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ABSTRACT

The outer membrane (OM) of Escherichia coli is an essential organelle. The OM
allows E. coli to interact with its environment and has a critical function as a barrier
to prevent the entry of toxic molecules into the cell. The OM is composed of
phospholipids, lipoproteins, outer membrane B-barrel proteins (OMPs) and
lipopolysaccharide (LPS). The correct ratio of these components is needed to
ensure proper OM barrier function is maintained. Assembly of OMPs is performed
by the Bam (B-barrel assembly machinery) complex, lipoproteins by the Lol
(Localisation of lipoproteins) pathway and LPS by the Lpt (LPS transport) pathway.

The factors responsible for the assembly of phospholipids at the OM are unknown.

This study presents two key areas in understanding OM biogenesis. Firstly, a
comprehensive mutagenesis screen was performed on the Bam complex member
BamE. This analysis along with the structure of BamE has indicated crucial regions
for BamE function. Secondly, we have performed a structure and function analysis
on the previously uncharacterised protein, YraP. The structure of YraP has been
solved and represents a novel fold. Additionally, we have obtained some functional

evidence that suggest that YraP is involved in phospholipid biogenesis in the OM.
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Chapter 1

Introduction



1.1 Introduction

Bacteria can be classified into two major groups, Gram-positive or Gram-negative,
based on the physical and chemical properties of their membranes. Gram-positive
bacteria are surrounded by a single lipid bilayer whereas Gram-negative contain two
distinct membranes, the inner membrane (IM), which surrounds the cytoplasm and
the outer membrane (OM), which contains the aqueous periplasm and a layer of
peptidoglycan (Sperandeo et al., 2011) and contacts the extracellular environment
(Figure1.1). The presence of the OM is a defining feature of Gram-negative

bacteria.

The structures of the IM and OM are remarkably different. The IM is composed of a
phospholipid bilayer whereas the OM is asymmetric, containing phospholipids in its
inner leaflet and lipopolysaccharide (LPS) in its outer leaflet. The protein
compositions between the two membranes are also quite different. Both membranes
contain lipoproteins (proteins that are attached to the membrane by N-terminal N-
acyl-diacylglycerylcysteine), but the IM mainly harbours a-helical proteins whilst the

OM contain B-barrels (OMPs).

The OM is an essential organelle. The OM mediates contact with the extracellular
environment as well as crucially acting as a barrier and preventing the entry of
bactericidal compounds, which is critically important during events such as invasion
and persistence. The barrier function of the OM is very robust, with only small
hydrophobic molecules of < 600 Da being permeable. This can be attributed to the

tight interactions between LPS molecules.



Figure 1.1 Schematic of the membrane topology in Gram negative bacteria. a-helical
proteins (blue) reside in the IM, whereas B-barrel proteins (red) are present exclusively in

the OM. LPS (green) is present on the outer leaflet of the OM.



The barrier function is dependent on the correct composition of phospholipids,
proteins and LPS. Deviations to this ratio can lead to a compromised OM barrier. In
order to understand how this barrier is maintained the pathways that are responsible
for assembly of the individual components must be studied. It is now known that
LPS assembly is dependent on the Lpt (lipopolysaccharide transport) pathway,
lipoproteins with the Lol (localisation of lipoproteins) pathway and OMPs are
assembled by the Bam (B-barrel assembly machinery) complex. The pathway that is

involved in the assembly of phospholipids is still unknown (Figure 1.2).



Figure 1.2 Summary of the pathways involved in OM biogenesis in E. coli. AThe Lpt
pathway (blue) is responsible for assembly of LPS molecules in the OM. The LptBCFG
complex releases LPS from the IM in an ATP-dependent manner, which is passed onto the
chaperone LptA and to the OM B-barrel and lipoprotein LptD and LptE, which insert LPS
into the OM by an unknown mechanism.

B The Bam complex pathway (pink) is responsible for the assembly of B-barrels. Proteins
are translocated through the IM by the Sec machinery and interact with one of two
chaperone pathways, SurA or Skp and DegP. Precurssor OMPs then interact with either the
accessory lipoproteins of BamB, C, D or E or with the POTRA domains of BamA (1-5) and
are then inserted into the OM by BamaA.

C The Lol pathway (green) assembles lipoproteins. Lipoproteins are released from the IM
using ATP by the LolICDE complex and the interact with the periplasmic chaperone LolA.

LolA passes the lipoprotein to LolB, which inserts the lipoprotein into the OM.



1.2 Topological problem of OM biogenesis

None of the constituent parts of the OM are synthesised in situ. Instead, they are all
synthesised in the cytoplasm or the inner leaflet of the IM and have to overcome a
series of obstacles to get to their final location of the OM. OM components must first
be translocated across the IM, which is an energetically unfavourable reaction that
must be coupled to an exergonic reaction (du Plessis et al., 2010). Additionally, OM
components may contain hydrophobic motifs that need to be shielded from the
aqueous periplasm by dedicated factors, which would otherwise cause aggregation
or hydrophobic collapse in the periplasm. Furthermore, transport to the OM has to
be unidirectional as there is the possibility of these components being assembled in
the IM, which can have disastrous effects to the cell, such as the dissipation of
proton gradients present in the IM (Carlson and Silhavy, 1993, Guilvout et al., 2006).
Finally, assembly seems to be a passive process as the cell envelope lacks obvious
energy sources, such as ATP or ion gradients (Hagan et al., 2011). All of these

criteria have to be fulfilled to maintain a robust permeability barrier.

Gram-negative bacteria have specific pathways that are involved in the assembly of
the individual components to the OM. These pathways have some common
features. Firstly, OM components are synthesised in the cytosol or cytoplasmic face
of the IM. They are then translocated through the IM by a dedicated system in the
IM, using an energy source (such as ATP). Once in the periplasm, chaperones bind
to the substrate and shield the hydrophobic patches and aid assembly. Finally,
these components are assembled in the OM by a dedicated OM protein (or protein

complex).



Each transport system accomplishes this with the concerted efforts of protein factors
involved in each pathway. This introductory section will describe the known
pathways involved in OM biogenesis. It should be noted that these pathways should
not be thought of as entirely separate aspects of OM biogenesis, as there is genetic
interplay between them, which ensures that the correct ratio of OM components is

maintained (Ruiz et al., 2005, Tam and Missiakas, 2005).

1.3 Transport through the IM

All of the protein species that are transported to the OM, are synthesised in the
cytoplasm and have to cross the IM. There are several translocation pathways

available, transport through the Sec translocon will be discussed briefly.

The evolutionary conserved Sec translocase is responsible for the trafficking of the
majority of protein species through or into the IM. The SEC translocase consists of a
heterotrimeric complex of SecYEG to form a protein-conducting membrane channel.
Additional accessory factors, such as YidC and SecDF have been shown to improve
translocation of certain membrane proteins and mediate proton motive force (PMF)
dependent translocation (du Plessis et al., 2006, Kol et al., 2009, van Bloois et al.,
2006, Nouwen et al., 2001). The Sec translocase is able to accept a range of

substrates, from very hydrophilic to very hydrophobic proteins.



There are two modes of translocation through the Sec machinery, co-translational
and post-translational. The co-translational pathway is mainly used for hydrophobic
membrane proteins and is mediated by the Signal Recognition Particle (SRP), Ffh in
E. coli, which is a conserved structure ribonucleoprotein associated with a 4.5S
RNA (Poritz et al., 1990, Ribes et al., 1990, Pool, 2009, Valent et al., 1995). The
SRP is able to bind to ribosome-nascent chains and guide them to the SRP
receptor, FtsY. GTP hydrolysis mediates transfer to the translocon (Valent et al.,

1998, de Leeuw et al., 2000).

Post-translational translocation across the Sec machinery is generally used for
proteins that are secreted across the membrane (Ulbrandt et al., 1997). The newly
synthesised preprotein is maintained in an unfolded state by the cytosolic
chaperone SecB (Bechtluft et al.,, 2007, Fekkes and Driessen, 1999). SecB-
preprotein complex is targeted to the translocon, where SecB binds to SecA, an
ATPase motor protein. Translocon is mediated by the expense of ATP (Schiebel et

al., 1991).

1.4 Peptidoglycan

The peptidoglycan cell wall is an elastic mesh-like network of rigid cross-linked
glycan strands. The petptidoglycan is an essential organelle used to maintain cell
shape, resist turgor pressure and promote cell growth and separation. This critical
structural element is located in the cell envelope, in the periplasmic space between

the IM and OM of Gram-negative bacteria. Due it its location, this would suggest



that it presents a physical barrier for OM components en route to the OM. However,
no available evidence supports this. Additionally, the peptidoglycan layer has been
shown to be permeable to proteins up to 100 kDa (Vazquez-Laslop et al., 2001). It
seems that the peptidoglycan contributes very little as physical barrier. Because of

this, the peptidoglycan will be largely ignored for the discussion of OM biogenesis.

1.5 Requlation systems involved with OM homeostasis

The OM can be exposed to many external stimuli which can alter its properties. In
order to maintain the OM, there are three signal transduction pathways that are
induced by envelope perturbations. These are the extracytoplasmic alternative
sigma factor, oF (Mecsas et al., 1993) and the two component systems, CpxAR
(Raivio et al., 1999) and BaeSR (Raffa and Raivio, 2002). These pathways are
involved in upregulating genes that are involved in OM biogenesis and some have
overlapping genes (Danese et al., 1995, Dartigalongue et al., 2001). These

pathways will be discussed briefly.

The oF response is activated by events that lead to alterations in the OM from
external conditions, such as the presence of heat or ethanol (Mecsas et al., 1993).
o° is an alternative sigma factor that is sequestered by the membrane-bound anti-
sigma factor RseA, under unstressed conditions. However, under stressed
conditions, cleavage of RseA occurs by DegS, which releases ot (Alba et al., 2002)
(Kanehara et al., 2002) (Walsh et al., 2003) (Flynn et al., 2004). This cleavage can
also be fine tuned by the periplasmic regulatory protein, RseB (Grigorova et al.,

2004). Degradation of RseA, leads to the release of o&, which binds to core RNA



polymerase leading to the transcription of o=-regulated genes (Erickson and Gross,

1989, Danese and Silhavy, 1997, Dartigalongue et al., 2001).

The Cpx envelope stress response is controlled by the two-component system of
CpxA (a membrane-localised histidine kinase) and CpxR (the response regulator).
The Cpx pathway is activated by several conditions that lead to protein misfolding,
for example alkaline pH and alterations in membrane conditions amongst others
(Snyder et al., 1995, Mileykovskaya and Dowhan, 1997, Danese and Silhavy, 1998).
The current model of activation suggests that the periplasmic inhibitor CpxP is
degraded by proteolysis, which allows CpxA to phosphorylate CpxR. CpxR-P can
then act as a transcription factor and activate OM homeostasis genes (Pogliano et

al., 1997, Raivio and Silhavy, 1997, Dartigalongue and Raina, 1998).

The BaeSR is also a two-component system consisting of the membrane-localised
histidine kinase BaeS and the response regulator BaeR (Raffa and Raivio, 2002).
This pathway is sensitive to antimicrobial substances such as indole and is involved
in the resistance to several classes of antimicrobial compounds, such as bile salts
and novobiocin (Baranova and Nikaido, 2002, Nagakubo et al., 2002).
Phosphorylation of BaeR by BaeS can lead to the transcription of several genes,

such as drug efflux pumps (Baranova and Nikaido, 2002, Bury-Mone et al., 2009).
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1.6 Lipopolysaccharide assembly

Lipopolysaccharide (LPS) is a glycolipid that resides exclusively in the outer leaflet
of the OM (Kamio and Nikaido, 1976). LPS is one of the major components that
contributes greatly to the barrier function of the OM. LPS monomers exhibit strong
lateral interactions with each other which reduces the fluidity of the OM. This leads
to the production of a rigid and gel-like structure in the OM that can act as a barrier
to a variety of hydrophobic and hydrophilic molecules (e.g. antibiotics) (Nikaido,

2003).

Apart from its barrier function, LPS has been shown to be highly antigenic and has
been found to be the main causative agent of septic shock (Drake et al., 1993,
Parillo, 1993, Esmon, 2000, van Deuren et al., 2000, Bernard et al., 2001). It is
detected by TLR4 (Toll-like receptor 4) present on macrophages and endothelial
animal cells (Aderem and Ulevitch, 2000, Medzhitov and Janeway, 2000, Poltorak et
al., 1998, Hoshino et al., 1999) and activation leads to the biosynthesis of mediators
of inflammation, such as IL1-B and TNF-a as well as the production of molecules
required for the adaptive immune response (Medzhitov and Janeway, 2000, Beutler

and Cerami, 1988, Dinarello, 1991).

LPS can be subdivided into three distinct components, lipid A (which secures the

LPS to the OM by a hexa-acylated sugar moiety), core oligosaccharide and O-

antigen (which is absent in derivatives of E. coli K-12) (Figure 1.3).
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Figure 1.3 Schematic of the main components of LPS. Lipid A (yellow), inner core
(green) and outer core (blue) comprise rough LPS. The addition of O-antigen (red)
produces smooth LPS, which is absent in derivatives of E. coli K-12).

Synthesis of lipid A and core oligosaccharide takes place on the cytoplasmic leaflet of the
IM, whereas O-antigen is ligated on the periplasmic face of the IM, after the nascent
glycolipid has been flipped to the periplasmic leaflet by an ABC transporter (Raetz and
Whitfield, 2002). LPS is transferred to the OM by the Lpt pathway.
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1.6.1.1 Synthesis of lipid A

Synthesis of LPS originates on the cytoplasmic leaflet of the IM. Each of the
component parts are synthesised separately and then combined. The biogenesis of
lipid A is well characterised in E. coli and requires many enzymatic reactions in a
highly conserved pathway (Raetz, 1990, Raetz, 1993, Wyckoff et al., 1998) (Figure
1.4). In brief, LpxA (UDP-GIcNAc acyltransferase) acylates the sugar nucleotide
UDP-GIcNAc (Anderson and Raetz, 1987). This product is then deacetylated by the
zinc metalloprotease LpxC (Anderson et al., 1988, Young et al., 1995, Sorensen et
al., 1996, Jackman et al., 1999, Jackman et al., 2001). A B-hydroxymyristate moiety
is incorporated by LpxD to generate UDP-2,3-diacylglucosamine (Kelly et al., 1993).
This product is then cleaved at its pyrophosphate bond by LpxH to form 2,3-
diacylglucosamine-1-phosphate (lipid X). The kinase LpxK phosphorylates the 4'
position of the disaccharide to form lipid IV (Ray and Raetz, 1987). WaaA (also
known as KdtA) transfers two 3-Deoxy-D-manno-oct-2-ulosonic acid (Kdo) residues
to lipid IV and finally lauroyl and myristoyl residues are added by LpxL and LpxM
respectively, to produce lipid A (Clementz et al., 1996, Clementz et al., 1997, Mohan

and Raetz, 1994, Karow and Georgopoulos, 1991, Karow et al., 1992).
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Figure 1.4 The synthesis of Lipid A. Schematic of the enzymatic reactions that are
involved in the synthesis of Lipid A (taken from Raetz and Whitfield 2002).

1.6.1.2 Synthesis of core oligosaccharide

As with lipid A, biosynthesis of core oligosaccharide is well characterised in E. coli.
It should be noted that a variety of organisms with differing lifestyles can produce
remarkably different core oligosaccharides, demonstrating the complexity of this

molecule (Muller-Loennies et al., 1999).

Core oligosaccharide can be divided into two distinctive regions; inner core (lipid A
proximal) and outer core. The inner core tends to be well conserved, containing
residues of Kdo and L-glycero-D-mannoheptose (Kadrmas et al., 1996). This
conservation possibly indicates the importance of the core in OM integrity. The outer

core provides a site for O-antigen attachment and shows more structural diversity.
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This is expected for a region with more exposure to selective pressures of host
responses and environmental stresses, although the structural variation between
core oligosaccharides within a species or genus is still limited (Raetz and Whitfield,

2002).

The synthesis of core oligosaccharide follows a multiple enzyme-catalysed pathway,
similar to lipid A biogenesis (Figure 1.5). However, this pathway is much more
complex and can vary between strains and thus will not be discussed in detail
(Muller-Loennies et al., 1999). The biogenesis of inner core oligosaccharides
requires enzymes WaaP and WaaY (both LPS kinases), WaaQ (a heptose
transferase) and WaaZ (a Kdo transferase) (Heinrichs et al., 1998b, Yethon et al.,
1998, Yethon et al., 2000, Walsh et al., 2000, White et al., 1999, Brabetz et al.,
2000). With outer core oligosaccharides, the Waa family of glycosyltransferases are
used, with Waal being involved in the ligation of lipid A to the core oligosaccharide
to form rough LPS (Creeger et al., 1979, Campbell et al., 1997, Heinrichs et al.,

1998a, Heinrichs et al., 1998b, Saxena et al., 1995).
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Figure 1.5 The biosynthesis of core oligosaccharide. Schematic of the enzymatic
process of synthesis of core oligosaccharide (taken from Raetz and Whitfield 2002). Yellow
boxes indicate glycosyltransferases that form the inner core backbone and enzymes that
modify the structure are indicated in blue. Outer core glycosyliransferases are indicated in

green and the ligase enzyme Waal is highlighted in pink.

1.6.1.3 MsbA

Further maturation of LPS takes place on the periplasmic leaflet of the IM. For this
to occur, rough LPS must be flipped across the IM. This transportation step is
performed by the essential ABC transporter MsbA in an ATP dependent manner

(Zhou et al., 1998).

The crystal structure of MsbA from E. coli. has been solved to 5.3 A resolution(Ward
et al., 2007). From the structure, MsbA is a homodimer that contains 6 trans-
membrane helices and a large cavity between the two subunits that could
accommodate lipid A and/or phospholipid molecules. How MsbA mediates lipid flip-

flop is unclear however it is thought that the nucleotide binding domains may come
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together upon binding to ATP, following lipid entry into the cavity, which could force

the lipid to move to the periplasmic side of the IM.

1.6.1.4 O-antigen

O-antigen is a repetitive glycan polymer that is attached to the outer core
oligosaccharide. O-antigen is structurally diverse, with more than 60
monosaccharides and 30 different non-carbohydrate components having been
identified (Knirel' lu and Kochetkov, 1994). O-antigen displays remarkable diversity,
as different structures comprise varying numbers of monosaccharides, can either be
linear or branched and they can be made up of homo or hetero-polymers. This

diversity defines the O-antigen serological specificity of an organism.

O-antigen is synthesised in the cytoplasm by several genes that are present in the
rfb locus, which encodes enzymes such as glycosyltranserases and synthesisers of
sugar nucleotide precursors, that are either soluble or peripheral membrane proteins
(Popoff and Le Minor, 1985, Keenleyside et al., 1994). Three pathways have been
identified that can transfer O-antigen to the periplasmic leaflet, Wzy-dependent,
ABC-transport dependent and synthase dependent (Liu et al., 1993, Liu et al., 1996,
Batchelor et al., 1991, Morona et al., 2000, Rick et al., 1994, Kido et al., 1995). O-
antigen is then ligated to the lipid A-Core oligosaccharide complex at the
periplasmic face of the IM by the ligase Waal, to form smooth LPS (McGrath and

Osborn, 1991, Daniels and Morona, 1999).
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1.6.1.5 LPS transport

Mature LPS molecules are attached to the periplasmic face of the IM and have to be
transported to the OM. Recent advances have led to the discovery of proteins
involved in this process and are known as the Lpt (LPS transport) pathway. This
pathway contains proteins LptA through G and all are essential in E. coli, gene
depletions lead to LPS accumulation (Sperandeo et al., 2006, Ruiz et al., 2008,
Sperandeo et al., 2007, Sperandeo et al., 2008, Wu et al., 2006). LptBCFG form a
subcomplex that is present in the IM that acts as an ABC transporter (Narita and
Tokuda, 2009). LptA is a periplasmic chaperone (Ma et al., 2008) and LptD and
LptE are a B-barrel and lipoprotein respectively in the OM (Braun and Silhavy,

2002).

1.6.1.6 Extraction from the Inner Membrane - LptBCFG complex

It is thought that the LptBCFG complex releases LPS from the IM using ATP.
LptBCFG has been found to be in a complex with a 2:1:1:1 ratio (Narita and Tokuda,
2009). LptB is 26.7 kDa protein, with an ABC signature (Sperandeo et al., 2007).
LptF and G possess typical transmembrane topologies of ABC transporters, with 6
transmembrane helices and cytoplasmic N and C-termini (Linton and Higgins, 2007,
Daley et al., 2005). It is thought that LptBFG, used ATP hydrolysis to transfer LPS to
LptC (Sperandeo et al., 2009). LptC is a bitopic 21.6 kDa protein with a single
transmembrane domain (Sperandeo et al., 2008). LptC was shown not to be
essential for the ATPase activity of the complex and that the ATPase activity of the

complex is unaffected by LPS, phospholipids and lipidA, unlike MsbA (Narita and
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Tokuda, 2009). The structure of the periplasmic domain of LptC was solved and it

shows a similar domain to LptA (discussed below).

1.6.1.7 Translocation across the periplasm - LptA

LptA is a18.6 kDa periplasmic protein that is thought to act as a chaperone for the
transit of LPS to the OM (Sperandeo et al., 2007, Tefsen et al., 2005). The crystal
structure of LptA reveals a novel fold, consisting of 16 consecutive anti-parallel 3-
strands to form a slightly twisted "beta-jellyroll" (Figure 1.6) and has the ability to

bind LPS via LipidA (Suits et al., 2008).

Interaction studies have been performed between LptA and LptC. It has been shown
that LptC can bind to LPS in vitro (Tran et al., 2010) and that LptA can displace LPS
from LptC. Additionally, LptC cannot displace LPS from LptA, indicating that transfer
is unidirectional and probably driven by the competing affinities for LPS between
LptA and LptC (Tran et al., 2010). This suggests a role of LptC being used as a

mediator to transfer LPS to LptA.

Two hypotheses have been suggested for how LptA transfers LPS to the OM. The
"chaperone hypothesis" suggests that LptA acts as a chaperone, in a similar
manner to SurA in assembly of OMPs and LolA in lipoprotein biogenesis
(Sperandeo et al., 2007). The second hypothesis is the "periplasmic bridge" model,
in which multiple LptA subunits form a protein bridge that connects both membranes
and LPS is passed between the subunits until it reaches the OM (Sperandeo et al.,
2007, Tefsen et al., 2005). Evidence to support this model comes from a crystal

structure of LptA showing long fibre-like structures are formed from multiple LptA
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molecules arranged in a head-to-tail manner in the presence of LPS (Suits et al.,

2008, Merten et al., 2012).

Figure 1.6 Structures of LptA and LptC. Crystal structures of LptA (PDB:2RIA) (A) and
LptC (PDB:3MY2) (B) exhibit a very similar fold of a slightly twisted "B-jellyroll", comprised

of 16 anti-parallel B-strands.

1.6.1.8 Insertion into the Outer Membrane - LptD and LptE

LptD is an essential 87 kDa OMP that is expressed at low levels in E. coli (Abe et
al., 2003, Braun and Silhavy, 2002). LptD is associated with another low expression
protein, LptE (Takase et al., 1987, Wu et al., 2006). Over-expression of LptD was
only possible when LptE is expressed simultaneously, reflecting the importance of

this complex for function (Chng et al., 2010b).

LptE has been shown to interact directly with LPS, possibly suggesting a role in
substrate recognition (Chng et al., 2010a). However, evidence also suggests that

LptE is involved in trafficking LPS to LptD (Bos and Tommassen, 2011). Interaction
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studies have demonstrated that several residues of LptE interact directly with LptD
in vivo and that a "plug-and-barrel" architecture is observed, with LptE residing in
the LptD barrel (Freinkman et al., 2011). The interaction between LptD and LptE has
also been shown to occur while LptD is assembled into the OM by the Bam
complex, suggesting LptE may have a role in the correct folding of LptD

(Chimalakonda et al., 2011).

Two models have been proposed of how LPS is inserted into the OM by LptD and
LptE. In one model, "the two-step model", LPS is inserted into the inner leaflet of the
OM first. The LPS is then flipped to the outer leaflet, performed by either LptD or
LptE (Sperandeo et al., 2009). Another model, the "plug and barrel model",
suggests that LPS is released laterally into the OM by LptD, possibly gated by LptE
(Chng et al., 2010b, Freinkman et al., 2011). In this model, the fatty acyl chains of
the LPS substrate are recognised by LptE. LptE guides the LPS into the lumen of
LptD. This interaction triggers conformational changes in LptD that leads to insertion

of LPS laterally into the outer leaflet of the OM.

1.6.1.9 Concluding remarks

LPS is synthesised in the cytoplasm and IM and transported to the outer leaflet of
the OM. Characterisation of the synthesis of LPS has been well documented,
although there is some complexity with different enzymes used for the production of
outer-core and O-antigen. This ultimately leads to a high degree of variability

between organisms that produce LPS.

21



The molecular mechanisms of transport to the OM are not yet fully understood, but
great progress has been made within the last decade. It seems very likely that the
LptBCFG complex can act as an ABC transporter to release LPS from the IM, with
LptC acting as a holder of LPS which is then transferred to the periplasmic
chaperone LptA. Whether or not LptA acts as a chaperone or forms a protein bridge
is still not known. Also, the molecular details of how LptD and LptE insert LPS into

the OM still needs to be investigated.
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1.7 Phospholipids

The majority species of phospholipid in the OM of E. coli is the zwitterionic
phosphatidylethanolamine (PE), which comprises roughly 75-80% of the total
phospholipid content in E. coli. The second major species is phosphatidylglycerol
(PG), which is negatively charged and comprises 15 -20%. Finally, cardiolipin (a PG
condensate) is present in small amounts. The presence of these phospholipids with
saturated acyl chains, slightly increases membrane rigidity and distinguishes the

OM from the IM (Lugtenberg and Peters, 1976, Huijbregts et al., 2000).

Nothing is known about the mechanisms of how phospholipids are transported from
their site of synthesis at the IM (Osborn et al., 1974), to their site of function in the
OM. Flip-flop mechanisms have been observed, whereby lipids are transported from
one leaflet to another in a bi-layer. For example in the IM, flip-flop from the
cytoplasmic leaflet to the periplasmic leaflet can be mediated passively by a-helical
transmembrane proteins (e.g. the potassium channel) KcsA or actively by MsbA
(Doerrler et al., 2001, Kol et al., 2003, Kol et al., 2004). However transport from one
membrane to another remains elusive. Periplasmic lipid vesicles have not been
observed visually and it seems unlikely that they can be used as the peptidoglycan
layer may restrict their passage through the periplasm (Huijbregts et al., 2000).
Zones of adhesion between the IM and OM have been postulated, "Bayer bridges",
although the existence of these remains controversial (Bayer, 1968, Bayer, 1991,

Kellenberger, 1990). It has been demonstrated that phospholipid shuttling does not
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require protein synthesis or ATP, but is heavily dependent on the proton motif force
(PMF) (Donohue-Rolfe and Schaechter, 1980). It should be noted however, that
unlike protein or LPS transport, the transportation of phospholipids is bi-directional

(Jones and Osborn, 1977), further adding to the complexity of an unknown system.

Figure 1.7 Structures of the three major phospholipid species found in the OM of E.
coli. The head groups of phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and

cardiolipin are shown, with R representing the acyl chains.
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1.7.1.1 Maintaining the asymmetry of the OM

The OM is organised asymmetrically, with LPS in the outer leaflet and phospholipids
in the inner leaflet (Kamio and Nikaido, 1976). The LPS molecules exhibit strong
lateral interactions between themselves which contribute to the barrier function of
the OM (Nikaido, 2003). The effect of OM disruptions can perturb these LPS
interactions, for example the addition of EDTA, displaces the divalent cations
needed to reduce the repulsive charges between the LPS molecules (Nikaido,
2003). As a result of this, LPS is shed (Leive, 1965) and phospholipids are forced to
migrate from the inner leaflet of the OM into the disrupted areas of the outer leaflet.
The effect of these phospholipid patches at the OM compromises the OM barrier
function (Nikaido, 2005). It is essential for Gram-negative bacteria to remove these

patches and maintain the asymmetry of the OM.

There are three systems that have been identified for the removal of phospholipids
from the OM. Two of these are OMPs that have enzymatic activity, PIdA and PagP
(Bishop, 2008), and the third is the retrograde (OM to IM) phospholipid transport
system, Mla (Maintenance of Lipid Asymmetry) (Malinverni and Silhavy, 2009). As

these systems contribute to OM maintenance, they will be discussed briefly.

