interest in the problem of antibiotic
resistance. Antibiotic resistance can manifest itself in a number of different ways.
Firstly the antibiotic target may be inaccessible. One example of this is the
peptidoglycan in Gram-negative bacteria being inaccessible to penicillins as they
cannot penetrate the Gram-negative cell’s outer membrane (Finch, 2003). If the
antibiotic does enter the cell the presence of efflux pumps can actively pump out
antibiotic from cell. For example Gram-negative bacteria are resistant against the
activity of tetracyclines by this mechanism (Poole, 2005). In some types of resistance
the antibiotic target may be modified to prevent the action of the drug; Trimethoprim
resistance occurs by alterations in the dihydrofolate reductase (Burchall and
Hitchings, 1965); quinolone resistance is facilitated by point mutations in the DNA
gyrase, which prevent binding of the drug to its target (Willmott and Maxwell, 1993).
Antibiotic resistance may occur because the antibiotic is chemically modified or
destroyed; such examples include the [3-lactamases and the various aminoglycoside-
modifying enzymes (Woodford, 2005). The cause of chloramphenicol resistance is
often by acetylation by the chloramphenicol acetyl transferase enzyme (Shaw, 1983).
Bacteria may employ alternative pathways, avoiding the drug target; Methicillin
resistance in methicillin-resistant Staphylococcus aureus results from the production
of an additional penicillin binding protein: PBP2', which is not susceptible to
inhibition by penicillins (Velasco et al., 2005).

One of the problems associated with antibiotic resistance is that large compounds
have to pass through a selective membrane into the cytoplasm to be effective.
Therefore a potential alternative would be to find a drug target within the periplasmic
space. One such target could be SurA as it has been shown in previous studies that
knockouts of SurA lose viability in the stationary phase due to incorrectly formed
outer membrane proteins. An inhibitor that could pass freely into the periplasmic

space and bind to SurA and inhibit its activity, possibly by mimicking a potential
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substrate would be desirable. For such an inhibitor to be successful in vivo it would
have to be < 600 Da so that it could freely diffuse into the periplasmic space.

To find a potential inhibitor of SurA it is first necessary to identify the binding motif
of SurA.

One such way of achieving this would be to use a Phage display library. The phage
display would be used for high-throughput screening of potential peptides, however
this method is potentially very expensive (Sidhu et al., 2000) and labour intensive.

To identify the binding motif of SurA, a novel approach has been taken. Instead of a
large peptide library being constructed, specific changes have been made to a model
peptide that has been shown to bind to native SurA (Webb et al., 2001). By using
chemical cross-linkers, which can be applied to even crude cell extracts, it is possible
to study the interactions between protein and peptide. This specific technique to
crosslink model peptides to a specific protein has shown that the b’ domain of human
PDI, which does not contain active sites, is essential and sufficient for the binding of
small peptides (Klappa et al., 1998a). Furthermore it was shown that the tyrosine and
tryptophan residues within a peptide are the recognition motifs for PDIp, a pancreas-
specific form of PDI (Ruddock et al., 2000) and that the interactions could be
inhibited by a ligand containing a hydroxyaryl-group (Klappa et al., 2001). The key

components of the binding experiments are described in the following sections.

4.2 CROSSLINKING

Crosslinking is the process of chemically joining two or more molecules by a covalent
bond. Crosslinking reagents contain reactive ends to specific functional groups
(primary amines, sulthydryls, etc.) on proteins or other molecules. Crosslinking
reagents have been used to assist in determination of near-neighbour relationships,
three-dimensional structures of proteins, and molecular associations in cell
membranes. They also are useful for solid-phase immobilization, hapten-carrier
protein conjugation, preparing antibody-enzyme conjugates, immunotoxins and other
labelled protein reagents. Other uses include modification of nucleic acids, drugs and

solid surfaces.
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Crosslinkers can be either homobifunctional or heterobifunctional. Homobifunctional
crosslinkers have two identical reactive groups and often are used in one-step reaction
procedures to crosslink proteins to each other or to stabilize quaternary structure.
Even when conjugation of two different proteins is the goal, one-step crosslinking
with homobifunctional reagents often results in self-conjugation, intramolecular
crosslinking and/or polymerization.