1.7.1.2 PIdA

PIdA (or OMPLA) is an OMP with Ca?*-dependent phospholipase activity (Scandella
and Kornberg, 1971, Bell et al., 1971). Usually it is constitutively expressed
indicating a possible role as a house-keeping gene (Dekker, 2000). Mutants of PIdA

have been identified that show increased activity, resulting in the observation of OM
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defects (Audet et al., 1974, Michel and Starka, 1979). The WT protein is triggered
by a variety of conditions or compounds that compromise the OM. Such examples
include colicins, phage transfection of DNA, phage-induced lysis, heat shock,
spheroplast formation, EDTA-treatment and the action of antimicrobial peptides
(Pugsley and Schwartz, 1984, Cascales et al., 2007, Taketo, 1974, Cronan and
Wuff, 1969, Patriarca et al., 1972, de Geus et al., 1983, Hardaway and Buller, 1979,
Weiss et al., 1979, Wright et al., 1990). The effect of these conditions leads to
increased activity of PIdA and an increase in levels of degraded phospholipids
(Audet et al., 1974). These findings suggested a role in OM lipid homeostasis for

PdIA.

The elucidation of the PIdA crystal structure led to the identification of the active site
being localised to the external leaflet of the OM and that activity could be regulated
by a reversible dimerisation mechanism (Snijder et al., 1999) (Figure 1.8A). When
the OM lipid asymmetry is intact, PIJA adopts a non-active monomeric state.
However, under OM stressed conditions, which leads to the presence of
phospholipids at the outer leaflet of the OM, induction of PIdA dimerisation occurs.
The effect of dimerisation leads to the formation of two active sites at the subunit
interface, where Ca®" ions are able to bind and phospholipase activity is activated

(Dekker et al., 1997).
The crystal structure of E. coli PIdA has shown how it hydrolyses

glycerophospholipids in the OM (Snijder et al., 1999). PIdA consists of B-barrel

made up of 12 anti-parallel B-strands. An intricate hydrogen bonding network blocks
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the central cavity of PIdA and three active site residues, Asn156, His142 and
Ser144, are organised on the exterior of the B-barrel (Figure 1.8B) (Kingma et al.,
2000). This catalytic triad is normally associated with the inert glucosamine
backbone of lipid A in the outer leaflet (Snijder et al., 2001). During activity, Ser144
is irreversibly sulfonylated by the palmitate analogue, hexadecanesulfonyl fluoride,
whilst the Ca** are involved in stabilising this complex during hydrolysis, by re-
ordering the local water molecules (Snijder et al., 1999, Kingma et al., 2002, Baaden

et al., 2003).
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Figure 1.8 Schematic and mechanism of PIdA activity. A Schematic of the reversible
dimerisation that occurs between PIdA monomers (red) in response to the accumulation of
phospholipids in the outer leaflet of the OM (blue). Phospholipids are chemically cleaved by
PIdA. B Crystal structure representation of the dimer produced (taken from Kingma et al.
2002).

PIdA is able to hydrolyse a wide range of phospholipid substrates and can remove
the fatty acyl-chain at the sn-1 and sn-2 from the glycerophosphodiester backbone
of both phospholipids and lysophospholipids (Horrevoets et al., 1989)]. PIdA is
largely unspecific for polar head groups but has the ability to select fatty-acyl chains
of 14 carbons or more in length by the presence of acyl-chain binding pockets

(Stanley et al., 2006, Stanley et al., 2007).
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1.7.1.3 PagP

Like PIdA, PagP is also an OMP that utilises phospholipids in the outer leaflet of the
OM as a substrate (Bishop, 2008). Similarly to PIdA, PagP is expressed at low
levels and remains dormant in unstressed cells, but undergoes a conformational

change in response to stress (Jia et al., 2004).

PagP is induced by the PhoP/PhoQ signal transduction pathway in response to
decreased divalent cations (Bishop, 2005). PhoQ is a transmembrane sensory
transducer, which directs a patch of acidic amino acids into the anionic
glycerophospholipids located at the outer surface of the IM (Bader et al., 2005).
Mg2+ ions are thought to bind the acidic patch to the lipid polar head groups, which
keeps PhoQ in a repressed state (Cho et al., 2006). Limitation of Mg?* ions activates
PhoQ triggering a phosphorylation cascade that leads to the activation of the
transcription factor PhoP (Bader et al., 2003). This in turn increases the expression

of lipid A modification enzymes, of which PagP is a member.

PagP catalyses the transfer of a palmitate chain from the sn-1 position of a
phospholipid to the hydroxyl group on the R-3-hydroxymyristate chain at position 2
of lipid A. This leads to the formation of a hepta-acylated LPS molecule and a
lysophospholipid (Figure 1.9A) (Bishop, 2000). It is presumed that these lipid A
modifications improve the quality of the OM under conditions where divalent cations
are limited, as these modified lipid A molecules are more hydrophobic (Miyadai et

al., 2004).
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The structure and dynamics of E. coli PagP have been determined by both X-ray
crystallography and NMR (Ahn et al., 2004, Hwang et al., 2002). PagP contains 8
anti-parallel B-strands with a short a-helix at its N-terminus. It is orientated in the
membrane with the barrel axis titled by 25 degrees (Figure 1.9B) (Evanics et al.,
2006). PagP contains a palmitate recognition pocket, known as the "hydrocarbon
ruler", which resides in the barrel and is localised in the outer LPS exposed region of

the protein.

The exact molecular mechanism of enzymatic activity of PagP is not fully
understood, but it has been shown that PagP exists in two dynamic states, a
repressed R-state and a catalytically active T-state (Hwang et al., 2004). Catalysis
most likely proceeds when both the phospholipid and lipid A form a ternary complex
with PagP (Bishop, 2005). Conserved proline residues are present in a loop region
between strands A and B (L1), and it is the reordering of L1 that gives rise to the T-
state (Bishop, 2000). Lipid A palmitoyltransferase activity seems to be dependent on
L1, although other residues (His33, Asp76 and Ser77) are also thought to play a
role (Bishop, 2005, Hwang et al., 2004). In addition to the conserved prolines in L1,
there are conserved prolines present between strands F and G, which are thought

to have a role in the lateral migration of lipids in the outer leaflet (Ahn et al., 2004).

30



Figure 1.9 Models of PagP activity (taken from Bishop 2005). A Enzymatic reaction that
PagP catalyses. B The 25 degree tilted B-barrel of PagP. L1, the site that converts PagP
from an inactive R-state and a catalytically active T-state is indicated by a dashed line.

Residues H33, D76 and S77 that are involved in this process are also indicated.

The exact contribution of PagP activity to the OM barrier function seems to be
context dependent and can negatively influence the properties of the OM under

unstressed conditions (Miyadai et al., 2004). It should be noted that PagP activity is
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insensitive to divalent cations and thus provides a specific response to the presence
of phospholipids in outer leaflet (Bishop, 2000, Brozek et al., 1987). Under these
conditions, transacylation to lipid A might provide a superior adaptive response,
compared to the hydrolysis of phospholipids which is otherwise catalysed by PIdA,
albeit an inefficient one (Weiss et al., 1979). It should be noted that the presence of
palmitoylated lipid A in the OM can lead to induction of the oF stress response (Tam

and Missiakas, 2005).

1.7.1.4 The Mla pathway

The Mila pathway is a conserved pathway in Gram-negative bacteria with
homologous pathways identified in chloroplasts and Actinobacteria (Benning, 2008,
Mohn et al., 2008, Pandey and Sassetti, 2008). The function identified with this
pathway is the retrograde trafficking of phospholipids from the OM (Malinverni and

Silhavy, 2009).

The Mla pathway consists of 6 proteins, MlaA through to MlaF. These genes are
present on the same operon and are co-expressed, although in E. coli, MIaA is
present elsewhere from the MlaB-F subset (Gama-Castro et al., 2008, Casali and
Riley, 2007). These genes have differing or unknown functions that are present in
many of the subcellular locations. MIaA is an OM lipoprotein (Suzuki et al., 1994,
Juncker et al., 2003) and MIaC is a periplasmic, substrate binding protein (Lopez-
Campistrous et al., 2005, Linton and Higgins, 1998). At the IM, MlaB, -D, -E and -F

comprise an IM ABC transport machine, with MlaF containing a classic ABC
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transport nucleotide binding component (Linton and Higgins, 1998). MIaE is an
integral IM protein with a sequence similar to those found in prokaryotic ABC import
proteins (Casali and Riley, 2007). MlaD is a substrate-binding protein which is
localised to the periplasmic face of the IM (Linton and Higgins, 1998). Finally, MlaB
is a cytoplasmic protein with a STAS domain that is thought to bind to NTPs (Casali

and Riley, 2007, Nikaido, 2003).

Individual deletions of these genes demonstrated an OM defect with increased
sensitivity to SDS and EDTA. Further to this, increased PIdA activity rescued this
sensitivity and the use of PagP activity demonstrated the presence of phospholipids
in the outer leaflet of the OM, in these mutant strains (Malinverni and Silhavy, 2009).
It should be noted that loss-of-function mla mutations lead to OM defects, whereas
with the loss of either PagP or PIdA, no such phenotypes are observed (Bishop,
2008). This highlights the importance of this pathway in regards to maintaining lipid

asymmetry.

The Malinveri 2009 study proposed a possible pathway involving these Mla proteins
(Figure 1.10). MlaA may take phospholipids out of the OM and pass them onto
MlaC. From here, MlaC passes the phospholipids to the MIaBDEF complex. The
fate of the phospholipids are unknown in this pathway, but it is significantly different
to the activity of PIdA or PagP, in that only removal of phospholipid is involved rather

than destruction of it.
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Figure 1.10 The Mila pathway in E. coli (Figure taken from Malinverni and Silhavy 2009).
The Mla pathway removes phospholipids from the OM and delivers them to MalBEDF
complex in the IM. The fate of the phospholipids are unknown, whether they are chemically

cleaved or inserted into the IM.

1.7.1.5 Concluding remarks

The maintenance of the asymmetry of the OM is crucial for barrier function.
Conditions which compromise LPS interaction, such as the presence of EDTA, can
lead to the presence of lipids in the outer leaflet of the OM, which greatly affects

barrier function.

Three major players involved in this process have been identified each utilising
different methods. PIdA serves to completely remove phospholipids from the OM,
PagP modifies lipid A to patch compromised regions of the OM and the Mla pathway
is involved in retrograde trafficking of lipids. These processes serve to maintain OM

asymmetry.
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The process in which lipids are sent and assembled to the OM (anterograde
trafficking) is still unknown, but the identification of factors involved would contribute

greatly in understanding OM biogenesis.
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1.8 Lipoproteins

Lipoproteins are the other major protein species in the OM, although they are not
exclusive to this membrane like OMPs, as they are also observed on the IM. Their
defining feature is that they contain a lipid moiety attached to their N-terminus,
which serves the purpose of anchoring them to the membrane. Generally
lipoproteins in Gram-negative bacteria protrude into the periplasmic space from
either the OM or IM, but surface exposed lipoproteins also exist (Tokuda, 2009,

Tokuda et al., 2007, Schulze and Zuckert, 2006, Cowles et al., 2011).

E. coli has been shown to express over 90 lipoproteins (Miyadai et al., 2004) which
have been shown to participate in a variety of functions, such as OM biogenesis
(OMPs and LPS) (Wu et al., 2005, Wu et al., 2006, Malinverni et al., 2006, Paradis-
Bleau et al., 2010, Typas et al., 2010), secretion (Collin et al., 2011), signalling
(Laubacher and Ades, 2008), cell division (Uehara et al., 2009), transport of
substrates and drug efflux (Bernadac et al., 1998, Clavel et al., 1998, Ehrmann et
al., 1998, Nikaido, 1998). Additionally, lipoproteins may be of medical importance.
For example, it has been shown in Borrelia burgdorferi, the Lyme disease
spirochete, that surface exposed lipoproteins cause an inflammatory response in
human host cells (Fraser et al., 1997, Ramesh et al., 2003, Scragg et al., 2000).
Lipoproteins may also interact with periplasmic proteins, OMPs, other lipoproteins,
the murein layer and can also be part of vital membrane complexes to perform their

functions.
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Lipoproteins are initially synthesised in the cytoplasm and are translocated through
the IM by virtue of their N-terminal signal sequence, which is followed by lipid
modification at their N-terminal cysteine residue on the periplasmic surface of the IM
(Sankaran and Wu, 1994). Localisation of the mature lipoproteins is dependent on
the Lol (localisation of lipoproteins) system, which guides lipoproteins to OM or IM.
The major player in localisation is the IM ATP-dependent translocator complex,
LolCDE, which localises lipoproteins based on the +2 residue (i.e the residue next to
the N-terminal cysteine residue). Localisation to the OM requires both a periplasmic

chaperone (LolA) and an OM lipoprotein (LolB) for full maturation.

It should be noted membrane anchoring of lipoproteins may not be necessarily a
criterion for absolute function. Multiple essential lipoproteins of E. coli have been
shown to function properly even when their signal sequences are deleted, so long
as they are expressed in excess (Tsukahara et al., 2009a). This suggests that
lipidation of proteins is a matter of economy rather than overall functionality.
However, mislocalisation of certain envelope lipoproteins can abolish their function
and in some cases, contribute to toxicity. Examples such as localising the OM-
associated PBP (penicillin-binding protein) cofactor LpoA to the IM, renders it
unable to be involved in peptidoglycan biosynthesis (Paradis-Bleau et al., 2010) and
IM localisation of the peptidoglycan-associated lipopotein, Lpp, leading to cell lysis
(Yakushi et al., 1997). Because of the essential roles that lipoproteins play in cells,

proper localisation and assembly of them, is critical for growth and viability.
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1.8.1 Biogenesis of lipoproteins

Lipoproteins are synthesised in the cytoplasm as precursors with a signal sequence
known as a lipobox. Lipoboxes have a consensus sequence of Leu-(Ala/Ser)-
(Gly/Ala)-Cys (Hayashi and Wu, 1990). Once synthesised, these precursors are
then transported to the periplasmic side of the IM, via the SEC machinery, where
processing into the mature lipoprotein begins (Tokuda, 2009, Sankaran and Wu,

1994).

Three well conserved enzymes are involved in the processing steps that ultimately
lead to cleavage of the lipobox sequence and lipidation of the N-terminal cysteine
residue (Figure 1.11). Firstly, phophatidylglycerol/prolipoprotein diacylglyceryl
transferase (Lgt) adds diacylglycerol to the N-terminal cysteine by a thioether
linkage. Then the signal peptide is cleaved by LspA (lipoprotein signal
peptidase/signal peptidase Il). Lastly, the N-terminal cysteine residue is N-
acetylated by Lnt (phospholipid/apolipoprotein transacylase). These three enzymes

are strongly conserved in Gram-negative bacteria and are essential in E. coli.
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Figure 1.11 Initial lipoprotein processing steps. A Initially the lipoprotein exists with a
lipobox signal sequence near the N-terminus. B The enzyme Lgt catalyses the addition of
diacylglycerol to N-terminal +1 cysteine residue (red) whilst LspA cleaves the lipopbox

sequence (blue). C Further processing occurs by Lnt, which N-acylates the protein (green).

1.8.2 Sorting of lipoproteins

Lipoprotein sorting to the IM or OM is largely dependent on the N-terminal second
residue (+2 residue) (Yamaguchi et al., 1988). The presence of an Asp residue at
+2 causes localisation of a lipoprotein to the IM whereas any other residue at the +2
position leads to OM localisation. This general localisation effect is called the "+2
rule". It should be noted that Phe, Trp, Tyr, Gly, and Pro residues at +2 can also act
as IM retention signals, although no lipoproteins in E. coli have any of these five

residues at their +2 positions (Seydel et al., 1999).
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Sorting of lipoproteins is not entirely dependent on the +2 residue. The +3 residue
has been shown to play an important role in localisation as the presence of His or
Lys at +3 causes only partial retention of lipoproteins with a +2 Asp to the IM
(Gennity and Inouye, 1991, Yokota et al., 1999). Additionally, the presence of Asp,
Glu or GIn at +3 with a +2 Asp leads to strong IM retention (Terada et al., 2001). It
should be noted that the presence of Ser at +3, leads to OM localisation, unless
there is +2 Asp, strongly indicating the importance of the +2 Asp for IM retention of

lipoproteins.

Overall, it seems that a negative charge or amide group at +3 with Asp at +2 leads
to strong IM retention. Asn at +2 can also act in IM retention, providing that the +3 is
Asp, as in the case of the E. coli protein AcrE (Klein et al., 1991, Seiffer et al.,
1993). The +2 rule is fairly well conserved in the Enterobacteriaceae family (Babu et
al., 2006, Lewenza et al., 2006) although there are known exceptions such as MexA

of Pseudomonas aeruginosa, which uses a +2 Gly (Narita and Tokuda, 2007).

The method by which this IM retention signal from the +2 Asp residue works is that
the ATP-dependent IM translocator, LoICDE (discussed below), fails to interact with
lipoproteins that contain these residues (Masuda et al., 2002). This process, termed
"Lol avoidance", has been demonstrated by modifying OM lipoproteins with IM
retention signals and observing localisation to the IM (Sakamoto et al., 2010).
LolCDE only recognises the N-acylated group of lipoproteins rather than the +2
residue (Hara et al., 2003). Rather, the IM contains 75% PE, which is positively

charged, steric and electrostatic interactions occur between PE and the +2 Asp
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residue, which forms a phospholipid-lipoprotein complex that does not interact with

LolCDE and remains in the IM.

1.8.3 The Lol system

So far, only IM lipoprotein biogenesis has been discussed. OM lipoprotein sorting
requires 5 additional proteins, LolA through LolE, which are all essential for the
growth of E. coli. LoICDE forms an ABC (ATP-Binding Cassette) transporter in the
IM, which is responsible for the extraction of lipoproteins from the IM. LolA is a
periplasmic chaperone which guides the lipoprotein to the OM. The final member is

LolB, which is an OM lipoprotein responsible for insertion.

1.8.3.1 The LolCDE-Lipoprotein complex

LolCDE forms an ABC transporter in the IM (Yakushi et al., 2000). This complex is
made up of LolC, LolD and LolE subunits in a 1:2:1 stoichiometry. LolC and LolE are
membrane subunits, with each protein having four membrane spanning helices and
one large periplasmic loop between the first and second periplasmic helices
(Yasuda et al., 2009). Additionally, the sequences of LolC and LolE are very similar
to each other, explaining the similar organisation in the IM. LolD is a nucleotide
binding protein, which has conserved ABC signature, Walker A and Walker B motifs

(Yakushi et al., 2000).

The crystal structure of MJ0796, a LolD homologue in Methanococcus jannasachii

with 43.7% identity to E. coli, was solved to 2.7 A resolution (Yuan et al., 2001). The
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structure shows a fold similar to the ATPase subunits of other ABC transporters

(Smith et al., 2002).

1.8.3.2 LolA

LolA is a periplasmic chaperone that has been shown to bind and release several
OM lipoproteins from the IM (Matsuyama et al., 1995). LolA is able to bind to
lipoproteins with a 1:1 stoichiometry to form a water-soluble complex and has the

important task of transporting hydrophobic lipoproteins through the periplasm.

The crystal structure of LolA has been solved to 1.65 A (Takeda et al., 2003a)
(Figure 1.12A). The structure indicates a fold reminiscent of an incomplete (3-barrel
consistent of 11 anti-parallel B-strands with a lid of 3 a-helices. The lid and
incomplete B-barrel form a hydrophobic cavity, which is a likely binding site for the
N-acylated N-termini of lipoproteins. The hydrophobic cavity of LolA is mainly made

up of aromatic residues.

Mutational analysis has revealed that Arg43 of LolA is important for function
(Miyamoto et al., 2001). This residue closes the lid of the hydrophobic cavity by
forming a hydrogen bond between the B2-strand the a-helical lid. An R43L mutant
has been shown to display interactions with LolICDE, but fails to transfer lipoproteins
to LolB which result in periplasmic accumulation of lipoproteins. This mutant has
increased hydrophobic interactions between LolA and lipoproteins, thereby causing

inefficient transfer to LolB (Taniguchi et al., 2005).
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Structural analysis of the R43L mutant further confirmed that R43 has a critical
function in closing the lid (Miyamoto and Tokuda, 2007), and that the hydrophobic
cavity of LolA undergoes opening and closing upon the binding and release of
lipoproteins respectively (Pastukhov and Ropson, 2003). Additionally, it was found
that opening of the LolA hydrophobic cavity is essential for growth in E. coli, as a
mutant with a permanently closed cavity led to cell envelope stress and activated

Cpx levels (Raivio and Silhavy, 2001, Tao et al., 2010).

1.8.3.3 LolB

LolB is an OM lipoprotein that is the receptor for OM lipoproteins and has a role of
inserting them into the OM (Matsuyama et al., 1997). Like LolA, LolIB is essential for
growth and depletion of LolB leads to the periplasmic accumulation of OM targeted

lipoproteins (Tanaka et al., 2001).

The crystal structure of mLolB, a soluble LolB derivative lacking the N-terminal acyl
chain, demonstrated that it had a similar structure to LolA, despite their amino acid
sequences being dissimilar (Takeda et al., 2003b) (Figure 1.12B). However,
although similar, there are some differences between the structures of LolA and
LolB. LolA has an extra loop region containing a short helix, that is thought to
prevent retrograde transfer of lipoproteins (Okuda et al., 2008). Also, LolA has a
twelfth B-strand at the C-terminus. Finally, the nature of the hydrophobic cavity is
quite different, with LolB mainly harbouring Leu and lle residues and LolA mainly

having aromatic residues. This changes the affinity for lipoproteins, as the side
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chains that are present in LolB have more flexibility than the aromatic rings, which

increases the intensity of the hydrophobic interactions when compared to LolA.

The soluble mLolIB is functional, despite lacking an N-terminal anchor, and is able to
replace LolB providing that it is expressed at a higher level (Tsukahara et al.,
2009b). This suggests that OM targeting is an intrinsic feature of LolB rather than its
possible mislocalisation. The method of lipoprotein insertion by LolB is largely
unknown, but it thought that residue L68 is important for this function, as it is part of

a hydrophobic loop that could protrude into the membrane (Takeda et al., 2003a).

Figure 1.12 Crystal structures of LolA and LolB. A LolA (PDB: 1IWL) and B LolB (PDB:
1IWM), exhibit a remarkably similar fold despite their dissimilar amino acid sequences
(~10% homology). Both structures contain a hydrophobic cavity formed from an unclosed [3-
barrel and an a-helical lid.
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1.8.3.4 Lipoprotein Transfer

Co-purification experiments with LolICDE, ATP and lipoproteins have revealed the
molecular events that are involved with LolA-dependent lipoprotein release (lto et
al., 2006, Taniguchi and Tokuda, 2008). Firstly, LoICDE binds to an OM targeted
lipoprotein which leads to an increase in the affinity of LolD for ATP. The ATP
binding to LolD then weakens the hydrophobic interaction between the lipoprotein
and LolCDE. Finally, ATP hydrolysis causes the transfer of lipoproteins to LolA and

opens the hydrophobic cavity of LolA (Figure 1.13A).

In vivo cross-linking experiments have revealed how LolA interacts with LolICDE
(Okuda and Tokuda, 2009). Although LolC and LolE have similar sequences (26%
identity) and topologies (Narita et al., 2002, Yasuda et al., 2009), only LoIC is
observed to bind to LolA. The binding of lipoproteins to LolCDE increases the
interaction between LolC and LolA and that this interaction requires the use of the
entrance of the hydrophobic cavity of LolA. Additionally, these experiments have
revealed that only LolE specifically interacts with lipoproteins, rather than LolC. It
should be noted that in vitro, minimum lipoprotein releasing activity is observed from
LolDE complex without LolC (Kanamaru et al., 2007). This result suggests that LolC
may function as a scaffold for LolA and that LolE is involved in the recognition of OM

targeted lipoproteins.

The periplasmic regions of LolC and LolE exhibit sequence similarity to LolA and

LolB, which suggests that these proteins may also have hydrophobic cavities and
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that lipoprotein transfer could be mediated by the interaction of these cavities

(Okuda and Tokuda, 2009).

The same cross-linking experiments suggested that lipoprotein transfer between
LolA and LolB may be mediated in a "mouth-to-mouth" manner (Figure 1.13B).
Indeed this has now been shown by NMR, the hydrophobic cavities of LolA and
LolB directly interact with each other and the lipoprotein is transferred between the
two. LolB has a higher affinity for lipoprotein than LolA (Taniguchi et al., 2005), thus
once this cavity connection is made, the transfer of lipoprotein could be driven by

the direction of higher affinity.

Figure 1.13 Molecular events underlying lipoprotein sorting by the Lol system (taken
from S. Okuda and H. Tokuda, 2011). A Lipoproteins first bind to LolE (step1) and are then
transferred to LolA with ATP mediated release from the LolICDE complex (step2). LolA then
forms a hydrophilic complex with the lipoprotein (step3), which is then transferred to LolB by
an affinity-driven interaction (step4). B A model displaying mouth-to-mouth interactions

between the cavities of LolA and LolB.
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1.8.4 Concluding remarks

The conserved Lol system has been shown to be critical for OM biogenesis and
viability of E. coli. Many lipoproteins have been shown to play essential roles in E.

coli and the correct localisation of them is important for their function.

The molecular mechanisms underlying transfer of lipoproteins from the IM to OM
have been clarified. IM lipoproteins are retained in the IM by Lol avoidance, whereas
OM lipoproteins are recognised by the LoICDE complex and are transferred to the
periplasmic chaperone LolA in an ATP-dependent manner. LolA then transfers the
lipoprotein to the OM lipoprotein receptor LolB in a mouth-to-mouth manner.
However, the exact nature of transferring lipoproteins from LolB to the OM is still
unknown nor is it known if the same mechanism is used for surface exposed

lipoproteins.
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1.9 Outer membrane beta barrels

Outer membrane proteins (OMPs) form the major class of proteins present in the
outer membrane of Gram-negative bacteria. Their presence solely within this
membrane is one of the defining features that distinguish the OM from the IM.
OMPs are arranged in a unique B-barrel topology in the OM, which enables the cell

to interact and mediate exchange with its environment.

Due to their contact with the external milieu, OMPs have been implicated in a variety
of functions in E. coli. The most abundant OMP species serve as non-specific,
passive transporters that allow the diffusion of ions, sugars and small hydrophilic
molecules (generally smaller than 700 Da). Examples of these are PhoE, OmpC
and OmpF. OMPs can also serve as specific transporters, such as the sucrose
transporter ScrY. Apart from metabolite transportation, OMPs are involved in
diverse functions, such as adhesion (e.g. Ag43), ATP-mediated export (TolC),
secretion (Type V secretion proteins) and OMP biogenesis (BamA) (Tamm et al.,

2004).

Although OMPs have diverse functions, they all share a similar structure and
topology. All OMPs are arranged as a [(-barrel, which in most cases consist of an
even number of B-strands. The strands are arranged in an anti-parallel manner,
which produces a central hydrophilic pore (Figure 1.14). Main chain hydrogen
bonding between the strands allows this structure to be maintained. The B-strands

are tilted relative to the axis and each strand of the protein is equal in length and the
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barrel is closed by hydrogen bonding between the first and last B-strand, with both
the N and C-terminus present in the periplasm. 3-barrel proteins are very stable and
in vitro, temperatures close to boiling point are needed to denature them. It should
be noted that there are many OMPs that are composed of trimers, with each

monomer contributing to the B-barrel (Seshadri et al., 1998).

Figure 1.14 Structure of OmpG. A B-barrel structure is formed from an extensive hydrogen
bonding network between extended -strands. With OmpG (PDB: 2X9K), 14 B-strands are

used to form a hydrophilic channel.

As B-barrels reside in the OM and produce a hydrophilic pore (Tamm et al., 2004),
they have a distinct arrangement of amino acids. Residues involved in the water
filed pore are generally hydrophilic and/or charged, whereas those that are in
contact with the lipid bilayer of the OM tend to be short, hydrophobic residues. It
should be noted that aromatic residues are particularly prominent in OMPs and can

have roles in other functions (discussed below) (Wimley, 2003).
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Apart from just providing the hydrophilic pore for exchange, other parts of the OMP
may be involved in function. Aromatic side chains may be orientated around the
barrel rims, which leads to the production of ,aromatic girdles® (Nikaido, 2003), which
are presumed to influence the stability of the folded OMP. [B-hairpins are also
another common feature, which are formed from the B-strands, and are also thought
to be involved in structural maintenance (Koebnik, 1996). OMPs may also contain
sizeable periplasmic domains, such as POTRA domains (discussed later) (Wu et al.,
2005), that may be involved in the function of the OMP or act as a scaffold to other
proteins. a-helices can also protrude from the B-barrel into the periplasm and
produce smaller barrel-like structures (Koronakis et al., 2000). Results from in silico
modelling suggests that B-barrels may also contain extracellular loops, which may
act as plugs involved with substrate specificity (Delattre et al., 2010, Kramer et al.,
2000, Adamian et al., 2010) and the presence of helical ,out-clamps®, which may
reinforce weakly stable B-strands at the membrane-solvent interface (Naveed et al.,

2009).