One type of the homobifunctional crosslinkers are the amine reactive N-
hydroxysuccinimide esters. The esters react with amine functionality on the protein to
form stable amide bonds and release two molecules of N-hydroxysuccinimide (NHS).
The esters tend to react with the a-amines at the N-terminus and the g-amines of
lysine residues. It is also possible for these reagents to react with sulfhydryl and
hydroxyl groups, but this does not lead to stable adduct formation (Green et al., 2001)
see figure 4.2.1.

O>_ o o
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o
I
R-C-O-N

Figure 4.2.1 NHS-ester reaction scheme. Accessible a-amine groups present on the N-termini of
proteins and g-amines on lysine residues react with NHS-esters and form amide bonds, releasing N-
hydroxysuccinimide. Scheme adapted from the Pierce website.
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In this study the water soluble homobifunctional N-hydroxysuccinimide ester (NHS-
ester) Disuccinimidyl glutarate DSG (figure 4.2.2), was used (Ruddock et al., 2000).
The cross-linker is noncleavable and often used for conjugating radiolabelled ligands

to cell surface receptors (Carlsson et al., 1978).

o o o ©
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N-0-C-CH,-CH,-CH,-C-O-N
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Figure 4.2.2 Cross-linker DSG. Disuccinimidyl glutarate MW 326.26, spacer arm length 7.72A.

4.3 RADIOLABELLING

Radiolabelling peptides in this study was carried out using Bolton-Hunter reagent.
The Bolton-Hunter reagent can be iodinated before or after coupling to a molecule of
interest, but in this case it was used iodinated with radioactive iodine ['*I]. Bolton-
Hunter reagent can be used for the iodination of sensitive proteins and proteins not
containing tyrosine residues. It conjugates to amino groups via an active ester
reaction, takes place under mild conditions and avoids exposure of the protein to the
reactive reagent commonly used in radioiodinations (Bolton and Hunter, 1973). The

coupling reaction is shown in figure 4.3.1.
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Figure 4.3.1 Direct coupling of the Bolton-Hunter reagent to Lysine residues. The Bolton-Hunter
reagent is used for the labelling of peptides in this study. The radio labelled peptides are subsequently
cross-linked to the protein of interest.

44 THE CROSSLINKING APPROACH

44.1 DIRECT CROSSLINKING OF RADIOLABELLED
PEPTIDES

To investigate whether a protein interacts with a specific substrate we used the
chemical crosslinking of a [1251] Bolton-Hunter radiolabelled peptide. The figure

4.4.1.1 shows a schematic of the principle of the crosslinking process.
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Figure 4.4.1.1 Direct crosslinking of radiolabelled peptides to protein. The radiolabel is indicated
by the red star. At position (1) the radiolabel is coupled to the peptide, this is described in detail in
section 4.3. The radiolabelled peptide is incubated with a protein (2), or cell lysate. After the
incubation period the crosslinker is added to the radiolabelled peptide and protein (3). The sample is
run on SDS-PAGE. If the crosslinking has been successful the product (4a) will be visible on the film
after autoradiography, band is indicated by the P. Uncrosslinked radiolabelled petide is visble at the
bottom of the gel (4b).

Direct crosslinking of peptides that have been radiolabelled in vitro can help to
establish which peptides bind to a protein. If there is no binding of a radiolabelled
peptide to the protein then there will subsequently be no crosslinking product and
therefore no band visible on the exposed autoradiograph. However if there was an
interaction between the protein and the radiolabelled peptide there would be

crosslinking product and therefore a visible band.
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4.4.2 INDIRECT CROSSLINKING OF RADIOLABELLED
PEPTIDES, THE COMPETITION ASSAY

The direct radiolabelling of peptides is time consuming and expensive. The
alternative method to test binding of a peptide to a protein is by the indirect

crosslinking of radiolabelled peptides or competition assay.

Different Peptide
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(@) - ®)
' @‘ "?? Or : 72 ¥
I “B& B

1

(3)

(4) Crosslinker Crosslinker (5)
- + - -
[ ] ‘l.-ll'x Y------...} —
oo SDS-PAGE i i

Figure 4.4.2.1 Competition Assay. The schematic shows the principle of the competition assay. At
stage (1) the radiolabelled peptide (shown in figure 4.4.1.1) is incubated with protein and another un-
labelled peptide. (2) The crosslinker is added. (3) If the un-labelled peptide has a lower <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>