OMPs are an essential part of the OM and confer various functions to the cell.
Biogenesis of OMPs is now widely accepted to be dependent on the evolutionary
conserved Bam complex (Wu et al., 2005, Anwari et al., 2010, Anwari et al., 2012,
Gatsos et al., 2008, Kim et al., 2007, Sklar et al., 2007a, Volokhina et al., 2009).
Although some OMPs have been shown to insert and fold themselves
spontaneously into phospholipid bilayers, the process is much more efficient with

the Bam complex (Burgess et al., 2008, Kleinschmidt, 2003, Tamm et al., 2001).
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There are some other features of OMP biogenesis that need to be discussed, such

as transport through the IM and periplasm, before addressing the Bam complex.

1.9.1 Transport through the IM

OMPs are able to be transported through the IM using either the Sec or SRP
pathway by virtue of their N-terminal signal sequence. Generally, OMPs are
transported using the SecB-dependent post-translational pathway. However, with
increasing hydrophobicity of signal sequences of certain OMPs (e.g. OmpA, LamB),

the co-translational SRP is used (Bowers et al., 2003, Lee and Bernstein, 2001).

1.9.2 Late translocation steps

Nascent precursor OMPs emerge from the Sec translocon in an N to C-terminal
manner (du Plessis et al., 2010). Since unfolded OMPs contain many hydrophobic
regions, there is the possibility of these proteins aggregating in the periplasm. To
prevent this, numerous periplasmic factors have been implicated in preventing this

and aiding release of OMPs from the translocon.

SecD and SecF are two accessory components of the Sec translocon. The crystal
structure of the SecDF complex suggests that they are involved in mediating the late
steps of translocation in a manner dependent on the PMF (Tsukazaki et al., 2011).
There is also evidence that the IM associated periplasmic chaperone, PpiD,
influences transport of OMPs through the translocon by interactions with emerging

proteins from the translocon (Antonoaea et al., 2008).
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Skp, a periplasmic chaperone, has been shown to interact with translocation
intermediates of OMPs at the periplasmic face of the IM. This interaction may aid
dissociation of nascent OMPs from the IM, as has been observed for OmpA

(Schafer et al., 1999).

Once released from the IM, the N-terminal signal sequence used to lead
translocation is cleaved by periplasmic proteases. Mutational analysis has indicated
that signal sequence cleavage is a key stage for successful OMP assembly, as this
can interfere with the targeting and assembly of the OMP (Carlson and Silhavy,

1993).

1.9.3 Interactions with periplasmic chaperones

Interactions with periplasmic chaperones are crucial for OM biogenesis. Without
these chaperone interactions, a toxic accumulation of aggregates occur in the
periplasm, as targeting to the OM does not take place. This in turn leads to
activation of stress responses (Carlson and Silhavy, 1993). Furthermore, the
depletion of critical OMPs in the OM (e.g. LptD), results in a compromised OM
barrier function. Periplasmic chaperones have a major role in keeping precursor
OMPs in a folding-competent state as well as guiding and targeting OMPs to the
OM (Silhavy et al., 2010). The current model in OMP assembly suggests that there
are two parallel chaperone pathways for OMPs, one involving SurA and another
with Skp and DegP (Sklar et al., 2007b, Rizzitello et al., 2001). This section details
the known periplasmic chaperones and gives some functional insight into how they

function.
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1.9.3.1 SurA

SurA is regarded as the major periplasmic chaperone in E. coli (Sklar et al., 2007b)
and is proposed to have a role in extracytoplasmic protein folding. Evidence for this
comes from the observation that AsurA strains show OM defects, delays in OMP
maturation, and activate the o regulon and that overexpression of SurA can
suppress OM permeability defects (Lazar and Kolter, 1996, Rouviere and Gross,
1996, Missiakas et al., 1996). SurA has also been shown to interact specifically with
unfolded OMPs (Behrens et al., 2001, Bitto and McKay, 2004) and with peptides
containing motifs present in OMPs (Bitto and McKay, 2003, Hennecke et al., 2005,

Stymest and Klappa, 2008, Webb et al., 2001, Xu et al., 2007).

SurA contains two peptidyl-prolyl-isomerase domains (PPlase), referred to as P1
and P2 (Lazar and Kolter, 1996, Missiakas et al., 1996) (Figure 1.15). PPlases are
able to catalyse the cis to trans isomerisation of peptidyl-proline bonds. SurA also
contains chaperone activity, which has been localised to a domain that is produced
from the association of the N and C-terminal domains (Behrens et al., 2001, Bitto

and McKay, 2002, Watts and Hunstad, 2008).
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Figure 1.15 SurA exhibits a modular architecture. Structure of SurA (PDB: 1M5Y), with
P1 and P2 domains highlighted (cyan). The chaperone activity of SurA has been localised

to a domain formed between the N and C-termini.

It is not immediately apparent what the purpose of the P1 and P2 domains in SurA
is. It has been demonstrated that deletion of either of these domains causes
novobiocin sensitivity in UPEC strains of E. coli (Watts and Hunstad, 2008), but this
may be a species specific effect. It seems conceivable that the use of PPlase
activity could aid folding of OMPs. However, mutations in the catalytic site of P2,
can abolish PPlase activity, without affecting the chaperone function of SurA. In
addition to this, the P1 domain is conserved in several homologues, but lacks
PPlase activity (Giuseppe et al., 2010). These data suggest that the PPlase
activities of P1 and P2 may contribute very little to overall SurA function. It should be
noted that SurA is able to bind to peptides rich in aromatic residues via the P1
domain (Xu et al., 2007), which may suggest that they are involved in substrate

binding.
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SurA has been shown enhance the rate of folding of OMP monomers (Ureta et al.,
2007, Lazar and Kolter, 1996, Rouviere and Gross, 1996) and depletions or
deletions of surA strongly induces the oF regulon (Rouviere and Gross, 1996),
strongly suggesting a role in OMP biogenesis. Further evidence for this comes from
the demonstrations that SurA increases OmpT assembly in an in vitro B-barrel
assembly system (Hagan et al., 2010), there are changes in OM density following
SurA depletion (Sklar et al., 2007b) and SurA being involved with various OM
components, such as autotransporters IcsA (Purdy et al., 2007), Hbp (Sauri et al.,
2009), EspP (leva and Bernstein, 2009, Ruiz-Perez et al., 2009) and the chaperone
usher/pilus assembly systems PapC and FimD (Watts and Hunstad, 2008,
Vertommen et al., 2009). Although SurA is thought to be the major periplasmic
chaperone, a proteomic study was performed to determine the range of substrates
of SurA (Vertommen et al., 2009). From this study, they found that 15 of the 23
OMPs studied were not affected by the absence of SurA. This could imply that SurA
exhibits substrate specificity and that these effects are due to the absence of
specific SurA-dependent OMPs used in this study. However, it clearly highlights that

other chaperone systems are used for the transport of OMPs to the OM.

Crystallographic studies have demonstrated the modular nature of SurA (Bitto and
McKay, 2002, Giuseppe et al., 2010, Clantin et al., 2009). Structural analysis of E.
coli SurA showed the presence of a core chaperone domain that was tightly
associated with the P1 domain and that the P2 domain was connected by a flexible

linker region (Bitto and McKay, 2002, Abe et al., 2003). Following this result, another
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structure of SurA lacking the P2 domain, demonstrated peptide binding with a
conformational rearrangement, whereby the P1 domain dissociated from the core
chaperone domain, to bind to the aromatic rich peptide and that the chaperone
domains of each SurA monomer interacted with each other to produce a dimer (Xu
et al., 2007). A similar dimer has been crystallised in a structural homologue Par27
of Bordetella, although the dimer interface is different (Clantin et al., 2009). Whether

these conformational changes are physiologically relevant has yet to be proven.

56



1.9.3.2 Skp

Skp is another periplasmic chaperone that is thought to have a role in OMP
biogenesis. Although implicated in the latter steps of IM translocation (Thome et al.,
1990, Thome and Muller, 1991), further evidence suggests other functional roles.
Skp was demonstrated to bind specifically to unfolded OMPs (Chen and Henning,
1996) and form soluble periplasmic intermediates of OmpA (Schafer et al., 1999).
Additionally, the absence of skp, caused increased activation of the ot response.

These findings suggest a role for Skp in OMP biogenesis.

Another finding, which highlighted the importance of Skp, is that it is required for
viability in a AsurA background. This synthetically lethal combination has suggested
that SurA and Skp may have overlapping pathways with substrates common to both
chaperones and that this pathway is the major one involved in periplasmic handling
of OMPs en route to the OM (Sklar et al., 2007b, Rizzitello et al., 2001). Proteomic
analysis has indicated that individual levels of OMPs did not decrease in a Askp
mutant, but levels of all OMPs decreased in a mutant with surA and skp disrupted,
suggesting redundant substrate specificity (Vertommen et al., 2009). It should be
noted that in N. meningitidis, a AsurA and Askp pair is not synthetically lethal,

suggesting that this chaperone pathway is not universal.

The structure of Skp has indicated that it is a homotrimer, which has a core domain,
where trimerisation takes place, and three a-helices projecting from it (Walton and
Sousa, 2004, Korndorfer et al., 2004) (Figure 1.16). This structural feature bears

some resemblance to chaperones in other organisms, such as mitochondrial
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intermembrane chaperone Tm9.10 and the archaeal chaperone perfoldin (Abe et
al., 2003, Webb et al., 2006, Walton and Sousa, 2004). Substrate binding is thought
to be mediated by the a-helices which are able to form a hydrophobic pit.
Electrostatic and hydrophobic interactions keep the substrate in place in this pit (Qu
et al., 2007). Studies performed using site-directed fluorescence spectroscopy and
NMR have indicated that the B-barrel domain of OmpA is buried in the pit from the
projected helices and that the hydrophilic periplasmic domain resides outside of the
pit and adopts its native conformation (Qu et al., 2009, Walton et al., 2009). The
flexible nature of the a-helices allows Skp to theoretically bind to diverse sizes of
OMPs (Walton and Sousa, 2004). Indeed this seems to be the case as Skp has
been shown to bind to broad range of OMPs that include porins (Harms et al., 2001,
Chen and Henning, 1996, Qu et al., 2007, Jarchow et al., 2008), OmpA (Bulieris et
al., 2003), autotransporters (leva and Bernstein, 2009) and intimin (Bodelon et al.,
2009). Further roles of Skp have been reported outside of E. coli, such as being
implicated in virulence in Salmonella (Purdy et al., 2007) and has a possible role in

cell-cell spread in Shigella (Rowley et al., 2010).
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Figure 1.16 Trimeric structure of Skp. Skp (PDB: 1U2M), is a homo-trimer with extended
a-helices that form a 'jellyfish' structure. The a-helices are thought to be involved in

substrate binding.

1.9.3.3 DegP

DegP is a periplasmic ATP-independent serine protease. DegP has the major
function of being a housekeeping protein in the cell envelope, promoting the
refolding and proteolysis of unfolded or aggregated proteins (Meltzer et al., 2009).
DegP also plays an important role in coping with extracytoplasmic stresses and is
an essential gene under high temperature conditions (Subrini and Betton, 2009).
DegP has also been shown to be specifically induced by the presence of precursor
OMPs in the periplasm and responds to those proteins that have fallen off the route
to OM biogenesis degrading them in a process that requires oligomerisation to form

molecular cages (Krojer et al., 2010) (Figure 1.17).
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Figure 1.17 Structure of DegP. A Monomeric structure of DegP (PDB: 1KY9), with S210
coloured in red. B Crystal structure of the DegP 24mer (PDB: 3CS0).

DegP also contains chaperone activity alongside its protease ability, even when the
active serine is mutated (Subrini and Betton, 2009). Protease activity is thought to
predominate at higher temperatures and chaperone activity at lower temperatures,
which is monitored by a temperature dependent conformational switch (Krojer et al.,
2008). A role for DegP as a chaperone in OMP biogenesis was determined by a
simultaneous deletion of surA and degP, which produced a synthetic lethal
phenotype. This result suggested the presence of a secondary OMP chaperone
pathway involving Skp and DegP (Sklar et al., 2007b) and SurA being the major

pathway.

The exact role that DegP contributes to the OMP assembly pathway is not
apparently clear. Overproduction of a protease deficient mutant of DegP (DegP5%'%*)
has shown to suppress the lethal effects of expression of unfolded OMPs

(CastilloKeller and Misra, 2003, Misra et al., 2000), but this mutant can only bind

60



and sequester these misfolded intermediates in the periplasm. The return of these
intermediates back to the OMP folding pathway has not been observed (Misra et al.,
2000). This data suggests that DegP may function as a dead-end pathway, which
degrades misfolded OMPs in the periplasm that have fallen off the OMP assembly

pathway.

1.9.3.4 Other periplasmic chaperones

It has been suggested that there are other periplasmic proteins that may have a
chaperone role involved with OM biogenesis, but may not be part of the major
pathways involving SurA, DegP or Skp that have been discussed previously.

Although they are not as essential, it is worth briefly discussing them.

FkpA is a dimeric periplasmic chaperone that also exhibits PPlase activity (Figure
1.18) (Horne et al., 1997, Saul et al., 2004). Like SurA, FkpA has chaperone activity
that is independent of its PPlase domains (Bothmann and Pluckthun, 2000, Ramm
and Pluckthun, 2000, Arie et al., 2001, Hullmann et al., 2008). FkpA has been
implicated in a variety of functions for cell invasion and virulence in Gram-negative
bacteria (Helbig et al., 2003, Horne et al., 1997, Moro et al., 1995), although the
relative contribution of FKpA to these processes is still under question (Humphreys
et al., 2003). FkpA has been demonstrated to be essential for the toxicity of colicin
M, which requires the PPlase activity (Helbig et al., 2010) and is needed for the
maturation of the autotransporter EspP (Ruiz-Perez et al., 2011). Although the

chaperone and PPlase activities of FkpA are important for these functions, no
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evidence is currently present that demonstrates the direct involvement of FkpA in

the OMP biogenesis pathway.

Figure 1.18 Monomeric structure of FkpA. FkpA (PDB: 1Q6U) also contains a PPlase

domain (cyan), but its chaperone activity is independent on this domain.

PpiD is another periplasmic chaperone that is thought to contribute to OMP
biogenesis. Overexpression of PpiD can suppress the OM defects associated with a
AsurA strain and that a double deletion of ppiD and surA yields a synthetic lethal
phenotype (Dartigalongue and Raina, 1998). Evidence suggests that PpiD may be a
periplasmic chaperone, but its substrate may not be precursor OMPs (Justice et al.,
2005, Matern et al., 2010, Weininger et al., 2009). PpiD may act as a “gate-keeper”,
interacting with emerging membrane proteins as they enter the periplasm
(Antonoaea et al., 2008) and utilises its chaperone ability for this purpose (Ureta et

al., 2007).
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1.9.4 OM substrate/target recognition

OMPs are driven through the IM by the Sec translocon via their N-terminal signal
sequence, which is then cleaved by the periplasmic protease signal peptidase |
(SPase 1) and releases them from the IM (Silhavy et al., 2010, Bos et al., 2007a,
Paetzel et al., 2002). With OMPs, there is another signal sequence present at the C-
terminus. Data suggests that the terminal amino acid is the crucial part of this signal
(de Cock et al., 1997) and that phylogenetic analysis of OMPs show a conserved
aromatic residue at this position (Struyve et al., 1991). Deletion or mutation of this
aromatic residue can block assembly into the OM (Misra et al., 2000). However, it
should be noted that these mutants are able to fold into bilayers in vitro, indicating
that this conserved phenylalanine residue is present for signal recognition rather
than folding competency (Jansen et al., 2000). The OMP substrates that are
recognised by the Bam complex have a consensus C-terminal sequence of X-Z-X-
Z-X-Z-Tyr-Z-Phe/Trp, where X is hydrophobic and Z is any amino acid (Struyve et

al., 1991, Robert et al., 2006, de Cock et al., 1997, Lehr et al., 2010).

1.9.5 The Bam Complex

Once precursor OMPs have been guided by periplasmic chaperones, they are
delivered to the Bam complex, which has the task of inserting B-barrels into the OM.
This molecular complex has been shown to be essential for OMP biogenesis in
every organism tested (Wu et al., 2005, Gentle et al., 2004, Anwari et al., 2010,
Voulhoux et al., 2003, Arnold et al., 2010, Bullmann et al., 2010, Schleiff et al.,
2011) as well as being heavily conserved, with structural and sequential

homologues of the most conserved Bam complex member, BamA (Omp85/YaeT)
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being identified in chloroplasts (Toc75), mitochondria (Sam50/Tob55) and in all
diderm bacteria (Bullmann et al., 2010). This suggests that the Bam complex is
involved in a fundamental biological process and that 3-barrel insertion by Bam is a
universal mechanism across phylogenies. It should be noted that there are some
OMPs that have been shown to be able to assemble independently of the Bam
complex, such as PulD (which lacks the conserved C-terminus aromatic residue)
and Wza (Collins and Derrick, 2007), however it remains to be seen whether under

normal conditions folding via the Bam complex occurs.

In E. coli, the Bam complex consists of 5 units; BamA, a (B-barrel itself, and four
accessory lipoproteins, BamBCDE, that protrude into the periplasm (Ruiz et al.,
2005, Wu et al., 2005, Anwari et al., 2010, Gatsos et al., 2008, Kim et al., 2007,
Sklar et al., 2007a, Volokhina et al., 2009). The complex is organised into two major
subcomplexes, BamAB and BamACDE (Malinverni et al., 2006, Kim et al., 2007),

with interactions with precursor OMPs being mediated by BamA.

A wealth of information is available on the individual components and how the

complex may function. Each of the components will be discussed in turn and then

how the complex functions.
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1.9.5.1 BamA

BamA is an essential and nearly ubiquitous member of the Bam complex. It is an
essential gene in E. coli and is predicted to form a 3-barrel. Depletion studies have
highlighted its importance, with a range of OM defects associated with these mutant
strains. Although the actual structure of BamA is still not yet fully determined, there
is a wealth of information from, bioinformatic, biochemical, electrophysical and

genetic characterisation.

BamA possesses an N-terminal periplasmic domain and a predicted C-terminal [3-
barrel. Bioinformatic analysis predicted that the N-terminus was divided into 5
distinct domains and structural studies indicated that BamA contains 5 POTRA
(polypeptide translocation associated) domains (labelled P1-P5) (Gentle et al.,
2005, Sanchez-Pulido et al., 2003, Gatzeva-Topalova et al., 2008). These structures
show that each POTRA domain displays a B-a-a-B-f topology as its characteristic
fold. Despite the lack of sequence homology between the individual POTRA
domains, the structures of the domains are homologous and can be superimposed

with very little deviation (<1.80 A RMSD) (Figure 1.19).
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Figure 1.19 The N-terminal domain of BamA contains POTRA domains. Crystal
structure of POTRA1-4 (PDB: 3EFC), with each POTRA domain exhibiting a fold containing
3 B-strands and 2 a-helices, despite little sequence homology between them. Solution

structure analysis has revealed that there is flexibility between the domains.

There are some notable differences between P3 and the other POTRA domains
despite the structural similarity. P3 contains a loop between the two a-helices that is
significantly longer (10 extra residues) and that its second B-strand contains a “B-
bulge”, which exposes additional B-strands that could be used for binding (Gatzeva-

Topalova et al., 2008, Kim et al., 2007).

Numerous structural studies have been performed on the POTRA domains with
some contrasting results. A POTRA domain dimer has been crystallised, with the 3-
bulge of P3 binding to a short segment of P5 as the dimerisation interface. The
nature of this binding is B-augmentation, which is thought to be how POTRA
domains bind to OMP substrates. B-augmentation is a mode of protein-protein

interaction whereby a (3-strand of one protein is added to an existing p-sheet of
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another protein (Remaut and Waksman, 2006). Analysis by NMR has indeed shown

the ability of POTRA domains to bind unfolded OMPs (Knowles et al., 2008).

From the two structural studies performed on this dimer, differing orientations of the
B-augmentation interaction have been observed in both a parallel and anti-parallel
manner (Kim et al., 2007, Gatzeva-Topalova et al., 2008). This may suggest that the
POTRA domains may tolerate these orientations in order to accommodate the wide
variety of substrates. Further analysis using a variety of methods such as SAXS,
NMR and PELDOR have confirmed flexibility between the POTRA domains
(Knowles et al., 2008, Ward et al., 2009) and have also suggested that dimerisation
of the POTRA domains was due to crystal packing and is not representative of the
wildtype conformation. It does seem feasible that the POTRA domains could re-

orientate themselves to accommodate a variety of substrates.

The importance and roles of each of the POTRA domains remains enigmatic,
although subsets of domains are essential and are most probably involved in a
crucial step in OM biogenesis (Bos et al., 2007b). Experimental evidence suggests
that they serve as docking sites for the Bam complex lipoproteins and have
chaperone-like function for substrates (Kim et al., 2007). In E. coli, deletion of a
single domain leads to reduced viability and impaired B-barrel assembly. Cells are
able to tolerate the deletion of P1 and/or P2, but the removal of P3, P4 or P5 is
lethal even if P1 or P2 is present (Kim et al., 2007). It should be noted that the
nature of these POTRA domains are different between species. Neisseria

meningitidis is able to tolerate the removal of P1-P4, with marginal effects on
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viability (Bos et al., 2007b). However, P5 seems to be essential, even in distantly
related Gram-negatives (Malinverni et al., 2006). Certain other homologues also
lack five POTRA domains, such as cyanobacteria having only 3 POTRA domains
(Arnold et al., 2010) and the mitochondrial Sam50, which only has a single POTRA

domain (Kutik et al., 2008).

Although there have been great success in the structural characterisation of the N-
terminal POTRA domains, the C-terminal B-barrel has yet to be solved. Studies
have shown that BamA exhibits channel activity when reconstituted in lipid
membranes and that the channel conductivity increases upon OMP binding
(Stegmeier and Andersen, 2006). The structure of the distantly related two-partner
secretion transporter FhaC has been solved (13.5% sequence identity) and it shows
16 strands forming a B-barrel that contains a long extracellular loop (L6) (Figure
1.20) (Clantin et al., 2007). This loop is a common motif amongst the Omp85 family
members and is conserved in BamA and its sequence shows a highly conserved
tetra motif (VRGY) (Clantin et al., 2007, Jacob-Dubuisson et al., 2009). The
structure of FhaC indicates that this loop is able to extend into the lumen of the
barrel. Mutations of this loop in FhaC stops it from secreting its passenger, the FHA
adhesin (Clantin et al., 2007, Delattre et al., 2010). It is predicted that the L6 loop of
BamA is much longer and could extend into the periplasm, which could possibly be

involved in Bam function (Jacob-Dubuisson et al., 2009).
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Figure 1.20 Crystal structure of FhaC. FhaC (PDB: 2QDZ) has 13.5% sequence identity
to BamA and has a C-terminal B-barrel. A long extracellular loop L6 is present (red), which

BamA also has, but is much longer.

1.9.5.2 BamB

BamB is an accessory lipoprotein that binds to BamA independently of BamC, D
and E. Strains harbouring knockouts of bamB display a range of OM defects, such
as hypersensitivity to antibiotics, increased stress responses and decreased OMP
levels, indicating that BamB plays a role in OMP biogenesis (Ruiz et al., 2005, Wu

et al., 2005, Charlson et al., 2006, Vuong et al., 2008).

Four independent crystal structures of BamB have been solved and all of them
show very similar architecture (Vuong et al., 2008, Gatsos et al., 2008, Albrecht and
Zeth, 2011, Heuck et al., 2011) (Figure 1.21). BamB has a [(-propeller fold
containing 8 blades. Each blade is comprised of four anti-parallel B-strands and the

blades are joined together by interconnecting loops (ILs). A highly electronegative
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groove has also been identified, which is thought to aid in protein-protein

interactions (Kim and Paetzel, 2010).

Hydrophobic pockets have also been observed between the blades and are thought
to possibly be an OMP binding site (Heuck et al., 2011). Although it has been
reported that BamB increased OMP assembly efficiency (Hagan et al., 2010), there

is no evidence of direct binding of OMPs to BamB.

Figure 1.21 Structure of BamB. BamB (PDB: 3PIL) contains a B-propeller fold consisting

of 8 blades. The BamA interaction site is shown in red.

1.9.5.3 BamC

BamC is another accessory lipoprotein of the Bam complex, although its function is
not apparent. Knockouts of bamC display mild OM defects and have very slight
decreases in OMP levels (Hagan and Kahne, 2011). In addition to this, BamC has
also been shown to be surface exposed, indicating that it has regions present both

in the periplasm and cell exterior (Webb et al., 2012).
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Two structures of BamC have been published (Albrecht and Zeth, 2011, Warner et
al., 2011), although it is difficult to gauge functional insights from them. Both of
these structures report a disordered N-terminus (spanning the first ~70-100
residues) (Figure 1.22). Also present are two structurally homologous helix grip
domains, despite the low sequence identity (12%), that are connected by a highly

flexible linker (Kim et al., 2011b, Albrecht and Zeth, 2010, Knowles et al., 2009).

Despite knowing that BamC is a member of the Bam complex and that deletion of
the gene causes some OM defects, very little is known about BamC. Structural
analysis has not revealed much information. Further experimentation is needed to

determine the function of BamC.

Figure 1.22 Structure of BamC. Crystal structures of the N and C-termini of BamC (PDB:

2LAE, 2LAF). The dashed line between the structures represents a predicted a-helix.
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1.9.5.4 BamD

BamD is a lipoprotein accessory member of the Bam complex and is an essential
gene in E. coli. Deletion of this gene yields a lethal phenotype and depletions of
bamD are similar to bamA depletions, with OM defects, increased permeability of
the OM and stalling of OMP assembly (Wu et al., 2006, Malinverni et al., 2006). The
nearly identical effects of bamA and bamD depletions suggest that BamD plays an
essential, but possibly overlapping role, in OMP biogenesis. BamD binds directly to
BamA in a manner that is dependent on BamC and BamD (Malinverni et al., 2006,

Hagan et al., 2010, Kim et al., 2007, Sklar et al., 2007a).

Two crystal structures of BamD have been reported from E. coli and Rhodothermus
marinus (Figure 1.23) (Albrecht and Zeth, 2011, Sandoval et al., 2011). Both of
these structures show that BamD is organised into a long superhelical structure and
is composed of multiple tetratricopeptide (TPR) repeats. These TPRs stack against
each other and stabilise each repeat. A major difference between the structures is
that in E. coli, the interaction surface of the terminal TPR is capped off by an a-helix,
whereas in R. marinus, this helix is missing entirely (Albrecht and Zeth, 2011,
Sandoval et al., 2011). It should be noted that the C-terminal region of BamD is
critical for function, as truncations of this region, lead to the loss of the associations

between BamD and other members of the Bam complex (Malinverni et al., 2006).
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Figure 1.23 Structure of BamD from E. coli. BamD (2YHC) contains long superhelical

structure with multiple TPRs.

Because of this structure, BamD is predicted to serve as a protein scaffold
(Sandoval et al., 2011). Structural homologues that have roles as chaperone
receptors have been shown to bind to substrates by virtue of their C-terminal region
into a conserved binding pocket (Kriechbaumer et al., 2011). As the C-terminus of
unfolded OMPs is needed for assembly (de Cock et al., 1997), BamD could possibly
recognise and bind precursor OMPs in the periplasm (Sandoval et al., 2011,

Albrecht and Zeth, 2011).

1.9.5.5 BamE

BamE is a non-essential lipoprotein that is a member of the Bam complex (Sklar et
al., 2007a). Like bamC, deletions of bamE yield mild defects, such as sensitivity to

antibiotics and slightly decreased OMP levels.

Several groups have reported the structure of BamE using both NMR and

crystallography (Albrecht and Zeth, 2010, Kim et al., 2011c, Knowles et al., 2011).
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Overall, the structure of BamE consists of an anti-parallel B-sheet packed against a

pair of a-helices with an a-a-3-B-p topology (Figure 1.24).

BamE is thought to stabilise the interaction between BamD and BamA with the aid
of BamC (Malinverni et al., 2006, Sklar et al., 2007a). Although the exact functional
role BamE is not exactly known, BamE has been shown to bind to
phosphatidylglycerol (PG) (Knowles et al., 2011) and possibly modulate the
conformation of BamA (Rigel et al., 2011). Further discussion of BamE is present in
Chapter 3, where the functional aspects of BamE are discussed from the Knowles et

al. 2011 study.

Figure 1.24 Structure of BamE. NMR structure of BamE (2KM7), which contains a fold

reminiscent of the POTRA domain fold.
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1.9.6 Interactions of Bam complex members

Previous studies have indicated that the Bam complex is organised into two major
subcomplexes, BamAB and BamACDE and that each of the subunits are essential
for efficient OMP assembly (Wu et al., 2005, Gatsos et al., 2008, Malinverni et al.,
2006, Anwari et al., 2010, Kim et al., 2007, Sklar et al., 2007a, Volokhina et al.,
2009). The stoichiometry of the complex is thought to be a 1:1:1:1 ratio for BamA, B,
C and D, although it is hard to determine how many subunits of BamE are present
due to its small size (Hagan et al., 2010). However, in vitro reconstitution of the
complex indicated that only one molecule of BamE was needed for activity of the full
complex (Hagan et al., 2010, Gatsos et al., 2008). It should be noted that BamA
tetramers have been observed (Robert et al., 2006). Due to this subcomplex
organisation, it is possible that BamB and BamCDE perform separate steps in OMP

assembly, or that they have discrete functions.

There is a wealth of information relating to the BamAB interaction. Mutational
analysis has revealed five crucial residues required for BamB function. Mutations of
these residues, that cluster to two adjacent B-blade interconnecting loops (IL4 and
ILS), disrupt the physical association of BamB to BamA (Vuong et al., 2008). These
mutations essentially yield a AbamB phenotype, although stable BamB is produced,
suggesting that this interaction with BamA is needed for proper OMP assembly.
Analysis of the BamB crystal suggests that these residues specify a BamA binding
site (Albrecht and Zeth, 2011, Heuck et al., 2011). In addition to this, deletion of the

propeller blade connected to IL5 abolishes BamB function (Ruiz et al., 2005).
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A re-ordering of the residues in the B-bulge of P3 has been shown to disrupt the
BamA-B association, suggesting that there is a BamB binding site at the edge of the
P3 B-sheet. Simulated protein docking has also suggested the binding of BamB L4
and Bam P3 B-bulge by B-augmentation (Noinaj et al., 2011), which agrees with the
data that demonstrates that both IL4 and the B-bulge are needed for the interaction
(Vuong et al., 2008, Kim et al., 2007, Gatzeva-Topalova et al., 2008). It should also
be noted that this interaction may be maintained electrostatically as P3 has been
shown to be electropositive and the surface of IL4 and IL5 to be electronegative
(Noinaj et al., 2011). However, these are not the only BamA-B associations as this
interaction requires most of the POTRA domains for stable association. Removal of

any POTRA domain except for P1 disrupts the BamA-B interaction.

The interaction of BamA-CDE seems to be dependent on P5 although from the
current data, it is difficult to determine the nature of the interactions between BamA
and BamC,D and E (Kim et al., 2007, Hagan et al., 2010). Data suggests that BamC
and BamE interact with the complex through BamD in a manner that requires the C-
terminus of BamD, as truncations in this region compromise the BamA-D interaction

(Sklar et al., 2007a, Malinverni et al., 2006).

It has been suggested that BamC and BamE stabilise the BamA-D interaction. A co-
crystal structure of the unstructured region and N-terminal domain of BamC and full
length BamD revealed that the conserved unstructured region is important for the

formation of the BamCD subcomplex (Kim et al., 2011a). Additionally, the
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unstructured region of BamC was shown to obscure the C-terminus of BamD, which
is thought to bind to OMP substrates (Kim et al., 2011a). This data from this
structure suggests the possibility of BamC playing a regulatory role in OMP

assembly (Kim et al., 2011a, Sandoval et al., 2011, Albrecht and Zeth, 2010).

Genetic experiments can also give insight into Bam complex function. It has been
shown that deletions of the individual non-essential lipoproteins yields OM defects
(Hagan et al., 2011, Sklar et al., 2007a, Wu et al., 2005). However double knockout
data can yield further information. Individual knockouts of bamC or bamE yield
minor OM defects, however a double deletion of bamC and bamE, generates severe
OM defects (Sklar et al., 2007a). Interestingly, a double bamB and bamE deletion is
lethal (Sklar et al., 2007a). These genetic interactions may imply some functional
redundancy between Bam complex components, but also highlight critical roles for
the non-essential lipoproteins as part of the complex despite their individual

dispensability.

Binding of the periplasmic chaperone SurA to BamA has been observed and is
thought to be a transient interaction (Bennion et al., 2010). Although the nature of
this interaction is not apparent, this data could suggest that it is involved in substrate
handover from SurA to BamA, and this interaction is used as a docking site to
facilitate this exchange. There is further biochemical evidence that suggests that P1

is crucial for this transient docking step (Bennion et al., 2010).
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The SurA-BamA interaction seems to be independent of BamB, despite some
functional overlap between SurA and BamB. Both SurA and BamB depletions have
shown altered efficiency of assembly of a subset of OMPs (Ureta et al., 2007,
Vertommen et al., 2009) and that BamB is important for the assembly of Bam
substrates delivered by SurA (Hagan et al., 2010). Additionally, the simultaneous
deletion of bamB and surA leads to a synthetic lethal phenotype (Ureta et al., 2007).
Since the loss of BamB does not affect the SurA-BamA interaction, it seems unlikely
that SurA binds directly to BamB. BamB may somehow promote the assembly of
SurA substrates in a manner that is independent of binding (Noinaj et al., 2011). It
should also be noted that simultaneous removal of bamB and degP is also
synthetically lethal (Charlson et al., 2006). These results suggest that BamB is

involved in the earlier steps of OMP assembly.

So far, interactions of Skp or DegP to the Bam complex have not yet been observed
(Sklar et al., 2007a). This could be due to the transient nature of these possible
interactions, or that Skp and DegP are able to deliver Bam substrates in a manner

that does not require docking at the Bam complex.

1.9.7 Concluding remarks

Although the individual contributions and interactions of the components of the Bam
complex have been discussed, the actual process of OMP assembly still remains
enigmatic. It is known that the periplasmic chaperones deliver Bam complex
substrates that may bind to either the POTRA domains by B-augmentation or by the

C-terminal of BamD (Kim et al., 2007, Albrecht and Zeth, 2011, Sandoval et al.,
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2011). BamB, BamC and BamE may have roles in regulation and generally
increasing the efficiency of the process. Substrates could then be passed to the
BamA B-barrel domain, which could act as a scaffold to aid the formation and
assembly of B-barrels. During this process, BamC could act as a substrate binding
regulator, by using its unstructured region to bind to BamD. BamB could provide

substrate binding surfaces and BamE may recruit PG to increase folding efficiency.

The least understood aspect is the molecular nature of OMP assembly by the Bam
complex. Data from in vitro studies suggest that the insertion of OMPs takes place
in a concerted manner (Burgess et al., 2008, Kleinschmidt, 2003). Three different

models of OMP assembly have been suggested.

The first model suggests that the substrate OMP is translocated through the B-barrel
domain of BamA into the extracellular space in an unfolded form before being
assembled into the OM. This model is based on structural studies of FhaC. FhaC
has a pore diameter of ~3 A, which is too small to accommodate unfolded
polypeptides (Clantin et al., 2007). However, upon binding of the substrate (FHA),
the pore diameter can increase to 16 A (Clantin et al., 2007, Delattre et al., 2010),
which could be enough to accommodate the substrate. A similar observation has
been made for BamA, where its electrical conductivity has increased with substrate
binding (Stegmeier and Andersen, 2006). It is feasible that this conformational
change could allow translocation. A major caveat with this model is that it assumes
that OMP folding and assembly would take place on the extracellular surface which

could be an inefficient process without the direct aid of folding factors.
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The second model suggests that unfolded OMPs use the outer wall of BamA as a
template, whereby the substrate is inserted between the BamA-lipid interface. This
could lead to secondary structure formation, aided by the template of BamA and
ultimately leading to formation of B-barrels. This model also takes into account the
possible BamA tetramer, where the substrate could be contained in the space
between BamA subunits. This enclosed space could drive the formation of 3-barrels,

which would then be released laterally into the bilayer.

The third model suggests that substrates are able to enter the B-barrel domain of
BamA and that BamA is able to fold them into B-barrels and release them laterally
into the bilayer (Bos and Tommassen, 2004). The major problems with this model
are that the channel of BamA is not large enough to house a folded OMP and that
lateral insertion would require breaking the hydrogen bonds of the (3-barrel domain
of BamA, which is very costly energetically. An additional model has been
suggested by (Kim et al., 2012) based on this template. Instead of the substrate
folding within the B-barrel of BamA, the N and C-terminal B-strands of BamA (the
two strands that hydrogen bond with each other to close the p-barrel), could act as
folding templates of OMP substrates. Hydrogen bonds could form between these
BamA terminal strands and the substrate, which leads to the formation of B-sheets
in the substrate. This process is repeated which leads to the formation of more -
strands, until the B-barrel of the substrate is formed, which is then released laterally.

This model requires the breakage of hydrogen bonds of the B-barrel of BamA, but
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the formation of hydrogen bonds between BamA and the substrate 3-strands by [3-

augmentation is much more energetically favourable.

Within the next forthcoming years, the molecular events leading to assembly will
hopefully be solved. Questions such as the structure of BamA, the role its
periplasmic loops and the assembly of the complex would fill major gaps in

understanding OMP biogenesis.
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1.10 Aims of this Study

The field of OM biogenesis is very diverse with several pathways contributing to
overall maintenance. Although these pathways have been mostly deciphered, the
molecular mechanisms leading to assembly and the functional relevance of the
individual protein components have not been determined. This study is focussed on
performing both a structural and functional analysis of two proteins that are involved

in OM biogenesis.

The first aim of this project is to study the Bam complex member, BamE. Using
NMR, the solution structure of BamE will be determined. Additionally, by exploiting
the OM defects associated with AbamE cells a complementation assay will be
produced which will be used to gauge BamE function. Finally, using a
comprehensive mutagenesis strategy along with the complementation assay, critical

residues required for BamE function can be identified.

The second part of this project focuses on YraP. yraP was initially identified as a
gene which may have a role in OM biogenesis from a preliminary screen performed
by the Henderson lab. Currently there is very little information on yraP. Our aim is
therefore to solve the structure using NMR and characterise its function. Using a
range of molecular biology, biophysical and bacteriological techniques, we aim to

deduce precisely what role YraP plays in the field of OM biogenesis.
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Chapter 2

Materials and Methods
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2.1 Working concentrations of antibiotics used in this study

Ampicillin 100 pg/ml

Kanamycin 50 pug/mi

Vancomycin 100 ug/ml

Tetracycline 10 pg/mi

All antibiotics were made up to 1000 x their working concentrations in sterile distilled
water (SDW), except for tetracycline which was made up in 100% methanol.

Antibiotics were filtered through a 0.2 ym pore (Millipore) prior to use and stored at

-20°C until required.

2.2 Regaents used in this study

2.2.1 Media Recipes

Luria Bertani (LB) Broth

Per litre

10 g Bactotryptone

5g Yeast extract

10g NacCl

15 g bacteriological agar (Agar No. 1) was added to the above recipe to make LB-

Agar plates

M9 Minimal media (pH 7.2)

Per litre

4759 Na,HPO4

6 g KH2P04

19 NaCl

Nutrient mix

1 mi Thiamine (20 mg/ml)
400 pl 3 mM FeCl;

2 mi 1 M MgSOq4

2 mi 50 mM CacCl,
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29 Glucose
19 NH,4CI

All media was prepared in SDW and autoclaved at 121°C, 15 psi for 20 minutes.
With M9 media, the media was autoclaved prior to the addition of the nutrient mix

using a 0.2 um filter.

2.2.2 Reagents Used in this Study

Table 2.1 Reagents and chemical names used in this study

Chemical Name Supplier
Ampicillin Sigma-Aldrich
Kanamycin Sigma-Aldrich
Vancomycin Sigma-Aldrich
Tetracycline Sigma-Aldrich
Bactotryptone Oxoid
Yeast Extract Oxoid
Agar No. 1 Oxoid
Salt (NaCl) Sigma-Aldrich
Sodium dihydrogen phosphate Sigma-Aldrich
Sodium phosphate dibasic Sigma-Aldrich
Monopotassium phosphate Sigma-Aldrich
Thiamine Sigma-Aldrich
Iron(lll) chloride Sigma-Aldrich
Magnesium sulfate Sigma-Aldrich
Calcium chloride Sigma-Aldrich
D-Glucose Sigma-Aldrich

Cambridge Isotope
3C D-Glucose Laboratories
Ammonium chloride Sigma-Aldrich
Cambridge Isotope

>N Ammonium chloride Laboratories
Glycerol Sigma-Aldrich
Phusion PCR Polymerase New England Biolabs
Ndel Restriction Enzyme New England Biolabs
EcoRI Restriction Enzyme New England Biolabs
Xhol Restriction Enzyme New England Biolabs
BsiWI Restriction Enzyme New England Biolabs
Calf Intestinal Phosphotase New England Biolabs
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DNA Primers

Alta Biosciences

Agarose Sigma-Aldrich
6x DNA Loading Dye New England Biolabs
Hyperladder | Bioline

Acetic Acid Sigma-Aldrich
EDTA Sigma-Aldrich
Tris Base (Trizma) Sigma-Aldrich
SYBR Green Promega
Laemmli Buffer Sigma-Aldrich
4-12% Bis Tris Pre-Cast Gels Bio-Rad
Precision Plus Protein Markers Bio-Rad
XT-MES Bio-Rad
Instant Blue Protein Stain Gentaur
IPTG Sigma-Aldrich
Imidazole Sigma-Aldrich
MWCO Spin Columns GE Healthcare
EDTA-free g-Complete Protease Inhibitor | Roche
Potassium chloride Sigma-Aldrich
Tween-20 Sigma-Aldrich
Anti-YraP antibody Eurogentec
Anti-rabbit HRP conjugated antibody GE Healthcare
EZ-ECL Development Solution GeneFlow
Amersham Hyperfilm GE Healthcare
BCIP®/NBT-Purple Liquid Substrate Sigma-Aldrich
Deuterium oxide Sigma-Aldrich
Phosphatidylcholine (PC) Avanti
Phosphatidylglycerol (PG) Avanti
Phosphatidylehtnaolamine (PG) Avanti
Lysozyme Sigma-Aldrich
Triton X-100 Sigma-Aldrich
Poly-L-Lysine Sigma-Aldrich
Goat Anti-Rabbit Alexa Fluor® 448

Antibody Invitrogen
Triethanolamine Sigma-Aldrich
Sucrose Sigma-Aldrich
Dithiothreitol Sigma-Aldrich
Zwittergent ZW3-14 Calbiochem
Dithiobis(succinimidyl) propionate (DSP) | Sigma-Aldrich
Formaldehyde Sigma-Aldrich
Protein A-Sepharose Sigma-Aldrich
n-Dodecyl B-D-Maltopyranoside (DDM) Sigma-Aldrich
Silver Stain Plus Kit Bio-Rad
Potassium ferricyanide Sigma-Aldrich
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Sodium thiosulphate Sigma-Aldrich
Ammonium bicarbonate Sigma-Aldrich
lodoacetamide Sigma-Aldrich
Acetonitrile Sigma-Aldrich
Trypsin Promega
Formic acid Sigma-Aldrich
Proteinase K Qiagen
ProteoSilver™ Plus Silver Stain Kit Sigma-Aldrich
CHAPS detergent Sigma-Aldrich
Trifluoroacetic acid Sigma-Aldrich

2.3 Bacterial strains

The bacterial strains used in this study are listed in Table 2.2. All

stored in 15% LB glycerol at -20°C.

Table 2.2 Strains used in this study

strains were

Strain Relevant characteristics Source
(Baba et al.,
BW25113 /aclqrrnBT14AIaCZWJ16hst514ArhaBADLD78 2006)
BW25113 derivative with gene substituted with kanamycin (Baba et al.,
AbamE resistance cassette, bamE::aph 2006)
BW25113 derivative with gene substituted with kanamycin (Baba et al.,
AyraP resistance cassette, yraP::aph 2006)
(Wrey et al .,
SL1344 Parental strain 1978)
SL1344 SL1344 derivative with gene substituted with kanamycin
AbamE resistance cassette, bamE::aph Dr. D. Squire
SL1344 SL1344 derivative with gene substituted with kanamycin
AyraP resistance cassette, yraP::aph Dr. D. Squire
XL-1 Blue recA1endA1gyrA96thi-1ThsdR17supE44relA1lac Stratagene
fhuA2 A(argF-lacZ)U169 phoA ginV44 @80 A(lacZ)M15 Hanahan et
DH5a gyrA96 recA1 relA1 endA1 thi-1 hsdR17 al., 198%5)
(Studier et
BL21 (DE3) | F— ompT hsdSB(rB—, mB-) gal dcm (DE3) al., 1986)
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2.4 Cell manipulations

2.4.1 Bacterial growths

All growths were performed in LB or M9 at 37°C and 180 rpm for aerobic growth,

with the exception of growth for protein expression (Section 2.6).

2.4.2 Generation of competent cells

BW25113, AyraP and AbamE cells were streaked onto selected antibiotic LB Agar
plates to single colonies. A colony was grown in 5 ml LB antibiotic medium
overnight. 1 ml of the overnight culture was used to inoculate 100 ml LB Kanamycin
culture, which was grown at 37°C, 180 rpm, to ODgg = 0.5. Cells were placed in ice
for 10 minutes and then centrifuged at 6000 x g for 10 minutes at 4°C to recover
them. The pellet was resuspended in 50 ml of ice cold 0.1 M Calcium chloride
(CaCly) and kept on ice for 90 minutes. Cells were then centrifuged again at 6000 x
g for 10 minutes and resuspended in 4 ml of ice cold 0.1 M CaCl, with 15 %

glycerol. Cells were snap frozen and stored at -80°C.

2.4.3 Transformation by heat shock

Transformations were performed according to (Hanahan, 1983)50 pl of competent
cells were kept on ice for 5 min. 50-200 ng of plasmid was added to the cells and
kept in ice for a further 30 min. Cells were then heat shocked at 42°C for 30 s and
then placed on ice for 5 min. 0.5 ml LB was added to the cells and were grown at
37°C 180 rpm for 1 hour. 80 pl cells were then plated onto LB-Agar antibiotic plate

to select for transformants and incubated overnight at 37°C.
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2.5 DNA manipulations

2.5.1 Polymerase chain reactions (PCR)

PCRs were carried out using Phusion® High Fidelity DNA polymerase (New
England Biolabs) according to the manufacturer's recommendations. Between 3-5
ng of plasmid or genomic DNA was used as a template, with 0.5 yM primers 200 yM

dNTPs for a 50 pl reaction. Reactions were made up to volume with SDW.

A standard thermal cycling protocol was carried out, based on (Chiang et al., 1993)
with an initial denaturing step at 98°C for 30 s, and 30 cycles of 98°C for 30 s
(denaturing), X°C for 30 s (annealing) and 72°C/[1 min/kb](extension) and a final
extension step at 72°C for 10 mins. X is the annealing temperature of the primers.

Section 2.5.4 shows the list of primers used in this study.

2.5.2 Gel electrophoresis of DNA

DNA samples were prepared by mixing in a 5:1 ratio in 6x DNA loading dye (NEB)
and analysed using 1% agarose dissolved in 1x Tris-acetate-EDTA (TAE) buffer (40
mM Tris, 20 mM acetic acid, 1 mM EDTA, pH 8.4). Gels were ran in 1x TAE buffer
at 80-120 V (constant voltage) for 30-60 mins (Norton et al., 1986). Hyperladder |
DNA maker (Bioline) was used to determine DNA size. Gels were visualised with
SYBR green and a UV transilluminator with the gel-documentation system (Bio-

Rad).

89



2.5.3 Cloning of genes

Primers were designed to amplify required genes from K-12 genomic DNA.
Generally, forward primers contained an Ndel restriction site and reverse primers
with an EcoRl site for full length proteins and Xhol site for His-tagged proteins. Any

other restriction enzyme sites used are noted.

PCRs were performed and analysed by gel electrophoresis as described above.
Bands corresponding to the correct size of amplification were excised and purified

using a Qiagen Gel Extraction Kit.

Vector and purified insert were digested using the appropriate NEB restriction
enzymes according to the manufacturer's recommendation. Digested vector was
then heat inactivated by incubation at 65°C and then treated with Calf Intestinal
Phosphatase (CIP) for 1 hour at 37°C. Digested products were purified using a

Qiagen PCR cleanup kit.

Ligations were performed using an Invitrogen T4 Ligation Kit, with a 3:1 insert to
vector ratio, at 4°C overnight. A vector only ligation was performed as a negative
control. Ligations were transformed into DH5a or XL1-Blue competent cells using
heat shock transformation and plated onto LB Agar antibiotic plates. Colonies were

screened using colony PCR and were then grown O/N in LB antibiotic cultures.
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Plasmids were extracted using a QiagenMiniprep Kit and sequenced using an ABI

3730 Sequencer (Functional Genomics, University of Birmingham).

2.5.4 Primers used in this study

2.5.4.1 Primers used for cloning bamE

Table 2.3 Primers used for cloning bamE

Name Sequence Tm (°C)

bamE Ndel For | CTGCTCGTACATATGCGCTGTAAAACGCTGAC 65
bamE EcoRlI

Rev CCGGAATTCTTAGTTACCACTCAGCGC 62
bamE Xhol
Rev CCGCTCGAGAGTTACCACTCAGCGCAGG 68

2.5.4.2 Primers used for cloning yraP

Table 2.4 Primers used for cloning yraP

Name Sequence Tm (°C)
yraP Ndel For | GGGAATTCCATATGAAGGCATTATCGCCAATCG 63
yraP EcoRI
Rev CCGGAATTCCTATTTAATAAACGTAAACGC 64
yraP Xhol
Rev CCGCTCGAGTTTAATAAACGTAAACGCCGT 64

2.5.4.3 Primers used to confirm the AyraP strain

Table 2.5 Primers used to confirm the AyraP strain

Primer Name Sequence Comments
GGCATTGACCGGCTATGA

yraP For CG Anneals 200 bp upstream of start
TCGGATGCGGCGTAAACG

yraP Rev CC Anneals 100 bp downstream of end
CCTGCAAAGTAAACTGGAT | Internal primer in kanamycin cassette of

Kan For G aph gene
CATGCTCTTCGTGCACATC | Internal primer in kanamycin cassette of

Kan Rev A aph gene
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2.5.4.4 Primers used for YraP mutagenesis

Table 2.6 Primers used for YraP mutagenesis

Name Primer sequence Comments
Substitution to
C19A For CCGCGCTGCTGTTGCAAGGTGCTGTTGCCGCTG alanine
Substitution to
C19A Rev CAGCGGCAACAGCACCTTGCAACAGCAGCGCGG alanine
Substitutes
ACGGTGCCAACGAAGTGTATAACGAGATTTAGTAGG | residue for 2
R112* For GCCAGCCGATTG stop codons
Substitutes
CAATCGGCTGGCCCTACTAAATCTCGTTATACACTTC | residue for 2
R112* Rev GTTGGCACCGT stop codons
Substitutes
GAAGTGTATAACGAGATTCGTTAGTAGCAGCCGATT | residue for 2
Q113*_For GGTCTGGGCGAA stop codons
Substitutes
TTCGCCCAGACCAATCGGCTGCTACTAACGAATCTC | residue for 2
Q113* Rev | GTTATACACTTC stop codons
Substitutes
GTGTATAACGAGATTCGTCAGTAGTAGCCGATTGGT | residue for 2
G114* For CTGGGCGAAG stop codons
Substitutes
CTTCGCCCAGACCAATCGGCTACTACTGACGAATCT | residue for 2
G114* Rev | CGTTATACAC stop codons
Substitutes
ACGAGATTCGTCAGGGCTAGTAGATTGGTCTGGGCG | residue for 2
Q115* For AAG stop codons
Substitutes
CTTCGCCCAGACCAATCTACTAGCCCTGACGAATCT | residue for 2
Q115* Rev | CGT stop codons
Substitutes
AACGAGATTCGTCAGGGCCAGTAGTAGGGTCTGGG | residue for 2
P116* For CGAAGCATCTAAC stop codons
Substitutes
GTTAGATGCTTCGCCCAGACCCTACTACTGGCCCTG | residue for 2
P116* Rev ACGAATCTCGTT stop codons
Substitutes
ACGAGATTCGTCAGGGCCAGCCGTAGTAGCTGGGC | residue for 2
1117* For GAAGCATCTAACGATAC stop codons
Substitutes
GTATCGTTAGATGCTTCGCCCAGCTACTACGGCTGG | residue for 2
1117* Rev CCCTGACGAATCTCGT stop codons
Substitutes
CGAGATTCGTCAGGGCCAGCCGATTTAGTAGGGCG | residue for 2
G118* For AAGCATCTAACGAT stop codons
ATCGTTAGATGCTTCGCCCTACTAAATCGGCTGGCC | Substitutes
G118* Rev | CTGACGAATCTCG residue for 2
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stop codons

CGTCAGGGCCAGCCGATTGGTTAGTAGGAAGCATCT

Substitutes
residue for 2

L119* For AACGATACGTGG stop codons
Substitutes
CCACGTATCGTTAGATGCTTCCTACTAACCAATCGG | residue for 2
L119* Rev CTGGCCCTGACG stop codons
Substitutes
AGCTCTTAACCAGCGACCTGTAGTAATCGTCCAACG | residue for 2
V142* For TGAAAGTG stop codons
Substitutes
CACTTTCACGTTGGACGATTACTACAGGTCGCTGGT | residue for 2
V142* Rev TAAGAGCT stop codons
Substitutes
TTAACCAGCGACCTGGTGTAATAGTCCAACGTGAAA | residue for 2
K143* For GTGAC stop codons
Substitutes
GTCACTTTCACGTTGGACTATTACACCAGGTCGCTG | residue for 2
K143* Rev GTTAA stop codons
Substitutes
AGCTCTTAACCAGCGACCTGGTGAAATAGTAGAACG | residue for 2
S144* For TGAAAGTGACC stop codons
Substitutes
GGTCACTTTCACGTTCTACTATTTCACCAGGTCGCTG | residue for 2
S144* Rev GTTAAGAGCT stop codons
Substitutes
CCAGCGACCTGGTGAAATCGTAGTAGGTGAAAGTGA | residue for 2
S145* For CCACCGAAAAC stop codons
Substitutes
GTTTTCGGTGGTCACTTTCACCTACTACGATTTCACC | residue for 2
S145* Rev AGGTCGCTGG stop codons
Substitutes
GCGACCTGGTGAAATCGTCCTAGTAGAAAGTGACCA | residue for 2
N146* For CCGAAAACG stop codons
Substitutes
CGTTTTCGGTGGTCACTTTCTACTAGGACGATTTCAC | residue for 2
N146* Rev CAGGTCGC stop codons
Individual
G83V _For CAAAGTGCTGCTGGTTGTGCAGTCACCAAATGCTG substitution
Individual
G83V_Rev CAGCATTTGGTGACTGCACAACCAGCAGCACTTTG substitution
Individual
G160V _For | GAAGTGTTCCTGATGGTGCTGGTGACTGAACGT substitution
Individual
G160V_Rev | ACGTTCAGTCACCAGCACCATCAGGAACACTTC substitution
GAAGCATCTAACGATACGGCGATCACCACCAAAGTG | Individual
W127A For | CG substitution
CGCACTTTGGTGGTGATCGCCGTATCGTTAGATGCT | Individual
W127A Rev | TC substitution
GCATCTAACGATACGTGGGCCACCACCAAAGTGCGT | Individual
[128A For TC substitution
[128A Rev GAACGCACTTTGGTGGTGGCCCACGTATCGTTAGAT | Individual
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GC substitution
Individual
K131A For TACGTGGATCACCACCGCAGTGCGTTCGCAGCTC substitution
Individual
K131A Rev | GAGCTGCGAACGCACTGCGGTGGTGATCCACGTA substitution
Individual
R133A For GGATCACCACCAAAGTGGCTTCGCAGCTCTTAACCA | substitution
Individual
R133A Rev | TGGTTAAGAGCTGCGAAGCCACTTTGGTGGTGATCC | substitution
Individual
Q135A For CACCAAAGTGCGTTCGGCGCTCTTAACCAGCGAC substitution
Individual
Q135A Rev | GTCGCTGGTTAAGAGCGCCGAACGCACTTTGGTG substitution
Individual
L137A For GTGCGTTCGCAGCTCGCAACCAGCGACCTGGT substitution
Individual
L137A Rev | ACCAGGTCGCTGGTTGCGAGCTGCGAACGCAC substitution
Individual
S144A For TTAACCAGCGACCTGGTGAAAGCGTCCAACGTG substitution
Individual
S144A Rev | CACGTTGGACGCTTTCACCAGGTCGCTGGTTAA substitution
Multiple
W127-K131 GGCGAAGCATCTAACGATACGGCGGCCACCACCGC | mutatations in
Ala For AGTGCGTTCGCAGCTCTTAAC PG binding helix
Multiple
W127-K131 GTTAAGAGCTGCGAACGCACTGCGGTGGTGGCCGC | mutatations in
Ala Rev CGTATCGTTAGATGCTTCGCC PG binding helix
Multiple
R133-L137 GTGGATCACCACCAAAGTGGCTTCGGCGCTCGCAA mutatations in
Ala For CCAGCGACCTGGTGAAA PG binding helix
Multiple
R133-L137 TTTCACCAGGTCGCTGGTTGCGAGCGCCGAAGCCA | mutatations in
Ala Rev CTTTGGTGGTGATCCAC PG binding helix
Multiple
W127-K131 GGGCGAAGCATCTAACGATACGCAGGAGACCACCG | mutatations in

Charged For

AGGTGCGTTCGCAGCTCTTAACCA

PG binding helix

W127-K131
Charged Rev

TGGTTAAGAGCTGCGAACGCACCTCGGTGGTCTCCT
GCGTATCGTTAGATGCTTCGCCC

Multiple
mutatations in
PG binding helix

R133-L137
Charged For

TACGTGGATCACCACCAAAGTGGAGTCGGAGCTCGA
TACCAGCGACCTGGTGAAATCGT

Multiple
mutatations in
PG binding helix

R133-L137
Charged Rev

ACGATTTCACCAGGTCGCTGGTATCGAGCTCCGACT
CCACTTTGGTGGTGATCCACGTA

Multiple
mutatations in
PG binding helix

TGGGCGAAGCATCTAACGATACGGCGGCCACCACC

Multiple

W127A- GCAGTGGCTTCGGCGCTCGCAACCAGCGACCTGGT | mutatations in
Q135 Ala For | GAAATCGT PG binding helix
W127A- ACGATTTCACCAGGTCGCTGGTTGCGAGCGCCGAA | Multiple

Q135 Ala GCCACTGCGGTGGTGGCCGCCGTATCGTTAGATGC | mutatations in
Rev TTCGCCCA PG binding helix
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TGGTCTGGGCGAAGCATCTAACGATACGCAGGAGA | Multiple
W127-Q135 | CCACCGAGGTGGAGTCGGAGCTCGAGACCAGCGAC | mutatations in
Charged For | CTGGTGAAATCGTCCAACG PG binding helix

CGTTGGACGATTTCACCAGGTCGCTGGTCTCGAGCT | Multiple
W127-Q135 | CCGACTCCACCTCGGTGGTCTCCTGCGTATCGTTAG | mutatations in
Charged Rev | ATGCTTCGCCCAGACCA PG binding helix

2.6 Protein experimentation

2.6.1 Sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE)

Protein samples were prepared by mixing in a 1:1 ratio to 2x Laemmli (Sigma-
Aldrich) and boiled for 10 min. Criterion 4-12% Bis-Tris pre-cast gels (BioRad) were
used. Gels were run alongside Precision Plus protein standards (BioRad), at 180 V
for 40 min in 1x XT-MES gel running buffer (BioRad) (Webber et al., 1972). Protein

bands were detected by staining gels with InstantBlue (Gentaur).

2.6.2 Protein expression and purification

Protein purifications in this study were performed with constructs that were designed
with C-terminal 6x His Tag. Vectors used were derived from pET20b or pET26b

(Invitrogen), either manipulated in house or synthesised (GenScript).

Vectors were transformed into BL21 (DE3) cells and colonies were picked and
grown overnight in LB antibiotic (50 ml). 20 ml of the overnight culture was
transferred aseptically to 2 litres of LB antibiotic. This was grown at 37°C, 180 rpm
until an ODggo = 0.4 was reached. The cells were then grown at 18°C. Once grown
to ODeyo = 0.6, protein overexpression was induced by the addition of 1 mM

Isopropyl B-D-1-thiogalactopyranoside (IPTG) and left to grow overnight.
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Cells were harvested by centrifugation at 5000 x g and resuspended in 25 ml of
wash buffer (50 mM Sodium Phosphate buffer, 500 mM NaCl, 50 mM Imidazole with
EDTA-free 0 Complete Protease Inhibitor [Roche], pH 7.2). Cells were lysed by 8
passages through an Emulsiflex (Avastin) and the soluble fraction was recovered by
centrifugation at 75000 x g for 1 hour. The soluble fraction was filtered through a

0.45 micron filter.

A 5 ml His-Trap Nickel affinity column (GE Healthcare) was equilibrated with 25 ml
of wash buffer, using a pump. The soluble fraction was added to the column, which
was then washed with 25 ml of wash buffer. The protein was eluted using elution
buffer (50 mM Sodium Phosphate buffer, 500 mM NaCl, 500 mM Imidazole with

protease inhibitor, pH 7.2) and 1 ml fractions were collected.

The eluate was analysed by SDS-PAGE. Fractions containing the protein were
pooled and concentrated using a 10 kDa MWCO centrifugation filter (Amicon). Size
exclusion chromatography was performed using a Superdex S75 PG (340 ml)
column, with Gel Filtration buffer (50 mM Sodium Phosphate buffer, 300 mM NacCl,
protease inhibitor, pH 7.2). Typically a 2.5 ml/min flow rate, with 1.2 column volumes
of used for equilibration and elution of the column and 4 ml fractions collected in the
elution. Fractions containing the protein were pooled and concentrated using a

centrifugation filter.
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For NMR studies, the same purification methodology was used, except that cells
were grown in M9 minimal media, with *C-glucose and "°N-ammonium sulphate.
After size exclusion chromatography, the protein was buffer exchanged 3 times into
NMR buffer (50 mM Sodium phosphate, 50 mM NaCl at pH 6.0), using a

centrifugation filter.

2.6.3 Western Blotting

Either cells normalised according to ODgyy measurements, or proteins were
resuspended in 2 x Laemmli buffer, boiled for 10 minutes and SDS-PAGE was

performed.

Proteins were transferred onto either PVDF or nitrocellulose membranes (Towbin et
al., 1979) using Bio Rad Wester Blot Transfer Apparatus. Membranes were washed
twice with 0.05% Phosphate buffered saline with Tween-20 (PBS-Tween) (140 mM
NaCl, 27 mM KCI, 10 mM Na2HPO4.2H20, 2 mM KH2PO4, pH 7.2, 0.05% Tween-
20 [v/v]) and blocked with 5% Milk PBS-Tween by shaking incubation at room
temperature for 1 hour. Membranes were washed twice with PBS-Tween and
incubated with 1:5000 dilution of primary antibody for 4 hours at room temperature.
Membranes were again washed twice with PBS-Tween and incubated with either
1:10000 dilution of Anti-Rabbit alkaline phosphatase conjugated antibody (GE
Healthcare) or Anti-Rabbit HRP conjugated antibody (GE Healthcare). Membranes
were finally washed twice with PBS-Tween and blots were either developed with
EZ-ECL kit (GeneFlow) and then developed with X-ray film (if HRP antibody was

used) or with BCIP®/NBT-Purple Liquid Substrate (Sigma).
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2.7 NMR Experiments

2.7.1 General overview

NMR experiments were carried out at 298 K on either a Varian Inova 600, 800 or
900 MHz spectrometers equipped with a triple-resonance 5 mm z-PFG cryogenic
probes with enhanced 'H, "*C and N sensitivity and z-axis pulse-filed gradients.
Pulse sequences were loaded Biopack (Varian) set of pulse sequences.

Spectrometers were calibrated to their absolute frequencies.

2.7.2 1D NMR experiments

Unlabelled YraP at a concentration of 0.4 mM in 50 mM Sodium phosphate, 50 mM
NaCl, pH 6.0 (90% H20, 10% D,0), was analysed in an Agilent 600 MHz direct
drive spectrometer equipped with cryoprobe. The standard Biopack (Agilent) 1D

experiment was used.

2.7.3 HSQC

®N-labelled YraP at a concentration of 0.4 mM in 50 mM Sodium phosphate, 50 mM
NaCl, pH 6.0 (90% H20, 10% D,0), was analysed using an Agilent 800 MHz direct
drive spectrometer equipped with cryoprobe. A standard Biopack HSQC experiment
was performed (Agilent), (Bodenhausen and Ruben 1980), with 1024 and 128
points and spectral widths of 8000 Hz and 2200 Hz in the 'H and "°N dimensions

respectively.
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2.7.4 3D experiments

3D backbone experiments [HNCA, HN(CO)CA, HNCACB, CB(CACO)NH, HNCO
and HN(CA)CO] were performed on '*C, "°N-labelled YraP sample at 1 mM in in 50
mM Sodium phosphate, 50 mM NaCl, pH 6.0 (90% H20, 10% D,0), using an
Agilent 600 MHz direct drive spectrometer equipped with cryoprobe (Kay et al.,

1990, Farmer et al., 1992, Grzesiek et al., 1992).

All backbone experiments were performed with 842 points and spectral widths of
6897 Hz and 1899 Hz for the 'H and ™N dimensions respectively. HNCA and
HN(CO)CA experiments were performed with spectral widths of 4125 Hz, HNCACB
and CB(CACO)NH experiments with spectral widths of 8867 Hz and HNCO and

HN(CA)CO experiments with spectral widths of 1971 Hz for the "*C dimensions.

NOESY and TOCSY experiments were performed on an Agilent 900 MHz direct
drive spectrometer equipped with cryoprobe (Grzesiek et al., 1993, Monetlione et
al., 1992, Bax et al., 1990, Marion et al., 1989). H(C)CH-TOCSY experiments were
performed with 1514 points and 9817 Hz and 5622 Hz for the direct and indirect 'H
and ®C dimensions respectively. '*C-edited NOESY-HSQC was performed with
1258 points spectral widths of 8978 Hz and 6622 Hz for the 'H dimensions and *C
dimension respectively. Aromatic NOESY was performed with 1082 points and
spectral widths of 6862 Hz, 6099 Hz and 8000 Hz for the direct 1H, indirect 'H and
3C dimensions respectively. °N-edited NOESY-HSQC was performed with 1434
points and spectral widths of 9113 Hz and 2500 Hz for the direct and indirect 'H

dimensions and "*C dimension respectively.
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2.7.5 Hydrogen/Deuterium (H/D) exchange

H/D exchange was performed using 400 uM of "°N-YraP, which was lyophilised
using a HETO PowerDry LL1500 Iyophiliser (Thermo). The protein was
resuspended into 50 mM sodium phosphate, 50 mM NaCl, pH 6.0 in 100% D,O.
400 puM of "N-YraP was prepared in 50 mM sodium phosphate, 50 mM NaCl, pH

6.0 (90% H20, 10% D,0) was used as a reference.

2.7.6 Structure Calculations

NMR spectra were processed using NMRPipe (Delaglio et al., 1995), using
parameters such as zero-filling to double the number of points, linear prediction,
Fourier transformation, water signal suppression and baseline correction.
Assignments of YraP were performed using the program SPARKY3 (Goddard and

Kneller, 2004).

Secondary structure predictions and dihedral angles restraints were calculated
using the prediction software TALOS (Cornilescu et al., 1999), using chemical shift

data from the backbone assignment process (CA, CB, CO and NH).

Hydrogen bond restraints were added in manually and 3D restraints were generated

using NOESY data, which were interpreted as proton distance constraints using

SPARKYS3.
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All structure calculations were performed using the automated NOE assignment
program CYANA (Guntert, 2004). In brief, calculations involved 7 cycles of structure
calculations with NOE restrain filtering, starting from 200 random conformers, with
10,000 torsion angle steps performed for each conformer. After 7 cycles, the final
structures are calculated, with the top 20 conformers with the lowest target energy
functions are chosen as the representative structures of the calculations. RMSDs
are calculated from the final structure using the MOLMOL program (Koradi et al.,

1996).

2.7.7 NMR for lipid binding titrations

Di-hexanoyl Phosphatidylglycerol (PG) was solubilised in NMR buffer at a stock
concentration of 100 mM and added to 300 mM ™N YraP at concentrations of 0, 8,
16, 24, 32 and 40 mM, with 10% D,0O and NMR buffer. HSQCs were performed on a

Agilent 800 Mhz spectrometer.

Chemical shift perturbation was determined by taking peak intensities of the first and

last point of the titration and using this formula:

DBoverall = [(ABH X 500) + (AN x 50.7)°]>

2.7.8 SurA binding by NMR

His-tagged SurA was expressed and purified as described in Section 2.6. 700 yM

SurA was added to 300 pM "°N-YraP in 50 mM sodium phospahte, 50 mM NaCl at
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pH 6.0 (90% H,0, 10% D,0). HSQCs were performed on "°N-YraP with and without

SurA and spectra were compared to determine binding.

2.8 Functional experiments studying YraP

2.8.1 Screening of OM defects

BW25113, AyraP and AbamE cells were transformed with pET20b or pET20b-
complementing gene screened for OM defects by streaking individual transformant
colonies onto either 100 ug/ml vancomycin, 4% SDS or 0.5% SDS + 0.5 mM EDTA,
depending on the experiment and 100 pg/ml ampicllin LB-Agar plates, as a positive
control, from a single streak. The presence or absence of confluent growth was
used to determine if a strain was sensitive or resistant to the condition. Streaks were

performed in replicates.

2.8.2 Analytical Ultracentrifugation Sedimentation Velocity

Purified YraP was concentrated to 92.2 uyM (corresponding to an Abs,gy = 0.789), as
Absygy values of 0.1 - 1.0 are needed for AUC experiments, in 50 mM Sodium
Phosphate buffer, 300 mM NaCl pH 7.2. Sedimentation velocity experiments were
performed using An Ti50 rotor which was spun at 40,000 RPM for 24 hrs using a
Beckman ProteomelLab XL-1 ultracentrifuge. The data was analysed using the

software SEDFIT.
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2.8.3 Analytical gel filtration

Analytical gel filtration was performed on a Superdex S200 column (28 ml) (GE
Healthcare). 500 ul of sample was loaded in gel filtration buffer (60 mM sodium
phosphate, 300 mM NaCl pH 7.2). The column was equilibrated and eluted with 1.2
column volumes, with a flow rate of 0.5 ml/min and 0.5 ml elution fractions were

collected.

2.8.4 Immunfluorescence Microscopy

Overnight growths of cells (BW25113 and AyraP) were diluted 1:10 into LB and
grown to ODggo 0.3. 1 ml of cells were centrifuged (10 mins at 5000 x g), washed in
PBS (140 mM NaCl, 27 mM KCI, 10 mM Na2HPO4.2H20, 2 mM KH2PO4, pH 7.2),
and then fixed by resuspension in 4% paraformaldehyde in PBS at pH 7.2. Cells

were washed twice in PBS and finally resuspended in 1 ml of PBS.

As a positive control, cells were permeabilised after fixation as described by (den
Blaauwen et al., 2001). This was done by collecting fixed cells by centrifugation and
washing once with PBS and incubating in 0.1% Triton X-100 in PBS for 45 min at
room temperature (RT). Cells were recovered by centrifugation and washed 3 times
in PBS and then incubated in 100 pg/ml lysozyme and 5 mM EDTA for 45 min at

RT. Finally the cells were washed 3 times in PBS.

Microscope slides were coated with 0.1% poly-L-lysine. 20 ul fixed cells were added
to slides and then dried off. The slides were washed 3 times with PBS-Tween.
Primary antibody was added to slides at a dilution of 1:5000 and incubated in a

moisture chamber for 1 hour at room temperature. The slides were then washed 3
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times with PBS-Tween and Goat Anti Rabbit Alexa Fluor® 488 conjugated antibody
(Invitrogen) was added at a dilution of 1:10000 and incubated for 1 hour in
darkness. The slides were finally washed 3 times with PBS-Tween and then dried.

Mounting solution was used and a coverslip was placed over the cells.

Imaging was performed using Leica DMRE fluorescence microscope-DC200 digital

camera system.

2.8.5 Sucrose density centrifugation

250 ml of cells (BW25113 and AyraP) were grown in LB to ODggo 0.8 and harvested
by centrifugation (6000 rpm for 30 minutes). The pellet was resuspended in 20 ml of
Buffer M (50 mM Triethanolamine, 1 mM DTT and protease inhibitor, pH 7.2). Cells
were lysed by 6 passages through an Emulsiflex (Avastin), and centrifuged as
before to remove unbroken cells. The lysate was centrifuged at 75000 x g for 1
hour, allowing the membranes to be recovered in the pellet. Membranes were
washed once in Buffer M and resuspended in approximately 3.5 ml of Buffer M

normalised to the ODgg reading.

The final membranes were transferred onto a five-step sucrose gradient to separate
the outer and inner membranes (Osborn et al.,, 1972). Sucrose gradients were
prepared in Buffer M by layering sucrose solutions into 14 x 95 mm ultracentrifuge
tubes (Beckman) as follows (from bottom to top): 0.8 ml at 55%, 3.0 ml at 50%, 3.0
ml at 47%, 2.0 ml at 42% and 0.8 ml at 30% (all w/w). Sucrose gradients were

centrifuged
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(210,000 x g, 16 h, 4°C) in an SW 40 Ti rotor (Beckman), and 500 pl fractions were
collected by puncturing the bottom of the tube with a needle. Outer membrane
fractions were determined by boiling samples with 2 x Laemmli buffer and running
SDS-PAGE. Outer membrane fractions were pooled and dialysed against Milli-Q

water to remove the sucrose.

2.8.6 Co-Immunoprecipitations

Bacteria for co-immunoprecipitations (Co-IPs) were prepared in the following ways

according to (Phizicky and Fields, 1995).

50 ml of BW25113 and AyraP cells were grown overnight at 37°C in LB. Cells were
harvested by centrifugation (8000 x g for 10 minutes) and resuspended in 2-3 ml
PBS (pH 7.2) normalised according to the ODgoy measurements. Protein complexes
were cross-linked with 0.5 mM dithiobis(succinimidyl) propionate (DSP) and shaking
incubation at RT. Cells were lysed by the addition of 100 pg/ml Lysozyme, with 1%
Zwittergent 3-14 (Calbiochem) and 2 uyl Benzonase. Following lysis, a second roud
of cross-linking was performed by adding 0.5 mM DSP (1 mM total DSP final
concentration), and incubation at RT for 30 min. The cross-linking reaction was
quenched by the addition of 100 ul of 1 M Tris-HCI (pH 7.4) for 10 min at RT.
Membranes were solubilsed with 2% Zwittergent 3-14 and recovered by
centrifugation at 130,000 x g for 30 min at 4°C. The recovered samples were made

up to 10 ml in PBS.
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50 ml BW25113 and AyraP cells were grown overnight at 37°C in LB. Cells were
harvested by centrifugation (8000 x g for 10 minutes) and resuspended in
approximately 10 ml PBS (pH 7.2) normalised according to the ODsggo
measurements. Protein complexes were stabilised with 0.25% formaldehyde for 15
min at 37°C. Bacteria were recovered by centrifugation, washed once in PBS and
then a second round of crosslinking was performed with 0.4% formaldehyde.
Spheroplasts were generated by resuspending cells in ice cold spheroplast buffer
(0.75 M sucrose, 50 mM Tris pH 7.8, 0.6 mg/ml lysozyme, 6 mM EDTA) with
shaking incubation at RT for 90 min. Spheroplasts were lysed by adding 1% Triton
X-100 (Sigma) with 15 mM MgCl,. Unlysed cells were removed by centrifugation

and the supernatant was retained.

Co-IPs were performed by adding 5 ug of antibody to samples with shaking
incubation for 4 hours at RT. 50 pl of pre-washed Protein A-Sepharose® (Sigma)
was added to the sample and incubated at 4°C overnight. Beads were recovered by
centrifugation and washed 6 times with PBS 0.1% Zwittergent 3-14. Beads were

then resuspended in 2 x Laemmli buffer.

Outer membrane vesicles were generated as descrbed in Section 2.8.5 and
solubilised in PBS with 0.5% DDM. 600 ug of protein (determined by Bradford
assay) was used to perform co-immunoprecipitations using a Pierce Direct IP Kit.

Samples were eluted by resuspension of beads and in 2 x Laemmli buffer.
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2.8.7 Periplasmic Co-IP

BL21 (DE3) cells were transformed with either pET26b-yraP-His or with empty
pET26b vector. Colonies were picked and inoculated into 5 ml LB, with appropriate
antibiotics, and grown overnight at 37°C. 1 ml of the overnight culture was used to
inoculate 50 ml of LB with antibiotic, which were grown at 37°C at 180 rpm. Once
ODeoo = 0.6 had been reached, cells were induced with 0.5 mM IPTG, and grown for

another 3 hours.

Cells were harvested by centrifugation at 6000 x g for 10 minutes and resuspended
in PBS. For cells that required cross-linking, cells were resuspended in 10 ml PBS,
and 0.5 mM DSP was added. The cells were incubated at room temperature for 30
min. 50 mM Tris-HCI| was added and cells were incubated for a further 15 mins to
quench the reaction. Cells were harvested by centrifugation as before and
resuspended in 5 ml of 5 mM CaCl,. Cells were recovered by centrifugation and
then resuspended in 8 ml Osmotic Shock buffer (33 mM Tris-HCI pH 8.0, with 5 mM
EDTA and 20% sucrose) and incubated at 4°C for 15 min. Cells were then
harvested by centrifugation and resuspended in 5 ml of reverse osmosis water,
which was incubated at 4°C for 15 min. After a final centrifugation, the supernatant

was concentrated using a 3 kDa MW CO filter (Millipore).

2.8.8 Identification of proteins

Eluates of Co-IPs were analysed by SDS-PAGE and stained using a Silver Stain

Plus kit (BioRad) according to the manufacturers recommendation.
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Gel slices were excised and washed with 300 ul ultrapure water. Silver stain was
removed by the addition of 200 yl 15 mM potassium ferricyanide / 50 mM sodium
thiosulphate and incubation at RT for 1 hr. Gel slices were washed again in
ultrapure water and then washed twice with 50% acetonitrile / 50% ammonium
bicarbonate. 50 mM DTT (dithiothreitol) in 10% acetonitrile / 50 mM ammonium
bicarbonate was added and bands were incubated at 56°C for 1 hour. The
supernatant was removed and 100 mM iodoacetamide in 10% acetonitrile / 50 mM
ammonium bicarbonate was added and incubated at RT in the dark. Bands were
washed 3 times with 10% acetonitrile / 50 mM ammonium bicarbonate and bands
were dried down using a Speedvac (Eppendorf). Gel slices were then rehydrated
with 12.5 pg/ml Trypsin (Promega) in 10% acetonitrile / 50 mM ammonium
bicarbonate and incubated at 37°C overnight. The supernatant was collected and
3% formic acid was added to the gel slice and incubated at 37°C for 1 h. This step
was repeated and all supernatants were pooled together. A final concentration step

was performed using a Speedvac, to produce a final volume of approximately 20 pl.

Peptides were separated using MALDI-TOF (Brucker) and identified using MASCOT

database.

2.8.9 Generation of suppressor mutants

BW25113 AyraP cells were grown on 100 pg/ml vancomycin and 0.5% SDS + 0.5
mM EDTA LB-Agar plates until single colonies were observed. Colonies were

picked and selected again on the test conditions. A further 2 selections were
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performed and on the final selection, additional streaks were performed on 50 pg/ml

kanamycin LB-Agar.

Genomic DNA was extracted from the suppressors using a QiagenQiaAmp DNA
Blood Mini Kit, according to manufacturer’s recommendations. Whole genome
sequencing was performed by Dr. David Rasko (University of Maryland) and Dr.
Trevor Lawley (Sanger Institute, Cambridge). Analysis was performed by comparing

the mutant genomic data to either WT BW25113 or AyraP genomic data.

2.8.10 Mutagenesis of genes

Mutations were performed in three ways. Firstly with the use of PCR with mutations
designed in the primers (Alta Biosciences). Genes with the mutations were amplified
from these primers, purified using a Qiagen PCR cleanup kit and digested with
appropriate restriction enzymes alongside with vectors. These inserts were then
ligated into the vectors with a 3:1 insert to vector ratio, using an Invitrogen T4

Ligation Kit at 4°C overnight.

Mutations were also introduced using a QuikChange® Lightning Kit (Agilent), using
custom oligos containing mutations (Invitrogen), designed by using the Agilent
QuikChange Primer Design tool. PCR were setup according to the manufacturers
recommendations (5 pl of 10x reaction buffer, 1 pl of pET20b-yraP [100 ng of
double stranded template DNA], 1.25 ul of each primer [125 ng of primer], 1 ul
dNTP mix, 1.5 pl QuikSolution reagent, distilled H,O to a final volume 50 uyl and 1 pl

of QuikChange Lightning Enzyme). The thermal cycling protocol was carried out

109



with an initial denaturing step at 95°C for 2 mins, 18 cycles of 95°C for 20 secs,
60°C for 10 secs and 68°C for 2.5 mins, with a final extension step at 68°C for 5
mins. Template DNA was digested with 2 ul of Dpnl enzyme at 37°C for 5 mins. 2 pl
of Dpnl treated DNA was transformed into 45 pl of XL1-Blue ultracompetent cells

using heat shock transformation described in Section 2.4.3.

Finally, a transposon-mediated mutagenesis kit was used for random mutagenesis
of YraP using an MGS™ Mutation Generation System Kit, (Thermo). This kit would
randomly insert a 15 bp in-frame insertion into YraP (XXXXXTGCGGCCGCA,
where XXXXX is the randomly selected 5 bp target site for transposition). Reactions
were carried out using 1.5 pl pET20b-yraP (150 ng DNA), 4 ul 5x MuA Transposase
Reaction Buffer, 1 pl Entranceposon M1-Kan® (100 ng), 1 yl MuA Transposase and
12.5 pl distilled H,O to make a final volume of 20 ul. The reaction was mixed and
incubated at 30°C for 1 hour. The MuA Transposase was inactivated by incubation
at 75°C for 10 mins. Reactions were diluted ten-fold and 5 pl was heat shock
transformed into 50 ul XL1-Blue cells and plated onto 50 ug/ml kanamycin LB-Agar

plates.

2.8.11 LPS visualisation

Overnight cells (BW25113, AyraP, AbamE, SL1344, SL1344 AyraP and SL1344
AbamE) were grown in 5 ml LB-antibiotic and ODgyo readings were recorded. A
normalised volume of each growth ([1000/ODggg] pl) was used and cells were
harvested by centrifugation (14,000 x g at 10 min). Supernatants were removed and

cells were resuspended in 100 ul 2 x Laemmli buffer (Sigma-Aldrich). Cells were
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lysed by boiling for 5 min, freezing at -80°C for 5 min and then boiling again for 10
min. Lysates were centrifuged and 80 pl of the supernatant was collected. 5 pl of 5
mg/ml Proteinase K (in 2 x Laemmli buffer) was added to the supernatants and kept
at 60°C for 1 h. Samples were heated at 95°C for 5 min and SDS-PAGE was
performed with 10 yl of each sample. LPS was visualised by staining gels using a

ProteoSilver™ Plus Silver Stain Kit (Sigma-Aldrich) (Zhu et al., 2012).

2.8.12 Population difference identification of OM phospholipids

OM vesicles were generated using sucrose density centrifugation as described in
Section 2.8.5 and solubilised in ultrapure water. 6 different BW25113 and 6
different BW25113 AyraP OM vesicles, picked from individual colonies, were used
in this study. Lipids were extracted from the OM vesicles using a two-step
methanol:water:chloroform protocol (Wu et al., 2008), performed by Dr. Jennifer
Kirwan. The nonpolar extracts were dried under nitrogen and then made up in their
original volume of methanol:chloroform (3:1). Fourier transform ion cyclotron
resonance (FT-ICR) mass was performed using a LTQ FT Ultra instrument (Thermo
Scientific). Experiments were performed in triplicates for each sample. Data was
processed (Southam et al., 2007) and principal components analysis (PCA) was
used to assess the differences in phospholipid populations between BW25113 and

AyraP groups using the software MATLAB.
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2.8.13 Relative quantification of outer membrane proteins

Outer membrane fractions were generated using sucrose density centrifugation as
described in Section 2.8.5 and solubilised in PBS with 0.5% DDM. 200 ug of
protein, determined by Bradford assay, were denatured with 8 M urea, 50 mM
Ammonium bicarbonate, 25 mM DTT and 1% CHAPS and then treated with 50 mM
iodoacetamide. Samples were then retained in a 30 kDa MWCO filter (Millipore) by
centrifugation at 15000 x g for 5 minutes and washed 5 times with 50 mM
Ammonium bicarbonate. Proteins were digested with 5 ug of trypsin and incubated
at 37°C overnight. Peptides were obtained by centrifugation through the filter,
treated with 0.1% Trifluoroacetic acid (TFA) and desalted using a Disocovery®
DSC-18 SPE column (Sigma-Aldrich). Peptides were eluted in 600 pl 50%
Acetonitrile and 0.1% TFA. Acetonitrile was removed using a Speed-Vac

(Eppendorf).

Peptides were labelled as described by (Hsu et al., 2003). In brief, peptides from
BW25113 cells were labelled with 4% formaldehyde whereas peptides from AyraP
cells were labelled with 4% deuterated formaldehyde. Overall, this would ensure
that peptides from AyraP cells would be 4 Da heavier than peptides from BW25113
cells. ESI-QTOF was performed using a Bruker Micro-TOF to separate labelled
peptides (performed by Dr. D. Ward and Dr. N. Shimwell). Data was analysed by

comparing the elution profiles of the peptides using ProteinScape software (Bruker).

112



2.8.14 Screening of phenotypes using BioLog™

Wild-type E. coli BW25113 and an isogenic BW25113AbamE mutant were analysed
using Phenotype Microarrays (BioLog™) for chemical sensitivity for bacteria (PM
plates 11-20. Drug content of each plate can be found at ww.biolgo.com/pdf/PM11-
PM20.pdf). Arrays were conducted in triplicate over a 24 hour period and growth
rates compared between WT and the mutant. Identified conditions where the WT
strain grew at a faster rate than the mutant were indicated on the microarray as

green data points, were replicated under laboratory conditions.
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Chapter 3

Functional and Structural Study of BamE
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3.1 Introduction

BamE (formerly known as SmpA) has previously been shown to be member of the
Bam complex (Sklar et al., 2007a). The gene itself encodes a small (12.3 kDa)
lipoprotein which serves as an accessory factor to BamA. Previous studies have
shown that BamE forms a subcomplex with BamC and BamD, which binds to BamA
in @ manner that is independent of BamB (Sklar et al., 2007a, Gatsos et al., 2008,
Malinverni et al., 2006). Although BamE is shown to be a member of the Bam
complex, the exact stoichiometry of BamE to the other subunits is still unknown,
though studies by (Hagan and Kahne, 2011) have shown that a 1:1 stoichiometry to

the other members of the Bam machinery is needed to produced an active complex.

The gene bamE is found across all proteo-bacteria (Gatsos et al., 2008) and
multiple sequence alignments have confirmed that bamE is well conserved
(Knowles et al., 2011, Kim et al., 2011c). Although fairly ubiquitous, bamE is a non-
essential gene. AbamE strains are viable, however they do show growth defects as
well as having moderate OM defects, including inefficient OMP assembly and
increased sensitivity to various antibiotic agents (e.g. vancomycin) and OM
disrupting agents (e.g. SDS and EDTA) (Sklar et al., 2007a, Rigel et al., 2011).
These defects have also been reported in homologous AbamE strains in other
organisms, such as N. meningitidis, S. typhimurium and C. crescentus (Volokhina et
al., 2009, Lewis et al., 2008, Ryan et al., 2009). These observations suggest that

bamE has a key role in OM biogenesis.
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The exact function of BamE remains enigmatic. It is widely accepted that BamE is
involved in stabilising the interaction of BamD to BamA with the aid of BamC.
Although AbamC and AbamE strains have similar phenotypes, it has been
suggested that they do not have redundant functions. (Rigel et al., 2011) have
suggested that BamE might function as a modulator of BamA, possibly altering the
conformation of BamA through its interactions with BamD. It has also been reported
that BamE has a role in bacterial stalk growth in Caulobacter crescentus as well as
maintaining membrane integrity as well as a role in phospholipid binding and genetic
interactions with other OM biogenesis proteins (Knowles et al., 2011, Ryan et al.,
2009, Bennion et al., 2010). Whatever the exact role of BamE is, it plays an

important role in OM homeostasis.

The structure of BamE has been solved by several groups (Knowles et al., 2011,
Kim et al., 2011c, Albrecht and Zeth, 2010). The results of these studies show that
the overall fold of BamE consists of an anti-parallel B-sheet packed against a pair of
a-helices with an aaBpp topology (Figure 3.1). This particular fold is reminiscent of
the fold of a POTRA domain (Kim et al., 2007, Knowles et al., 2008), further
suggesting a role in OM biogenesis and possibly in interacting with precursor OMPs,
as is the case with POTRA domains. Both the (Kim et al., 2011c, Albrecht and Zeth,
2011) studies demonstrated the possibility of BamE dimerisation, but this was
suggested to be an artefact due to cytoplasmic expression in the Knowles et al.

2011 study.
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The Knowles et al. 2011 study demonstrated some further functional features of
BamE, demonstrating its binding to the OM phospholipid phosphatidylglycerol (PG).
The identification of the residues involved in lipid binding were also subjected to a
functional analysis, which involved generating point mutations and observing growth
on vancomycin. These residues mapped onto a conserved core region of BamE.
This study also demonstrated BamD and BamE binding and identification of

residues involved in this interaction.

This chapter details some of the functional work performed in the Knowles et al.
2011 study, which led to a comprehensive structural and functional study of BamE.

Prior to this publication, the structure of BamE had not yet been determined.

Figure 3.1 Structure of BamE. Solution structure of BamE (taken from Knowles et al.,
2011) (PDB:2KM7). The fold contains three B-strands overlaid with a pair of a-helices,

reminiscent of the fold of a POTRA domain.
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3.2 Results

3.2.1 OM defects associated with AbamE strains

Previous work (Sklar et al., 2007a) has shown that BamE is part of the of the BAM
complex and that knockouts of the genes associated with the BAM complex have
associated OM defects. We wanted to elucidate the defects associated with AbamE
strains. These could then be used to allow complementation to further understand

the function of bamE in regards to OM homeostasis.

In order to determine possible conditions which AbamE cells are sensitive to, a
BioLog™ screen was performed (Figure 3.2). From the initial hits that were
produced, we decided to replicate them on LB Agar plates to confirm the sensitive

conditions.

We decided to choose conditions that were readily available and that were not
difficult to reproduce. The results from these experiments suggested the use of 4%
SDS and 100 pg/ml vancomycin as test conditions, where AbamE strains show

immediate sensitivity.
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Figure 3.2 AbamE cells display sensitivity to vancomycin. WT BW25113 and AbamE
cells were analysed using a BioLog™ screen to determine sensitivity to a range of
compounds. Arrays were performed in triplicate over a 24 hour period. The data displays
growth rates of bacteria derived from one replicate. Growth rates are gauged by colour, with
yellow curves indicating a similar growth rate and green and red curves indicating faster
rates for WT and AbamE respectively. The drug content of each well can be found at
www.biolgog.com/pdf/PM11-PM20.pdf. The position of vancomycin is displayed, with higher
concentrations of vancomycin demonstrating that AbamE cells fail to grow as fast as WT.
Due to availability and reproducibility, vancomycin was used as a test condition where

AbamE would not outperform WT cells.

3.2.2 Cloning of bamE into pET20b

In order to study bamkE, the full length gene was cloned into expression vector
pET20b. This expression vector lacks the /ac/ gene, which allows leaky expression
in non-T7 polymerase containing strains. Primers were designed to amplify the gene
from BW25113 genomic DNA, with Ndel and EcoRI restriction enzyme sites. The
size of the bamE gene is 342bp. Agarose gel electrophoresis shows that PCR
products between the 200 and 400 bp markers (Figure 3.3), indicating that the PCR

has worked.
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The fragments were then gel excised, purified and cloned into pET20b and

confirmed by DNA sequencing (Functional Genomics, University of Birmingham).

Figure 3.3 PCR of bamE used for cloning into pET20b. Using the primers mentioned in
Table 2.5.4.1, a PCR product is observed at just under the 400bp marker. The PCR
reactions are pure, with no other products seen, except for free nucleotides at the bottom of

the gel.

3.2.3 Complementing the defective phenotype associated with
AbameE strains

As we had determined two phenotypes that could be tested with BW2113 AbamE
strains, we wanted to see if the pET20b-bamE plasmid was able to complement the
OM defects. WT BW25113 cells were transformed with pET20b, to act as a control,
whilst AbamE strains were transformed with pET20b and pET20b-bamE. Individual
transformant colonies were picked and a streak assay was performed onto 4% SDS
and 100 ug/ml vancomycin LB-Agar plates, where the presence of confluent growth
could be observed under these test conditions (Figure 3.4A). A single pick was
used to streak onto each of the test conditions, with a final streak onto 100 pg/ml
ampicilin LB-Agar plates. This was repeated an additional 4 times for reproducibility.
Our results show that complementation was achieved as AbamE cells with pET20b-

bamE could grow similar to WT cells, unlike those with pET20b, which showed
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sensitivity to these conditions, suggesting that the leaky expression of pET20b-

bamE was sufficient to rescue the AbamE phenotype.

To confirm that complementation was due solely to the effect of leaky expression
from the pET20b-bamE plasmid, LB overnight cultures of the colonies were grown
and western blotting was performed on cell lysates using anti-BamE antibody. The
blot result shows that WT BW25113 cells produce BamE, and that the AbamE with
pET20b strain is deficient for BamE as expected (Figure 3.4B). With the AbamE
pET20b-bamE complemented strain, BamE is seen, but at a slightly elevated level
than that of WT BW25113 expression. This suggests that expression levels from the

pET20b vector are greater than endogenous expression levels.
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Figure 3.4 pET20b-bamE is able to complement the AbamE phenotype on
vancomycin and SDS LB-Agar plates. A BW25113 + pET20b, AbamE + pET20b and
AbamE +pET20b-bamE were struck onto the following test conditions: 4% SDS and 100
pg/ml vancomycin and 100 pug/ml ampicillin was used as a positive control. An individual
transformant colony was streaked onto all of the plates in the same positions and streaks
were repeated and additional 4 times with other colonies. Complementation is shown for the
AbamE pET20b-bamE cells and is able to grow similar to WT cells under these test
conditions. B Western blot performed with 20 pl of cell lysates from the selected strains and

blotted against anti-BamE antibody (purified from rabbits) at a 1:5000 dilution.

3.2.4 Mutagenesis of the bamE gene

To further our understanding of the functional role of bamE in OM homeostasis, we
performed a scanning mutagenesis screen. Our aim was to mutate each amino acid

residue of BamE into either a cysteine or glycine residue and see if the particular
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mutant was able to complement the defective phenotype of AbamE. This line of

experimentation would indicate which residues are crucial for BamE function.

Figure 3.5A shows a brief restriction enzyme map of pET20b-bamE. There are
three unique restriction enzyme sites that are present in the bamE gene, Ndel at the
start, EcoRI at the end and BsiWI/ at 167bp (Figure 3.5B). Designing primers
containing one of these restriction enzyme sites, with an in-frame substitution of a
residue, would allow us to achieve this aim. A redundant codon was used (KGC),
which allowed the generation of both cysteine and glycine residues from a primer
pair. The primers used in this study are shown in Appendix |. By amplifying PCR
products using these primers which contain the mutant substitution from pET20b-
bamE and digesting both the insert and pET20b-bamE vector with appropriate
enzymes, mutants could be generated by ligating the digested PCR product into

digested pET20b-bamE.

To simplify matters, residues 1 - 19 were omitted as these are cleaved by signal
peptidase I during lipoprotein maturation. Using primers with the above sites would
allow coverage of residues 45 to 113 of BamE. For residues that were too far away
from the restriction enzyme site, megaprimer PCR was performed by Dr. Douglas

Browning.
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Figure 3.5 Restriction enzyme sites present in bameE allow primer based mutations to
be performed. A Plasmid map of pET20b-bamE. bamE was cloned into pET20b using the
Ndel and EcoRl sites. The orientation of the primers is indicated in the diagram. A BsiWI
site is located near the middle of the gene at 167bp of the 342bp BamE gene. B Sequence

of the bamE gene with the restriction enzyme sites used in this study highlighted in red.

3.2.5 Screening of mutants

Mutants were screened onto the 4% SDS and 100 pg/ml vancomycin LB-Agar
plates and a set of functionally relevant residues were identified. However this
screening method has a major drawback in that only absence or presence of growth
can be scored. To obtain quantitative data and gauge the severity of the mutants

another screening method was employed. A range of vancomycin concentrations
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were used (10, 30, 50, 70, 90 and 110 pg/ml), with a limit of 50 ug/ml vancomycin
as a criterion to select for mutants (performed by Dr. D. Squire). SDS was not used

in this screen due to problems with reproducibility and scoring mutants.

A list of mutants and their associated vancomycin inhibitory concentrations were
generated using this screening condition (Figure 3.6). The data shows that there
were some mutants where either the glycine or cysteine mutant was more sensitive
to vancomycin than its counterpart. With the glycine mutants, due to the flexibility of
this residue, there is a chance of mis-folded or unstable BamE being produced. To
test this, western blotting was performed with anti-BamE antibody with these
mutants, as unstable protein will results in degradation and will be detected at much
lower levels (Figure 3.7). 164G, V55G, Y75G, L91G and F95G produce significantly
reduced levels of BamE, suggesting that these mutants are unstable. From this

approach, residues that are important in BamE function was identified (Table 3.2).
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Figure 3.6 Vancomycin sensitivity of AbamE cells with the mutant plasmids. The
panels show the minimum inhibitory concentration (MIC) of vancomycin that is needed to
prevent growth of AbamE cells expressing BamE mutants with either A glycine or B
cysteine substitutions, on LB-Agar plates supplemented with 100 ug/ml ampicillin. Each
value is the median concentration of vancomycin obtained from at least three independent

experiments.
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Table 3.2 Summary of BamE mutations that affect E. coli sensitivity to
vancomycin.

Sensitivity to vancomycin

Mutation (ng/ml)
WT 100
C20G 10
132G 50
Q34G/C 30/10
G35C 10
N36G/C 10/10
Y37G 30
L38G 30
146G 10
V55G 10
L59G 10
M64G/C 10/50
D66G 50
F68G/C 50/50
W73G 50
F74G 10
V75G/C 10/10
V76G 10
R78G 30
Q838G 30
L91G 10
L93G 30
F95G/C 10/30
L101G 10

Mutants that exhibit increased sensitivity to vancomycin (< 50 pg/ml, at least half the
concentration needed to block growth of the wild type strain) are listed with their
minimal inhibitory concentrations (MIC) shown. In cases where both glycine and

cysteine mutants display sensitivity, both MICs are shown.
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Figure 3.7 Mutants generated with point mutation substitutions to glycines can
produce unstable protein. Western blot performed with 20 pl of cell lysate blotted against

anti-BamE serum generated from rabbit.
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3.3 Discussion

BamE is a major component of the Bam complex and its absence in AbamE cells
gives rise to various OM defects such as hypersensitivity to antibiotics and
inefficient OMP assembly (Sklar et al., 2007a). The exact role of BamE in OMP
assembly is not completely understood. This study in part has aimed to address this

problem by performing a structural and functional analysis of BamE.

Exploiting the property that AbamE cells show sensitivity to various compounds, we
have been able to produce a complementation screen that gauges bamE function.
By cloning WT bamE into the expression vector pET20b and using plasmid borne
expression, we have been able to observe growth on vancomycin and SDS LB-Agar
plates in AbamE strains. Western blotting has confirmed that this effect is solely due

to expression of BamE from the vector.

A comprehensive mutation screen of BamE has been performed. Almost every
residue of bamE has been mutated to either a cysteine or glycine, except for
residues 1-19, which is part of the lipobox signal sequence and is cleaved during
lipoprotein maturation. By screening these mutants, we have been able to identify a
set of residues that are involved in BamE function (Table 3.2). We predicted that
there would be three major classes of mutants. The first class of mutations are
those that would occur in non-functional regions of BamE. This type of mutant would
not produce any observable effects and the BamE produced from these mutants
would be comparable to WT BamE. These mutants will not be discussed further.

The second type of mutations would compromise the structural integrity of BamE
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and hence result in protein degradation. These mutants would severely affect
function, due to decreased levels of BamE, and most likely produce a phenotype
similar to AbamE. The third class are mutations that would affect the function of

BamE and produce observable results in the complementation assay.

One particular mutant C20G, was unable to complement the AbamE OM defect.
This would be expected as in the WT protein, this cysteine is the site of acylation
which is needed for lipoprotein maturation and localisation to the OM (Narita et al.,
2004). In the glycine mutation however, this acylation cannot take place and hence

localisation cannot occur.

Residues Q34, G35 and N36 (QGN motif) are conserved in BamE homologues. The
mutagenesis of each of these residues to both cysteine and glycine has displayed
poor growth on the test conditions. A similar situation is observed with the
conserved residue F74. F74 is located between two aromatic residues, W73 and
Y75, which are all next to the hydrophobic residue V76. The introduction of
mutations in this region could disrupt the hydrophobic network and cause structural
defects of BamE. Interestingly, the effect of introducing a glycine mutant at residues
W73, Y75 and V76 is much more severe than a cysteine mutant, further suggesting
hydrophobic interactions in this region potentially placing this region within the core
of the protein. Figure 3.8 shows the functionally important residues that are

conserved.
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A set of mutants consists of hydrophobic core residues (164, V55, L59, Y75, L91,
L93, F95 and L101). Glycine mutants of these residues were unable to complement
the defective phenotype and from western blot analysis indicated that these mutants
produced diminished levels of BamE. However cysteine mutants of these residues
were not as debilitating, possibly due to a bulkier side chain group being able to

maintain the hydrophobic interactions required for stability.

Another class of mutants (132G, Q34G/C, G35C, N36G/C, Y37G, L38G, M64G/C,
D66G, F68G/C, W73G, F74G, V76G, R78G and Q88C) were stably expressed, as
estimated by western blotting, but failed to complement. These residues are more
likely to be required for BamE function and not involved in the structural integrity of

the protein.

The screening analysis also displayed a set of mutations that had slight defects in
barrier function. These residues may be involved in BamE function, but are not as

crucial as the other mutants identified (Figure 3.5).

The NMR structure of BamE was solved over the course of this study (Dr. Tim
Knowles), along with the identification of residues involved in PG and BamD binding
(Y37, L38, T61, L63, D66, F68, T70, N71, F74, Y75 and V76) (Malinverni et al.,
2006, Kim et al., 2007). Some of the mutants identified in the vancomycin screen
are the same ones that are involved in ligand binding (Y37, L38, D66, F68, F74 and
V76), suggesting that a major role of BamE function is the ability to bind either PG

or BamD. By mapping the functionally relevant mutants onto the structure of BamE,
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it becomes apparent that all are surface exposed and form a single surface,
providing strong evidence that this region has a functional role (Figure 3.9).
Additionally, the F74A mutant completely abolished PG binding. This residue is
located centrally in the PG binding site and is exposed, which could possibly disrupt

the local hydrophobic network that could be required for PG binding.

In conclusion, a comprehensive screening assay to gauge BamE function has been
developed. Mutants which correspond to functionally relevant residues have been
identified from this approach. Combining this with the structure of BamE has
identified a surface patch with functional importance. This patch was later shown to
match a PG and BamD binding site identified by NMR, with mutation in this patch
shown to abolish function. However, the exact role of BamE in OMP insertion is still
unknown and if PG binding is involved in this process. Further experimentation is
needed to confirm this, but the data generated in this study has shed some light on

the function of BamE.
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Figure 3.8 Functionally important residues found in the mutagenesis analysis are
conserved. Multiple sequence alignment of several BamE proteins from other organisms
based on amino acid similarity. Residues that have been identified to be functionally critical
are highlighted at the top of the alignment.
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Figure 3.9 BamE binds phosphatidylglycerol (PG). A Surface representation of BamE
with residues highlighted displaying significant chemical shift (CS) perturbations.
Functionally relevant residues from the mutagenesis screen are indicated. B Histogram
showing CS perturbations induced in '°N-BamE (100 uM) on addition of DHPG (40 mM),
coloured according to A. C. Histogram showing CS perturbations induced in labelled BamE
(F74A; 100 uM) on addition of DHPG (40 mM). This particular mutant completely abolishes
PG binding.
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Chapter 4

Bioinformatic analysis of YraP
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4.1 Introduction

The OM is vitally important and a distinguishing feature of Gram-negative bacteria.
The OM is composed of phospholipids and LPS, as well as integral and peripheral
outer membrane proteins. Perturbations in the incorporation of these components
into the OM may result in defects in the barrier function of the OM. Such defects
may confer of the bacterial cell susceptibility to a variety of antibiotics and other
chemicals to which intact cells are normally resistant (Ruiz et al., 2005). Building on
work presented in the previous chapter, and in an effort to identify all the genes
required for OM homeostasis, the Henderson group screened the KEIO library for
mutants unable to grow in the presence of SDS and Vancomycin. Many of the
genes identified in this screen have previously been implicated in OM homeostasis
e.g. bamE described in the previous chapter. However, several genes of unknown
function were identified. One such gene was yraP. The major aim of the remainder
of this project was to obtain structural and functional data of the protein YraP from

E. coli.

YraP is a predicted lipoprotein and analyses of the signal sequence, which lacks an
aspartate residue at position +2, indicated that it is most likely an OM-associated
lipoprotein targeted by the Lol pathway (Onufryk et al., 2005, Narita et al., 2004).
The Onufryk et al. 2005 study demonstrated that yraP is a non-essential gene as
AyraP strains grew at a range of temperatures in LB and M9 media. However, this
study revealed that AyraP strains lack normal OM homeostasis since they were
sensitive to SDS. Any disturbance in the integrity of OM homeostasis results in o=-

mediated alteration in the expression of specific genes. Several investigations
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demonstrated that yraP is regulated in a o5-dependent manner in both E. coli and S.
enterica (Onufryk et al., 2005, Dartigalongue et al., 2001, Skovierova et al., 2006),

an observation consistent with a role for YraP in maintaining OM homeostasis.

Defects in OM homeostasis normally arise from incorrect assembly of LPS, OMPs,
lipoproteins or phospholipids into the OM. yraP was identified as a factor involved
with OMP biogenesis based on a proteomic study of Shigella dysenteriae
(Kuntumalla et al., 2011). However, this study was based on statistical analyses of
the expression of certain proteins and did not provide any biochemical or
biophysical evidence to support this observation. Interestingly, Onufryk et al. 2005
demonstrated that a double knockout strain of yraP and the periplasmic chaperone
surA produced a synthetic lethal phenotype, an observation which is consistent with
a role for YraP in OMP biogenesis. However, several investigations of the OMP
assembly and the BAM complex have failed to identify YraP as a partner in OMP
assembly leaving open the possibility that YraP plays a role in one of the other

biogenesis pathways for OM components.
To aid in the study of YraP, and to provide direction for subsequent experimental

chapters, this chapter presents a variety of bioinformatic analyses used to gain

insight into the function and the possible structure of the YraP protein.
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4.2 Results

4.2.1 YraP is a predicted OM lipoprotein

The E. coli K-12 yraP gene encodes a 191 amino acid lipoprotein, which has an N-
terminal signal sequence. Using PSORT, predicts that YraP is located in the
periplasm, with a predictive score of 9.76 (Figure 4.1A). Additionally, LipoP, also
predicts a cleavage site between residues G18 and C19, further suggesting that it is
a lipoprotein. In addition to this, LipoP also indicates that the +2 residue of YraP is a
valine and that the most likely enzymatic cleavage is performed by Signal Peptidase

I, suggesting that YraP is an OM localised protein (Figure 4.1B).
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Figure 4.1 YraP is predicted to be an OM lipoprotein. A PSORT suggests that YraP is
localised to the periplasm. B LipoP prediction of YraP strongly suggests that YraP is an OM

localised lipoproten, due to its N-terminal lipobox domain.
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4.2.2 YraP is widely distributed in Gram-negative bacteria

In order to identify homologous proteins of YraP in other bacteria, BLAST was used.
The major hits produced from the BLAST search highlighted a variety of proteins
from other bacteria with differing assigned descriptions, such as hemolysin
precursor, putative lipoprotein, BON domain protein and transport protein as the
most common descriptions. Because of these descriptions, there is the possibility
many of these hits were redundant. To circumvent this problem, a search was
performed using Protein Clusters, which would search on the basis of protein
architecture as well as sequence similarity (Klimke et al., 2009). The result of this
search produced 114 sequences, although many sequences were present in
different strains of the same bacterial species. The protein sequences were
obtained and aligned using Clustal X. A phylogenetic tree was then constructed,
however to reduce redundancies, if there were three or more identical sequences
from the same species, these condensed into one point (Figure 4.2A). All of the
proteins highlighted have a similar architecture and are from bacteria that are
members of the gamma proteobacteria family. It should be noted that YraP is found
in Blochmannia, which has a severely reduced genome, but it is not found in
Buchnera, which does not produce LPS. This finding suggests that yraP may have a

role in LPS biogenesis.

Using Pfam, a two BON domain architecture was also searched. 1329 sequences
were identified, with sequences in alpha, beta proteobacteria and uncharacterised
classes of bacteria, indicating that the architecture extends beyond gamma

proteobacteria (Figure 4.2B).

141



142



Figure 4.2A Phylogenetic tree of YraP homologues in gamma-proteobacteria from 114
identified sequences. B A sunburst model displaying the prevalence of 2 BON domain
architecture in different organisms from 1329 identified sequences. These proteins may

not direct homologues of YraP.
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4.2.3 The YraM-P module is conserved in Gram-negative bacteria

To determine whether homologs of yraP were in the same genomic location,
Xbase was used to examine genes flanking yraP. The identification of genes
around yraP can yield some potential information about its function, such as
belonging to an operon with genes of similar function. This approach revealed
that YraP is flanked by genes of either unknown or putative functions (Figure

4.3).

Figure 4.3 Synteny of the flanking genes of YraP. A search was performed using
Xbase and aligning the synteny of E. coli to other bacteria. YraP is highlighted by a red

outline.

yral (known as rsml), functions with rsmH (also known as mralW) in methyl

modification of 16S rRNA (Kimura and Suzuki, 2009).
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yraH-K encodes a fimbrial operon. The absence of the locus from S. enterica
indicates it was acquired after the divergence of Salmonella from E. coli (Korea et

al., 2010).

yraM (IpoA) is an OM lipoprotein has been shown to bind and aid the function of
the penicillin binding protein PBP1A, one of the major peptidoglycan synthases

(Typas et al., 2011).

yraN is a gene of unknown function, but has a domain similar to Type Il
endonucleases/Holliday junction resolvases and is thus implicated in DNA

binding.

yraO (also known as diaA) is a DnaA binding protein that is required for the

initiation of chromosomal replication during the cell cycle (Keyamura et al., 2007).

yraQ is predicted to be a permease. However, it is absent in Salmonella and is

unlikely to function with YraP.

yraR is a predicted nucleoside-diphosphate-sugar epimerase.

yhbO is a member of the DJ-1/Thid/Pfp1 superfamily, which includes proteases

and chaperones. It has a central role in stress regulation as its absence in E.coli

leads to increased sensitivity to thermal, UV, pH and oxidative stresses (Abdallah

et al., 2007).
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yhbP is a gene of unknown function. yhbQ is a predicted endonuclease, yhbS is

predicted acyltransferase and yhbT is a predicted lipid carrier protein.

mir is an IM protein that functions as a tryptophan permease (Sarsero and

Pittard, 1995).

yraP homologues might perform similar function in other organisms. If this is the
case, the synteny of the genes would be conserved, indicating that they are true
homologues of YraP. Conservation could also suggest that the surrounding
genes may be needed for YraP function. To test this, synteny alignments were
performed using Xbase against S. enterica, Vibrio fischeri, Pseudomonas

aeruginosa and Haemophilus influenzae.

The synteny of these genes is fairly well conserved between these bacteria. Most
of the genes are present in similar locations, although yraQ is shown to be further
downstream. As the functions of the flanking genes of YraP are varied, it is
difficult to assign a function using this analysis. However, this analysis has shown

that yral, yraM, yraN, yraO and yraP are maintained as a module.
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4.2.4 YraP contains 2 BON domains

To analyse the protein architecture and predict functions, the protein sequence
was placed through online tools including BLAST (Basic Local Alignment Search
Tool) the Pfam (protein family) database and SMART (Simple modular

architecture research tool).

All three programs indicate that YraP contains a two domain protein architecture,
with the presence of two identical BON (bacterial and OsmY nodulation) domains
within the sequence (Figure 4.4A). The BON domain superfamily is found in a
variety of periplasmic osmotic protection proteins and is predicted to have the

ability to bind to membrane phospholipids (Yeats and Bateman, 2003).

Table 4.1 shows proteins that contain BON domains in E. coli. ZP_04003228.1
contains a single BON domain, but it is a hypothetical predicted protein, so it may
not be functionally relevant. However the other 3 proteins, YraP, OsmY and
YgaU have had some characterisation and are confirmed to contain BON
domains with some additional architecture. YraP contains 2 BON domains,
OsmY a predicted 6 BON domains and YgaU has a slightly more complex
architecture, with a BON domain and LysM domain. These three proteins are all
predicted to be located in the periplasm, which could be a common characteristic

amongst proteins containing BON domains.
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Table 4.1 Proteins in E. coli that contain BON domains.

Length Functional Subcellular

Protein (Amino acids) | Architecture Information Location
Uncharacterised

YraP 191 2 x BON lipoprotein Periplasm
Osmoregulation

OsmY 201 6 x BON protein Periplasm

Peptidoglycan
YgaU 149 BON + LysM binding protein Periplasm
ZP 04003228.1 80 BON Hypothetical protein Unknown

The protein OsmY in E. coli is the major member of the BON domain superfamily.

OsmY has a role in homeostasis under conditions of hyperosmotic stress (Yim

and Villarejo, 1992). OsmY has a two BON domain architecture similar to YraP.

Using ClustalX, a multiple sequence alignment was performed between YraP and

OsmY (Figure 4.4B). Despite the fact that YraP is a lipoprotein and OsmY is a

periplasmic protein, the alignment demonstrated that they exhibit 29% identity

and 50% similarity.
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Figure 4.4 A Protein architecture of YraP predicted using BLAST. YraP contains a 2
BON domain architecture and is similar to OsmY. B Clustal X multiple sequence
alignment using YraP and OsmY protein sequences. Regions of homology are coloured
with a bar chart below the sequence to gauge the strength of homology. 29% identity

and 50% similarity was calculated from this alignment.

The Onufryk et al. 2005 study also highlighted the similarity between the proteins
and postulated that YraP and OsmY might perform redundant functions.
However, they were able to produce a AyraP AosmY strain and found that this
was strain was viable. This result, along with the sequence divergence between
YraP and OsmY, suggest that YraP may have a different function that is not

related to osmoregulation.
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4.2.5 Possible interactions with yraP

One possible way to gauge the function of yraP is to determine its potential
interactions with other proteins. To predict this, a STRING search was performed

(Figure 4.5A).

Notable proteins are YralL, YraM, YraN and DiaA (YraO) whose gene locations
are present immediately upstream of yraP. YfiO (BamD) is also highlighted as
possible partner, which is also a oF regulated gene and an essential lipoprotein
that is a member of the Bam complex, along with Skp, which a periplasmic
chaperone that is also involved in OMP biogenesis. LptC is a lipoprotein which is
involved in LPS transport to the OM. Also highlighted are hypothetical protein
DcrB, ubiquinone biosynthesis enzyme UbiD (Zhang and Javor, 2003) and

lipoprotein DapX, which belongs to the same family as BamC.

Overall, these predictions suggest that YraP is involved in some aspect of OM
biogenesis, with OMP or LPS pathways being the most likely candidates. It
should be noted that these predictions are not based on experimental data, but

rather from neighbourhood and co-occurrence interactions.

The String search also found YraP and its potential interacting partners in other
organisms (Figure 4.5B).The major organisms where all the partners were
present were in proteobacteria, which confirms the accuracy of the phylogenetic
tree. With the other organisms, some of the interacting partners are absent. This

can suggest that distant homologues to YraP may have a different function in
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other organisms or that they are not direct homologues to YraP and have been

identified erroneously.

Figure 4.5A String analysis with YraP (labelled with the synonymous name EcfH).
String highlights the possible interactions to other protein partners. B Co-occurrence of
these possible partners in other organisms. Due to the absence of some of these

partners, the homologues to YraP may not perform a similar function.
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4.2.6 Secondary structure prediction of YraP

Psipred was performed to predict possible secondary structure elements of YraP.
To aid the predictions, the signal sequence (residues 1-19) were omitted, as this

region will be cleaved during lipoprotein maturation.

The Psipred prediction indicates that YraP contains a mixture of a-helical and -
strand content, with a total of 5 a-helices and 6 B-strands (Figure 4.6). Two of
the B-strands are very short, only consisting of two residues, which may indicate
some inaccuracy in the prediction. There is also a large extended loop region
between residues 90 and 109 (99 and 118 in YraP), which could serve as the

linker between the 2 BON domains of YraP.
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Figure 4.6 Psipred prediction of YraP lacking the signal sequence. A total of 5 a-

helices and 6 3-strands have been predicted, with a possible linker region between

residues 90-105 separating the two possible domains.
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4.2.7 Tertiary structure predictions

Two different approaches were used to predict the structure of YraP from the

protein sequence, Phyre2 and I-Tasser.

The Phyre2 prediction compares the input sequence to known homologues. If
these homologues have known structures, Phyre2 uses these structures as a
template to guide the fold of the protein. The output is a model of the protein, with

a percentage sequence coverage to the homologues.

The model produced from the Phyre2 prediction has 97.5% confidence and uses
64% coverage (110 residues) to another protein, rv0899 in Mycobacterium
tuberculosis (Teriete et al., 2010) (Figure 4.7A). This model shows an aligned
structure, with a-helices on one side and (3-strands on the other. 3 a-helices and
6 B-strands have been identified, although a 2 domain architecture is not

immediately apparent.
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Figure 4.7A Prediction of the YraP structure using Phyre2. A flat, compact fold is
produced, with a total of 3 a-helices and 6 B-strands organised as 2 'layers'.

B Top scoring model of YraP from the I-Tasser prediction. A total of 4 a-helices and
9 B-strands are identified, with the overall fold organised as 3 'layers'. The number of
secondary structure elements from each of the predictions differ from the Psipred

prediction and the 2 domain architecture is not apparent from either prediction.
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I-Tasser (Roy et al., 2010), performs a similar prediction, in that it uses homology
modelling for structure prediction. There are also further algorithms used, which
refine the hydrogen bonding and remove potential steric clashes. Finally, another
set of structure alignments are performed, which try to determine a potential

function of the protein. A total of 5 models are produced from the prediction.

The top-scoring model from the |-Tasser predication is shown in Figure 4.7B. A
mixed a-helix and B-strand protein is produced, which agrees with both the
secondary structure and the Phyre2 predictions. However, 4 a-helices and 9 B-
strands are produced, which are arranged in 3 'layers'. The 2 domain architecture

is also not apparent on this model.
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4.3 Discussion

The use of bioinformatic tools has allowed some predictions to be made on the
possible function and structure of YraP. The use of BLAST and Pfam have
identified that YraP contains a 2 BON domain architecture that may be able to
bind to phospholipids. Using phylogenetic analysis, homologues of YraP are
highly conserved in gamma proteobacteria, but Pfam has also identified other 2
BON domain proteins in alpha, beta and epsilon proteobacteria. Although the
sequence is too different to conclusively say they are functional homologs, the
architectural similarity strongly suggests a common function. Thus, the protein

YraP is widespread in bacteria, indicating an important role in proteo-bacteria.

Both experimental and predictive data suggest that YraP has a role in OM
biogenesis. Onufryk et al. 2005 have demonstrated that AyraP strains are
sensitive to SDS, indicating a compromised OM barrier. STRING has predicted
possible partners that are involved in LPS and OMP biogenesis, although there is
a lack of experimental data behind these predictions. However, further proof that
YraP may have a role in OM biogenesis, is from the phenotypic landscape
screen, which shows that AyraP cells show sensitivity to various conditions such
as vancomycin and SDS. Strains that harbour knockouts or depletions of genes

that are involved in OM biogenesis also show sensitivity to similar conditions.

The structural predictions of YraP have produced some conflicting results. The
three predictions used, Psipred, Phyre2 and |-Tasser have demonstrated that
YraP contains both a-helices and B-strands. The actual number of a-helices and

B-strands differ significantly and with the 3D models produced with Phyre2 and I-
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Tasser, the 2 domain architecture is not observable as well as any similarity
between the potential domains. The variations produced between the tertiary
structures of the models means that these predictions are not accurate. To
accurately determine the structure of YraP will have to be performed

independently of these models.

(Nichols et al., 2011) performed a high throughput screen of various strains of E.
coli harbouring gene knockouts and depletions and monitored their susceptibility
to a variety of compounds. Using this approach, they were able generate a
phenotypic landscape of mutants and were able to group genes that showed
similar sensitivities to the various compounds as genes that have similar

functions.

It has previously been reported that gene knockouts of members of the Bam
complex show sensitivity to compounds such as vancomycin, rifampicin and SDS
(Sklar et al., 2007a). We searched phenotypic landscape database to screen
AyraP mutants and compared them to knockouts or depletions of genes involved
in OM biogenesis. Figure 4.8 shows the top scoring susceptibilities of yraP,
bamE and IptD mutant strains. SDS, cholate and vancomycin are common
between the three strains, suggesting that YraP may have a role in OM

biogenesis.
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Figure 4.8 Top scoring sensitive conditions for YraP, BamE and LptD mutants.

Conditions are highlighted in grey with scores highlighted in blue.
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Chapter 5

Structure determination of YraP by NMR
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5.1 Introduction

One of the major aims of this project was to determine the structure of YraP. A
solved structure could potentially aid in determining its function, by comparing its
structural elements to other proteins with similar folds. Additionally, knowledge of
the structure can allow other experiments to be considered, such as ligand or
drug binding, based on key structural elements of the protein. Furthermore, as a
2 BON domain architecture protein has not yet been solved, a structure of YraP

would contribute greatly in the study of this family of proteins.

We used NMR to solve the solution structure of YraP. We also hoped to use an
X-ray crystallography approach, but we were unable to generate protein crystals
of YraP. In order to appreciate the use of NMR as a structural biology tool, the

relevant NMR theory will be discussed in the following sections.

5.1.1 NMR as a structural bioloqy tool

Nuclear magnetic resonance (NMR) spectroscopy is one of the major techniques
used in structural biology. In the case of protein biology NMR can be used to
generate atomic resolution structures in solution. Although the resolution of
protein structures generated by NMR can be ideal, depending of the data quality,
generally cannot match the resolution of protein structures generated from X-ray
crystallography. Furthermore, there is also size limitation with NMR, with either
proteins or complexes of proteins that are generally above 30 kDa being

unsuitable, due to the complexity of signals generated (Yee et al., 2005).
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Although atomic resolution may be a factor in choosing an approach for structural
studies, there are some notable advantages in the use of NMR over X-ray
crystallography. X-ray crystallography requires the generation of protein crystals,
which can be a rate limiting step. Furthermore, with crystallography, there is the
presence of potential artefacts from crystallisation due to the conditions used,
which may bias proteins to adopt conformations that may not be physiologically
relevant. NMR is able to remedy this by working with proteins under more natural
solution conditions. This has the additional benefit that dynamics, conformational
changes and potential interactions can be studied with NMR that may not be
amenable in X-ray crystallography. However, the cost of generating isotope
labelled protein samples as well as the cost involved in using NMR
spectrometers can be a hindrance in choosing NMR over X-ray crystallography. It
should be noted that NMR is a non-destructive technique and complete recovery

of the protein is possible after experimentation.

5.2 NMR Theory

5.2.1 Physical properties of the nucleus

NMR is able to occur because the nuclei of certain atoms possess a property
known as spin. Spin is characterised by the nuclear spin quantum number /,
which can take integer and half-integer values (1/2, 1, 3/2, 2 etc.) and is caused
by the presence of uneven protons or neutrons in certain nuclei. Nuclei which
have zero spin (/ = 0), i.e. an even number of protons and neutrons, are not

amenable to NMR (Carrington and Machlachlan, 1967).
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The property of a nucleus having spin enables it to have angular momentum (P).
As all nuclei have charge, the effect of spin on this charge means that these
nuclei have a weak magnetic field associated with them, described as a magnetic
moment (u) (Farrar, 1987). The relationship between py and P is described by the

magnetogyric ratio (y), which is calculated with the formula

y=pPrad T's™
The magnetogyric ratio is essentially a constant that indicates how 'magnetic' a

particular nucleus is.

As nuclei with spin have their own magnetic moment, when they are placed in an
external magnetic (By) field, they experience a torque that forces them into
precession about the axis of the external magnetic field (Figure 5.1). This motion
is referred to as Larmor precession and occurs at the Larmor frequency (v). v is
directly related to the strength of By as well as the y of the nucleus. The Larmor

frequency can be described with the formula

v=yBo/2m Hz
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Figure 5.1 The effect of a nucleus in an external magentic field. The nucleus is a
charge particle with magnetic momentum. When placed in a an external magnetic field
(Bo), the nuclues experiences a torque, which causes it to precess around the axis of the

magnetic filed at the Larmor frequency v.

In a magnetic field, nuclei with spin are able to take up 2/ + 1 possible
orientations with respect to the axis of the magnetic field. This is due to angular
momentum associated with spin being quantized and can only take on a
restricted range of values. In the case of nuclei with / = 1/2, such as 'H, *C and
N, there are two possible orientations; parallel and anti-parallel to the field
(Figure 5.2). There are energy levels associated with these orientations, with the
lower energy (a) state being the parallel orientation and the higher energy (B)

state being the anti-parallel orientation (Fukushima and Roeder, 1987).
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Figure 5.2 Allowed energy states of spin 1/2 nuclei in an external magnetic field.
Spin 1/2 nuclei can only adopt one of two orientations in a magnetic field (Bo), a parallel
lower energy state (a) and an anti-parallel higher energy sate (B) as indicated by the
arrows. Nuclei are able to move between states by absorbance of radiofrequency (RF)

radiation, or loss of energy, that corresponds to the AE between the states.

In the absence of By, there is no preference for either of the states as they are
essentially energetically equivalent. The effect of By causes these nuclei to adopt
either an a or 3 state. As NMR is a spectroscopic technique, it requires both
absorption and emission of electromagnetic radiation. Nuclei in the a state can
become promoted by the absorbance of energy as well as nuclei in the B state
can lose energy by relaxation and fall to the a state (Farrar, 1987). The
frequencies that are required to cause these transitions directly correspond to

Larmor frequencies of the nuclei and can be described with this formula:

AE = hv = hyBy / 211

Where h = Planck's constant
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NMR essentially records the population difference between the a and 3 states. At
equilibrium under the effect of By, the populations can be described with the

Boltzmann distribution equation

No / NB = eAERT

Where N = Number of nuclei in a particular spin state, AE = Energy of transition,
R = Gas constant and T = Absolute temperature

The Boltzmann equation indicates that AE for the transition between the a and 8
states is small. It also indicates that there will be more nuclei in the lower energy
a state than in the B state. Furthermore due to the small energy transition
between the states it means n the population differences between the a and
states are also small only in the order of 1 to 1000. This makes NMR a relatively
insensitive technique, therefore requiring high sample concentrations, often in the
order of the mg range for proteins. Sensitivity can be improved with increasing By

field strength, although this does not remedy the sample cost.

5.2.2 Vector model of NMR

The previous description of NMR has described how a single nucleus behaves in
a magnetic field. The vector model is used to describe how a population of nuclei
behave in a magnetic field, as well as the effect of what happens when a pulse of
EM radiation is added which ultimately causes the generation of spectra from

NMR.

In the case of a set of / = 1/2 nuclei, the effect of an external magnetic field will

cause them to align and precess around the axis, designated as the +z axis.
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According to the Boltzmann distribution, there will be an excess of nuclei in the a
state. After cancelling out the nuclei in the 3 state from the a state, there will be a
resultant magnetic vector that is from the excess of nuclei in the a state (Leyden,
1977). This vector is orientated parallel to the applied field and is designated as
a bulk magnetisation vector M. As this magnetisation exists on the +z axis, it is

referred to as longitudinal magnetisation (Figure 5.3).

Figure 5.3 Nuclei behave as a population with a net magnetic vector. Nuclei
orientate around By (z-axis), with random orientations around the xy-plane. As the xy-
magnetisation is random, this cancels out. The Boltzmann distributions states that there
is an excess of spins present in the parallel a orientation than in the 8 orientation. After

cancelling these out, there is a bulk magnetic vector M, which is parallel to By.

In NMR, a second magnetisation vector is applied as an RF pulse to perturb the
equilibrium set up in the above case. Using this second field (B4), which is
perpendicular to By and applied via a transmitter coil, causes M to move from the
+z axis onto the * x/y axis, causing transverse magnetisation (Figure 5.4). It
should be noted that precession is still occurring at the Larmor frequency. In

order to visualise this as static vectors on the vector model, a rotating frame of
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reference is used, whereby the axes used are rotating at the same frequency as

the nuclei.

Figure 5.4 The effect of an orthogonal field on M. Applying a pulse in the x plane,
causes M to move into the y-axis. This shifts longitudinal magnetisation to transverse

magnetisation, which can be detected in NMR.

The effect of By causes the transverse magnetisation vector to oscillate around
the = x/y axis, depending on the strength of field and pulse length of By. This
oscillation causes the production of a current in a coil surrounding the sample
and gives rise to the NMR signal (Hayes et al., 1988). Only transverse
magnetisation is able to produce this current. Magnetisation will not stay in the +
x/y axis indefinitely, but will return back to the +z axis, by the loss of energy in a
process known as relaxation (discussed below). As this oscillating current decays
with time, it produces a free induction decay (FID) signal (Figure 5.5). The FID is
composed of many different oscillating signals from different nuclei decaying over
time (Stilbs, 1987). Fourier transformation of the FID yields the different

precession frequencies of the nuclei which gives rise to the NMR spectrum.
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Figure 5.5 Transformation of FID. The generation of transverse magnetisation will give
rise to decaying sinusoidal signal called a FID (Free Induction Decay), which is
composed of many different oscillating nuclei. Using Fourier transformation to express a
time domain into a frequency domain, = the individual nuclei can be expressed as

separate frequencies with intensities.

5.2.3 Relaxation

There are two relaxation processes that occur in NMR, longitudinal relaxation
(T1) and transverse relaxation (T2). Both of these processes contribute to the

decay of the FID.

T1 relaxation, or spin-lattice relaxation, is the process which restores the
magnetisation vector M to the +z axis which is brought about by the restoration of
equilibrium population differences between the a and B states. T1 relaxation can
occur by a number of mechanisms, the most important is the dipole-dipole

interaction, which is a direct through-space magnetic interaction between two
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spins. As spin nuclei tumble in solution, each nucleus exhibits different rotational
and vibrational motions. This can change the relative orientation of dipolar
coupled-spins, which in turn changes the magnetic field experienced at one
nucleus due to fluctuating fields from its neighbouring spin nucleus. These
fluctuating fields can provide a suitable means of relaxation for the spin nuclei.
The energy lost by the nuclei through this process is done so in the form of heat
to the surroundings, known as the lattice. Ultimately this leads to the increase in

magnetisation in the £z axis (Gong and Hornack, 1992).

T2 relaxation describes the loss of bulk magnetisation in the + x/y plane. This
does not relate to the restoration of the equilibrium populations, making it distinct
from T1 relaxation. The major cause of this is the loss of phase coherence in the

t x/y plane.

Following a 90° pulse which shifts M into the + x/y plane, the spin nuclei are
precessing at the Larmor frequency on this plane around the z axis. The vector
model is a macroscopic representation of many spins and assumes that they are
aligned or phase coherent at this point. However individual spins in the + x/y
plane may experience slightly different local magnetic fields which can be
brought about by small variations in the local magnetic environment or from a
non-homogenous static magnetic field. This effect causes the spins in the + x/y
plane to precess at different frequencies around the z axis. Ultimately, the spins
are evenly distributed about the * x/y plane and there is no resultant M. The

spread of Larmor frequencies correspond to a spread of frequencies in the final
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NMR spectrum, which display the individual resonances with defined linewidths

rather than narrow lines. The linewidth of a peak can be described as

AV1/2 =1 /'ITT2

T2 relaxation does not require the loss of energy to the lattice, but energy is
retained by the transfer between spin nuclei that have identical v. These nuclei
are able to undergo spin flipping whereby spin = 1/2 nuclei interchange between
a and 3 states. Although there are no net changes in the population differences
between the states, the average life time of a spin in the active state is reduced.
This effect can cause line broadening and occurs ultimately until there is no

magnetisation left in the + x/y plane (Li and Hornack, 1994).

5.2.4 Chemical Shifts

When a spin active nucleus is placed in an external magnetic field such as By, it
precesses about the axis of the field at its Larmor frequency. The nucleus is also
surrounded by electrons, which generate magnetic fields of their own that act in
opposition to the By field. This in turn influences the resultant magnetic field that
the nucleus experiences. This effect from the electrons is known as shielding and
influences the precession rate of the nucleus and the frequency required to
stimulate it into resonance. Differences in the chemical environment can modify
the electron and distribution about the nuclei. In the case of proteins, there are
many instances of different chemical environments for nuclei and hence a variety

of different resonances can be seen for the nuclei in the protein. These
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differences are what constitute the chemical shift (&) differences that are
observed and relates the dependence of energy transitions in nuclei to the local
chemical environment. As chemical shifts are essentially the frequency
differences between nuclei in different chemical environments, & is measured
using a relative scale. © for any resonance can be defined as:

O =V - VRer / Vref, Where v is the frequency resonance of the nuclei and vges is the

frequency resonance of a reference compound.

The frequency differences between nuclei are very small, in the order of 10° and
the units of 3 are dimensionless. The values of & are multiplied by 10° to give rise
to the ppm (parts per million) scale. In addition to making the numbers easier to
work with, an added advantage to using ppm is that the chemical shift of any
resonance in ppm is independent of the strength of the applied magnetic field.
This allows & measured from one spectrometer to be directly compared to those

of another spectrometer (Freeman, 1988).

5.2.5 Chemical shift perturbations

As the chemical shift essentially gauges the local chemical environments of
nuclei, this can be exploited to examine possible further changes in the local
environments. Changes such as ligand binding to a protein can cause drastic
alterations in the local chemical environments of the residues involved in ligand
binding. This in turn affects the chemical shift of the the nuclei which is known as
chemical shift perturbations (CSP). With HSQC experiments (discussed below),
which measure 'H and "°N chemical shifts, CSPs can be observed for both

nuclei. As CSPs associated with 'H nuclei aare generally much greater than
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those associated with >N nuclei, weighting is required to address this imbalance
and normalise any observed CSPs. The standard formula used for this purpose

is:

ABoveral = [(ASH x 500)? + (Ady x 50.7)%%°

5.2.6 HSQC

The Heteronuclear Single Quantum Coherence (HSQC) is a 2D NMR
experiment. °N-HSQC spectra display the chemical shifts of all of the amide
(NH) groups present in the protein via the 'H and "°N dimensions (Bodenhausen

and Ruben, 1980).

In a "°N-HSQC, magnetisation is transferred from the proton to the nitrogen atom
in an NH group. Through chemical shift evolution of the nitrogen atom, the
magnetisation is transferred back to the H atom which is then detected (Figure

5.6).

In theory, each amino acid would produce one peak, from their backbone amide
group, with the exception of prolines, which lack an NH group due to the imino
side chain. Other amino acids such as Glutamine, Aspargine, Tryptophan giving
additional resonances from their side chains containing amide groups. However,
due to uneven magnetisation, or overlapping peaks, not all of the predicted

resonances may be seen.
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The HSQC is a crucial experiment for structure determination using NMR, as well
as being an important tool in gauging various properties of the protein, such as
the folding state or binding to ligands. The dispersion of the HSQC can also give
other details of the protein, such as the presence of secondary structure groups,

such as a-helices and B-sheets.

Figure 5.6 Magnetisation pathway of the HSQC. Magnetisation is transferred between

the "N and "H group of the i residue, which gives rise to a 2D spectrum.

5.2.7 Sequential backbone assignment

The HSQC only gives a 2D representation of the protein, by displaying amide
(NH) resonances via the Proton and Nitrogen dimension. In order to determine

which peaks belong to which residue in the protein, a full assignment must be
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carried out. To do this, further NMR experiments are performed alongside the
HSQC. These are 3D experiments that utilise the same Proton and Nitrogen
dimension, with a third dimension for Carbon resonances. By correlating the
common Proton and Nitrogen dimensions and examining along the Carbon
dimension, it is possible to find resonances that belong to the CA (a carbon), CB
(B carbon) and CO (carbonyl) of a residue. To further the assignment process,
the 3D experiments are performed in a pair wise manner, with magnetisation
being transferred from an NH group to the different backbone carbon atoms.
Doing this allows one experiment to display the resonances of the current residue
(termed i) and the other experiment with the resonances of the current residue (i)
and the preceding residue (i-1). Provided that the primary sequence of the
protein is known and by following this connectivity between the experiments, and
relaying the new information to the Proton and Nitrogen resonances, it is possible
to assign the protein using this method. Further help is found from certain amino
acids displaying characteristic resonances for their atoms. This piece of
information can be vital in ensuring that assignments are correct for a particular

region of the protein.

5.2.8 HN(CA)CO and HNCO

This pair of experiments allows backbone assignment of CO groups in the
protein. The HNCO experiment transfers magnetisation through the HN; via a
process termed 'J-coupling' to the preceding CO;; residue. Therefore, this
experiment should only produce a single resonance corresponding to the CO
group of the i-1 residue at a defined Proton and Nitrogen ppm. In terms of signal

to noise ratio, the HNCO is the most sensitive experiment, which can be used to
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confirm correct backbone assignments, especially in regions of strong overlap on

the HSQC.

The HNCO is run alongside the HN(CA)CO. The HN(CA)CO transfers
magnetisation through the CA; and CA;; to both the CO; and CO, (Figure 5.7).
However, due to stronger coupling between the N; - CA;, than the N; - CA;.4, the

CO; resonance is generally more intense than the CO;_4 resonance.

On overlaying the spectra of these two experiments, the CO resonance that is
common to both spectra corresponds to the CO;.1 and the individual resonance in

the HN(CA)CO is the CO:..

5.2.9 HNCA and HN(CO)CA

This pair of experiments allows sequential backbone CA assignments. The
HNCA allows magnetisation transfer to both the CA; and CA;.4, subsequently
producing two CA resonances. As the coupling between the N; - CA; is greater
than the N; - CA.4, the CA, generally appears to be more intense out of the two

resonances.

Any CA resonance information in the HNCA needs to confirmed by the
HN(CO)CA. This experiment transfers magnetisation through the CO,4, only
producing a single resonance belonging to CA;.4. The resonance produced from
this experiment correlates to the backbone NH;, which allows the correct

assignments of CA groups. On overlaying the spectra of these two experiments,
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the CA resonance that is common to both spectra corresponds to the CA;.1 and

the individual resonance in the HNCA is the CA..
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Figure 5.7 Magnetisation pathways of the HN(CA)CO and HNCO experiments.
Atoms coloured in red are detected in the spectra and atoms coloured in grey indicate
that magnetisation is transferred through them. Experiments are performed in a pairwise

manner, to display the atoms in the i and i-1 residues.

5.2.10 HNCACB and CBCA(CO)NH

Another pair of experiments that are essential for full backbone assignments are
the HNCACB and CBCA(CO)NH. These experiments display the resonances of
both CA CB groups. These experiments are very useful in that they act as a
backup for the CA assignments from the HNCA and HN(CO)CA experiments as
well as providing the side chain CB assignments. Rather than only performing the
HNCACB and CBCA(CO)NH experiments the two sets (CA and CB experiments)
are normally performed in conjunction as the resolution of the CB experiments is
far lower as a larger ppm range is required to be sampled. As CA resonances
tend to be over a smaller ppm range than the CB resonances, it makes accurate

CA assignment impossible.

With the CBCA(CO)NH, magnetisation is transferred from the HB;.1 and the HA 4
to the CBi.1 and CA,.1 respectively. From here, it is then transferred to the CO; 4
finally onto the NH; group. This experiment should ideally produce two peaks, that

correspond to the CA and CB atoms of the i-1 residue.

In the HNCACB experiment, magnetisation is transferred from the NH;, to both
the CA and CB of i and i-1 (Figure 5.7). Potentially four resonances should be

observed from this experiment, with the CA; and CB; having greater intensities
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than the CA.1 and CB;.1 due to uneven coupling between the groups. Another
notable feature about this experiment is that CA peaks are positive whereas CB
peaks are negative, due to the phasing used in this experiment. This can aid
immensely in differentiating the CA and CB resonances for sequential backbone

assignment.

Comparing the spectrum from the HNCACB to the CBCA(CO)NH, the
identification of i and i-1 CA and CB groups can be determined. It should be
noted that not all of the resonances may be observed, especially in the case of
the HNCACB experiment, where four peaks are normally expected. This can be
due to uneven magnetisation transfer, dynamics or due to the presence of

glycine residues, which lack CB groups.

5.2.11 H(CCO)NH

This 3D experiment allows the identification of the side chain protons on an i-1
residue, using the NH group of the i residue for signal detection. Magnetisation is
transferred from the side chain nuclei to their directly attached carbon atoms on
the i-1 residue. Magnetisation is then transferred between the carbon atoms, onto
the carbonyl atoms and finally to the proton on the NH group of the i residue
(Figure 5.8). This produces a 3D spectrum containing one nitrogen and two

proton dimensions.
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5.2.12 (H)C(CO)NH

The (H)C(CO)NH allows the identification of the side chain carbon atoms on an i-
1 residue in a similar manner to the H(CCO)NH. The magnetisation is transferred
in the same way, except that carbon atoms are detected (Figure 5.8).This

experiment produces a spectrum with carbon, nitrogen and proton dimensions.

5.2.13 HCCH TOCSY

This 3D experiment is used to check if the side chain carbon and proton
assignments are correct. Magnetisation is transferred from the side chain protons
to the neighbouring side chain carbon atoms. This is then followed by further
carbon magnetisation which is then transferred to other side chain protons
(Figure 5.8). In theory, every side chain carbon and side chain protons, including
CA and HA, should give a resonance. No inter-residue magnetisation occurs in

this experiment. All of the resonances observed are for i residue only.

The spectrum from this experiment produces a diagonal, with a Carbon
dimension, a direct Proton dimension and an indirect Proton dimension. To
analyse this spectrum, one selects the Carbon and Proton ppm of a known
proton directly attached carbon resonance as determined from the H(CCO)NH
and (H)C(CO)NH experiments. The proton peak from this selection would lie on
the diagonal, with the same ppm for both proton axes. By examining along the
indirect proton dimension, it is possible to find proton resonances attached to
other side chain carbon groups in the same residue. The assignments produced
from this experiment are self checking, in that one is able to repeat the process

by selecting a directly attached proton to a different side chain carbon and
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examine the indirect proton frequency, which would be a different diagonal peak.
If the side chain carbon and protons have been assigned correctly, then it should
be possible to see the other side chain protons at their correct ppm in the indirect
Proton dimension. In theory, this can be repeated for the other side chain
protons, with a list of assignments at different carbon ppm, all having the same

ppm values along the indirect Proton dimension.

181



Figure 5.8 Magnetisation pathways of the side chain carbon and protons in the
HCCONH and CC(CO)NH experiments. Atoms coloured in red are detected in the

spectra and atoms coloured in grey indicate that magnetisation is transferred through

them.
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5.2.14 NOESY experiments

NOESY (Nuclear Overhauser Effect Spectroscopy) is a powerful tool in
generating accurate 3D protein structures from NMR data. NOESY experiments
differ from the other NMR experiments in that magnetisation is transferred
through space rather than through bonds. If a proton is in close proximity to
another proton (within 5 A), it will give rise to a resonance signal. However, it is
also prone to some error as protons that are bonded to the same residue are also
in close proximity and can give rise to signals as well (Figure 5.9). As a general
rule, protons that are 3 bonds away from the proton examined, will display
signals. One has to be careful in assigning NOESY spectra, ensuring that
potential resonances are not from closely bonded protons. However, previously

determined assignments formed from the other spectra can remedy this problem.
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Figure 5.9 Schematic of NOESY interactions. A Probing from proton H2, the NOESY
spectrum of this proton will display the neighbouring proton H3 (solid arrow) as well as
displaying the resonance of H1 (dashed arrow) as a through space NOE interaction. B
Schematic spectrum of the NOESY interactions in A. At the proton and carbon/nitrogen
frequencies of H2, H2 appears as a large peak on the diagonal, indicated in red. The
NOE of H3, which is a close through bond interaction, will produce a peak, with a
different ppm in the indirect "H dimension. H1 will also produce a peak with a different
ppm in the indirect "H dimension, but as this is a through space interaction that is further

away than H3, its intensity will be much less than H3.

The strength of this resonance is proportional to the distance, with protons in
close proximity producing stronger NOE resonances. Generally, protons that are
closely bonded will generate strong resonances. By collecting a large number of
NOEs, 3D constraints can be generated from this data, which is essential in

solving the structure of the protein.

Over the course of this study, three major NOESY experiments were carried out

that were used to solve the structure of YraP. A '°N edited NOESY, *C edited

NOESY, and a "*C Aromatic NOESY.
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The "N edited NOESY displays NOE resonances of protons within 5 A of an
amide proton. These are powerful signals for determining the secondary structure
of the protein, in that potential residues that are involved in hydrogen bonding (H-
bonding) can be identified from the amide resonances given from the backbone
amide groups. For cases such as determining a potential a-helix, the n+4
periodicity can be observed in the assignments. In this study, a deuterated "N
edited NOESY was also performed. A notable feature of this experiment is that
only NOE resonances between amide protons are observed. This yields a
simpler spectrum with fewer peaks, which can be used to determine or confirm

secondary structure elements such as B-sheets.

The spectrum produced from this experiment has three dimensions, a Nitrogen
dimension, direct Proton dimension and an indirect Proton dimension. This
spectrum contains a diagonal, which corresponds to the directly attached proton.

Potential NOESY's can be found by examining the indirect Proton dimension.

The *C edited NOESY is a major experiment for structure determination. This
experiment displays NOEs from protons attached to the carbon residue. This is
powerful in that potential side chain interactions can be determined, which
influences the tertiary structure restraints of the protein therefore determining the
overall fold. Like the N edited NOESY, the spectrum contains three axes, a
Carbon dimension, a direct Proton dimension and an indirect Proton dimension,

where potential NOEs are found.
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Finally, a "*C aromatic NOESY is performed to identify possible through space
interactions from protons attached to carbons in aromatic rings. Aromatic
residues can have a function in maintaining the protein core by hydrophobic
interactions with other residues, or can be surface exposed and have a role in the
function of the protein. The use of aromatic NOEs can determine what the case
may be and the data produced from this experiment can yield very helpful

restraints for structure determination.

5.2.15 Hydrogen/Deuterium (H/D) exchange

H/D exchanged HSQCs can be a powerful tool in determining residues involved
in H-bonding, which can be further used as restraints for structure calculations.
H/D exchange works on the principle that if a protonated protein is placed into
dueterated conditions, NH groups will exchange into ND groups. However, NH
groups that are either involved in H-bonding or are buried inside the protein will
take longer to exchange. By choosing an appropriate time for this exchange and
performing HSQCs on this exchanged protein, exchanged peaks in the HSQC
will not give a signal. Any peaks that give a signal can be presumed to be
involved in H-bonding or are not surface exposed. This list of resonances can be

crucial in determining the H-bonding network of a protein.

5.2.16 Structure calculations with CYANA

All of the chemical shift values, NOESY peaks and dihedral angle restraints from
TALOS can be used for structure determination. In this study, the automated
NOESY assignment software CYANA was used for this purpose, which enables
quick structure calculations without introducing user bias.
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With NOESY data, there is the presence of ambiguous assignments, either due
to signal overlap or erroneous identification. As the NOESY data is in essence a
list of the distance restraints between atoms and strongly influences the tertiary
structure, errors in this data can prove to be problematic for structure calculations
and can generate incorrect models of the structure. CYANA is able to circumvent

these problems by introducing a weighting function for ambiguous assignments.

A typical CYANA run consists of 7 iterative cycles of ambiguous NOE
assignments, with structure calculations using torsion angle restraints. Between
the cycles, information of the NOE assignments is transferred between the
intermediary 3D structures. During early cycles, CYANA ranks the ambiguous
NOE assignments and generates a score list. These low scoring NOEs are
initially removed and initial structures are generated only with the higher scoring
NOEs i.e. unambiguous NOEs. The structures that are generated at a given
cycle are used to guide the NOE assignments in the following cycles. With later
cycles, CYANA is able to make better estimates of the ambiguous NOEs and
factors in the low scoring NOE assignments as well as removing spurious and
erroneous assignments. The final cycle produces the best possible structure with

the data that has the least number of NOE violations.

CYANA uses simulated annealing to calculate structures. In brief, heating steps
are applied to completely unfold the protein and start from a random state, where
torsion angles are treated independently and H atoms are not factored due to the

large potential steric clashes. The protein is then cooled, with torsion angle
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dynamics, H atoms and van der Waals interactions factored in with weighting
criteria, which allows the protein to fold. At the final cycle, the structure that is
produced contains the minimum energy and least violations, which is an accurate

representation of the fold.
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5.3 Results

5.3.1 Expression and purification of YraP for NMR studies

One of the major aims of this project was to determine the protein structure of
YraP, which would in turn help in deducing a possible function of the yraP gene.
As YraP is predicted to be an OM lipoprotein, expression of this lipoprotein could
prove to be difficult, with the chance of achieving much lower yields per growth,
compared to the expression of soluble proteins, as well as the difficulty of

solubilising the protein and using it for structural studies.

In order to circumvent these possible problems, we used a modified pET26b-
yraP vector. A notable feature of this vector is that its native signal sequence
(residues 1-19) of the protein has been removed. Cysteine 19, which is the
acylation site for lipoprotein formation, has been substituted to an Isoleucine,
which prevents any possibility of acylation. This protein is also C-terminally
6xHis-tagged, which aids purification as well as improving solubility. Finally, to
ensure a natural folding environment, the vector contained a PelB signal

sequence, which would allow targeting to the periplasm.

Initial expression trials with this vector showed the presence of a thick band at
roughly 20 kDa following induction with 1 mM IPTG, corresponding to the
estimated size of YraP (Figure 5.10). This result suggested that this vector was

suitable for protein expression.

189



Figure 5.10 Expression trial of the pET26b-yraP vector. SDS-PAGE performed with
20 pl of cell lysates of BL21 (DE3) cells containing pET26b-yraP from 0-4 hours after

induction with 1 mM IPTG. Proteins were detected by Coomasie staining.

Using 2 litre LB growths, with induction and overnight growth at 18°C, YraP was
overexpressed. Following lysis and centrifugation, the protein was present in the
supernatant fraction, indicating that it was soluble (Figure 5.11A). Nickel affinity
purification was performed on the soluble fraction, resulting in the recovery of
overexpressed YraP in the eluate, removing most of the other contaminating
proteins. Further purification using size exclusion chromatography, produced an
almost pure sample of YraP (Figure 5.11B), although there was another major
protein species present. Confirmation of the purity of YraP was determined by
performing SDS-PAGE on the collected YraP fraction, which were essentially

free from other contaminating proteins (Figure 5.11C). After concentration of the
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purified protein, concentrations of 1.2 mM at volumes of 2 - 2.5 ml easily

obtained, making it ideal for NMR studies.

Figure 5.11 A high yield of pure YraP can be expressed and purified. A Coomasie
stained SDS-PAGE of 20 ul of BL21(DE3) cells with pET26b-yraP samples from 2 litres
of growth and purification using Nickel affinity chromatography with a 5 ml His Trap HP
Column (GE Healthcare). The lanes are Pre (pre-induction), Post (post-induction), Lys
(lysate), Super (supernatant after centrifuging out the membranes), Flow (flow-through),
Wash (wash-through) and elution from the His-trap purification, with 1 ml fractions
collected. B Size exclusion chromatography using a Superdex S75 328 ml column (GE
Healthcare) with 5 ml of concentrated post Nickel affinity purification. C Coomasie
stained SDS-PAGE of 20 pl fractions containing YraP after size exclusion

chromatography.
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To ensure that the protein was folded, 1D proton NMR was performed on the
sample (Figure 5.12). The spectra showed sharp defined signals as well as

signals below 0 ppm, which generally correspond to folded proteins.

In order to perform further NMR studies and to solve the structure, YraP was
labelled with NMR active nuclei *C and ""N. Growths were repeated in M9
minimal media, containing "*C-glucose and "°N-ammonium sulphate to label the
protein with these nuclei. Generally these growths take longer or the protein yield
can decrease. Over the course of this study, none of these effects have been
observed, highlighting the reproducibility of this expression and purification

procedure.

Figure 5.12 1D NMR of YraP indicates that it is folded. 1D NMR performed with 800
pM of YraP in 50 mM sodium phosphate, 50 mM NaCl, pH 6.0 at 25°C.
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5.3.2 HSQC analysis of '*C, '°N double labelled YraP

The "H-""N HSQC spectrum of YraP shows well dispersed resonances (e.g.
peaks spread over 6-10 ppm in the 'H dimension (Figure 5.13).There are a few
areas of overlap, seen in the central region between 7.8 - 8.8 'H ppm and 118 -
125 N ppm, which could prove to be problematic for assignment. Also certain
resonances indicative of characteristic amino acids can be seen, such as
glycines near the top part of the spectrum 105 - 110 °N ppm, possible typtophan
residues at lower left side of the spectrum 9.5 - 10.5 '"H ppm and 125 - 130 "°N
ppm. There are also NH; aspargine and glutamine side chains at 6 - 6.5 H ppm

(as highlighted by the lines between the doublet peaks).

The dispersion of the HSQC indicates the presence of secondary structure. The
central peaks in the area 118 - 121 >N ppm and 7.5 - 8.5 'H ppm indicate the
presence of a-helical content and peaks between 6.8 - 7.2 'H ppm and 9.2 - 10.2
H ppm show potential B-sheet content. This is consistent with the predictions

that YraP contains these motifs.

From this spectrum, 225 peaks were identified. The estimated number of peaks
in the HSQC of YraP can be calculated by taking the total number of residues
and subtract the number of proline residues present, to give a value of 173
peaks. A possible explanation why there are more peaks picked than estimated
could be due to the presence of loop regions that are able to exist in multiple
conformers and produce another set of resonances, the picking of peaks that are

weak and are most likely noise and the presence NH; side chains.
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Figure 5.13 'H-""N HSQC of YraP. HSQC performed using a Varian Inova 800-MHz
spectrometer, with 400 uM "°N-labelled YraP in 50 mM sodium phosphate, 50 mM NaCl,
pH 6.0 at 25°C. Dashed lines indicate the NH, side chains of aspargine and glutamine

doublets.

This spectrum shows that YraP is dispersed and has characteristic a-helical and
B-sheet resonances. Due to the little overlap, this is amenable for backbone

assignment.

5.3.3 Spectra and assignment of the backbone experiments

In order to assign the protein, experiments displaying the resonances of the
carbon and nitrogen atoms of the backbone of the protein need to be performed.
In this study, six backbone experiments were performed. HNCO, HNCACO
experiments to determine the resonances of i and i-1 carbonyl (CO) groups,
HNCA, HNCOCA for i and i-1 CA atoms, HNCACB and CBCACONH for i and i-1

CA and CB groups.
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Each of these experiments produced ideal spectra for sequential assignment
purposes. An example of the assignment process for i and i-1 CO, CA and CB
are shown in Figures 5.14, 5.15 and 5.16. The assignment of all CA, CB and CO
groups in YraP was achievable with these spectra. Confidence of these
assignments are from the fact that characteristic chemical shifts were observed
for certain residues, such as the CB resonances of alanine residues resonating at
approximately 20 ppm on the C axis, as well as the unique resonances
produced from other residues (e.g. serine, threonine, glycine). To further confirm
that the assignments were correct, the assignment prediction match on Sparky
was used. In brief, this prediction analyses the sequential assignments and tries
to find the most likely place in the sequence where they fit. Performing this
prediction for all the assignments fitted this to the sequence of YraP with a score

0.781. Scores less than 1 generally indicate a correct assignment position.

Although all of the CA, CB and CO groups have been assigned, there are some
notable exceptions. A peak corresponding to N153 was unable to be found in H-
®N HSQC. However the CA, CB and CO groups of N153 were found from the
other backbone spectra. Possible reasons for why N153 is not observed in the
HSQC could be due to signal overlap or that N153 is in a dynamic region of the

sampling numerous conformational states.

There are three proline residues present in YraP, P38, P86 and P116. As
prolines have an imino group rather than the more common amino group, they do

not display a resonance on the HSQC spectrum, as they lack the necessary
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hydrogen bound to a nitrogen atom. This can make sequential assignment of the
backbone problematic as it is not possible to assign i-1 resonances from a proline
residue. However the backbone assignments from the other experiments have
circumvented these possible problems and the prolines with the preceding

residues have been correctly assigned.

There are also some instances on the HSQC spectrum where two residues will
resonate at a similar chemical shift. These residues are A35 + L50, D37 + V149,
V47 + K78, R69 + T150, Q115+ T126 and N124 + E155. However, from
unambiguous backbone assignment, these residues were correctly assigned and

happen to display signal overlap on the HSQC.

Despite all of these potential caveats, almost every CA, CB, CO and NH group
has a correct assignment, except for the NH group of residue N153 where a peak
was not found on the HSQC spectrum (Figure 5.17). From this, 176 of the total

176 residues in YraP have been assigned (Appendix ).
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Figure 5.14 Sequential backbone assignments for the CO groups of residues L58-
D61. Dashed lines indicate the sequential links determined. HNCO and HN(CA)CO
experiments were performed with 1 mM *C-"N YraP in 50 mM sodium phosphate, 50

mM NacCl, pH 6.0 at 25°C on a 600 MHz Inova Varian spectrometer with cryoprobe.
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Figure 5.15 Sequential backbone assignments for the CA groups of residues L58-
D61. Dashed lines indicate the sequential links determined. HNCA and HN(CO)CA
experiments were performed with 1 mM *C-"N YraP in 50 mM sodium phosphate, 50

mM NacCl, pH 6.0 at 25°C on a 600 MHz Inova Varian spectrometer with cryoprobe.

Figure 5.16 Sequential backbone assignments for the CA and CB groups of
residues L58-D61. Dashed lines indicate the sequential links determined. HNCACB and
CBCA(CO)NH experiments were performed with 1 mM "*C-"N YraP in 50 mM sodium
phosphate, 50 mM NacCl, pH 6.0 at 25°C on a 600 MHz Inova Varian spectrometer with
cryoprobe.
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Figure 5.17 The backbone of YraP is almost completely assigned. 'H-°N HSQC of
3C-"N labelled YraP in 50 mM sodium phosphate, 50 mM NaCl, pH 6.0 at 25°C using a
600 MHz Inova Varian spectrometer with cryoprobe. Almost every residue is assigned
on the HSQC apart from N153. There is a major overlapped area in the centre of the
spectrum, which has been zoomed in (A).
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5.3.4 Side chain assignments

Although assignment of the backbone can give potential secondary structure
information of a protein, side chain assignments are crucial for determining its
tertiary structure. To get these assignments, (H)CCONH and (H)C(CO)NH NMR
experiments were performed to determine the side chain protons and carbons.
Using information from these assignments, a HCCH TOCSY was also performed

as a further proof to confirm the assignments.

The HC(CO)NH allows assignment of carbon attached protons of the i-1 residue
from the transfer of magnetisation from i NH group. One notable aspect about
this spectrum is that the i-1 HA group (proton attached to CA) has a characteristic
chemical shift at approximately 4.1 ppm in the Proton axis, which was observed
for most of the residues. Most of the side chain protons were assigned except for
two particular regions, V107 - 1111 and T151 - E155. These regions are thought
to be flexible loops in YraP, which would explain the lack of assignments for

those residues.

The (H)C(CO)NH displays the resonances of the side chain carbon atoms. Due
to the limitation of this experiment, certain carbon atoms do not resonate, such as
the CD (C-delta) of glutamine or CE (C-epsilon) of aspargines, as well as certain
carbon atoms in aromatic rings. For the most part, many of the carbon atoms in
residues resonated at their characteristic chemical shifts, with very few missed

assignments.
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The HCCH TOCSY was used to refine the side chain carbon and proton
assignments. The resolution of this experiment is far higher than the previous
experiments, but is far more complicated to interpret. The magnetisation pathway
is different to the HCCONH and (H)C(CO)NH in that it does not transfer from a
backbone NH group, but rather from the carbons and attached protons in the
residue. Thus all resonances displayed are from proton and carbon frequencies

only, making it an ideal tool for refinement of side chain assignments.

With the use of these three experiments, approximately 80% of the possible side

chains of YraP have been assigned (Appendix ).
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Figure 5.18 Side chain assignments of YraP. R39 CA resonance from CC(CO)NH
experiment (A) and R39 side chain proton resonances from HCCONH experiment. Both
side chain carbons and protons can be assigned using these spectra. These
experiments were performed with 1.2 mM "*C-""N labelled YraP in 50 mM sodium
phosphate, 50 mM NaCl, pH 6.0 using a 800 MHz Inova Varian spectrometer with
cryoprobe. Assignments were checked with the HCCH TOCSY.
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5.3.5 Hydrogen - Deuterium exchanged HSQC

To aid in structure determination a Hydrogen/Deuterium (H/D) exchange HSQC
was performed. In brief, °N-lablled YraP was lyophilised and resuspended in
deuterated buffer (50 mM NaP, 50 mM NaCl, pH 6.0). This would allow surface
exposed NH groups to exchange with the deuterons (ND) in the buffer. Any NH
groups that are either buried in the core of the protein and not accessible to the
surface, or those that are involved in H-bonding in the protein, will not be
exchanged. As this is a >N HSQC, any NH that has been exchanged to a ND
group will not give a resonance signal. By overlaying the H/D exchanged
spectrum with the HSQC of YraP, a selection of residues were identified as

possible residues involved in H-bonding or buried in the core (Appendix IV).
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Figure 5.19 H/D exchanged HSQC of YraP. Overlaid spectra of 400 uM "N labelled
YraP (black) in 50 mM sodium phosphate, 50 mM NaCl, pH 6.0 and 400 uM ™N labelled
YraP that was exchanged in deuterium for 2 hours, performed on 600 MHz Inova Varian
spectrometer with cryoprobe at 25°C. Several assignments disappear from the
exchanged spectrum. Assignments that have remained are labelled on the spectrum,

which are residues most likely to be H-bonded or not surface exposed.
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5.3.6 Nuclear Overhauser Effect Experiments

The overall fold determines the 3D structure of a protein. In order to solve the
structure of YraP using NMR, NOESY experiments were performed to gain
information on the tertiary structure. NOESY experiments display possible
through space interactions between protons, which allow the generation of
distance restraints for structure calculations. We performed three major types of
NOESY experiments, '°N edited NOESY, C edited NOESY and an Aromatic

NOESY.

The "N NOESY displays protons within 5 A of an amide residue. The spectrum
produced from this experiment gave approximately 4500 peaks and was fairly
clean, with little baseline noise. We were able to assign most of the diagonal
peaks as well as identify possible residues in close proximity of the cross-peaks.
To aid the structure calculations, a deuterated >N NOESY was performed, which
yields a much simpler spectrum. The only resonances present are from the NH
groups, which have been exchanged from deuterons back to protons. This can
be a valuable tool in mapping secondary structure elements. As both
experiments involve magnetisation transfer to the NH group, the same regions of
overlap that were observed in the HSQC, were observed in both °N NOESY
spectra. However, due to the quality of the spectra, we were able to make

unambiguous assignments.

The ®*C NOESY-HSQC displays all protons that are within 5 A of all carbon-

linked protons present in the protein. These are the most common groups in

205



proteins and hence this spectrum is the most complicated but also contains the
most information. Approximately 5500 peaks were picked for this spectrum. In
comparison to the '°N-NOESY, there were only approximately 1000 additional
peaks, this relative small increase is due to the large increase in complexity and
signal overlap, making unambiguous peak assignments difficult. As an example,
the majority of the glycine assignments were found to be on top of each other,

due to these residues possessing similar chemical shifts to each other.

The aromatic NOESY allows the identification of close proximity protons from
carbon-linked protons on aromatic rings. These are mainly from phenylalanine,
tyrosine and tryptophan residues. In YraP there are only 5 aromatic residues.
Because of this there were only approximately 80 peaks produced in the
aromatic NOESY spectrum. From this data it allowed the assignment of 4 out of
the 5 residues, Y75, Y108, W127 and F189. We were unable to assign F187. It
should be noted that Y75 seemed to possibly exist in another state, as in the °C
dimension where it was assigned, there was another diagonal peak
approximately 0.15 '"H ppm upfield that displayed very similar NOE interactions to

that of the assigned Y75 peak.

The list of peaks used can be found in Appendix .
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Figure 5.20 NOESY assignments of YraP. Experiments were performed with 1.2 mM
3C-"*N YraP in 50 mM sodium phosphate, 50 mM NaCl, pH 6.0 at 25°C using a 800
MHz Inova Varian spectrometer with cryoprobe. A "N edited NOESY of K60. The NH
and HA protons have been assigned. The other unassigned peaks correspond to
potential through space interactions with other protons. B Aromatic NOESY of W127.
This spectrum shows potential NOE interactions from the aromatic rings that would be
unobtainable with other experiments. C *C edited NOESY of A68. There are 2
assignable resonances for alanines, the HA and the methyl side group protons (MB). In
this spectrum, observing at the CA frequency, both HA and MB protons are assigned.
Then by observing the same HA and MB resonances at the CB frequency confirms that

these assignments are correct.
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5.3.7 Secondary structure predictions using backbone
assignment data

With almost complete assignment of the backbone, secondary structure
predictions were made using TALOS (Cornilescu et al., 1999), CSI (Wishart and
Sykes, 1994) and ACa - ACB method (Metzler et al., 1993). These secondary
structure predictions can be used to ensure that backbone assignments are

correct and can provide torsion angle restraints for structure calculations.

TALOS is a program which compares experimentally derived backbone chemical
shift data with those of a database compared of 200 proteins. It then compares
the @ and g angles produced from the chemical shift data and assigns a likely
secondary structure element based on comparisons with the database. By
plotting each of the angles for each residue, regions where the ¢ and y values
are distant correspond to a-helical content whilst regions with the ¢ and g values

close together correspond to 3-strands.

CSI (chemical shift index) is another prediction program which compares
chemical shift data to its database. Comparisons are based on the chemical shift
differences against some predefined 'random coil' values, using chemical shifts
derived from HA, CA, CB and CO assignments. The output is given as scores of

1, 0 and -1, which correspond to B-strand, flexible region and a-helix respectively.

The ACa - ACB method is another prediction that compares the Ca and Cf3
chemical shifts of residues to a standard set of values that would be observed in

unfolded proteins. Comparisons between folded and random coil chemical shifts
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show that Ca resonances tend to shift downfield in a helices and upfield in -
strands. The opposite is observed with CB resonances, with upfield shifts in a
helices and downfield shifts in B-strands. A subtraction between the Ca and Cf3
differences enhances the correlation between these chemical shifts and
secondary structure elements. Positive values correspond to a helices whereas

negative values correspond to 3-strands.

Common secondary structural trends are observed for YraP with all three
secondary structure prediction methods (Figure 5.21). The predictions estimate 4
a helices between residues D46-164, A88-D102, G120-L136 and E164-V180.
TALOS and ACa - ACP predictions suggest that there is a break in the a-helix of
D46-164 at residues 60-61. 6 B-strands have been predicted between residues
E67-A74, V79-G83, N105-N109, S145-T151, E156-L161 and V183-T188. Two
repeats of appaf secondary structural elements are seen, which likely
corresponds to the 2 predicted BON domains present in the protein. Due to the
similar predictions between all three methods, it seems highly likely that the

secondary structure elements are present at those residues.
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Figure 5.21 Secondary structure predictions of YraP using chemical shift data.
Graphs of the data generated from A TALOS, B CSl and C CAa - CAB predictions are
shown. With TALOS, ¢ angles are plotted in red and g in blue. Predicted secondary
structure elements are shown for a-helices (rectangles) and B-strands (arrows) as well

as their approximate residue numbers in the protein.
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5.3.8 Determining Hydrogen Bonds

5.3.8.1 Hydrogen - Deuterium exchanged HSQC

In order to generate an accurate structure, the H-bonding network needs to be
determined. H-bonds are essential in keeping the secondary structure of the
protein. In structure calculations, H-bonds can serve as strongly weighted
restraints which can aid the simulated annealing and ultimately yield to a more

refined and accurate model of the protein.

The H/D exchange HSQC experiments highlight which amides are protected from
exchange and hence involved in hydrogen bonding. However this information
provides only one partner of the hydrogen bond. No information is given
regarding its partnering carbonyl. In order to elucidate this, initial structures were
generated using NOE data solely. These early structures, though not well
resolved showed key secondary structural elements, for example the a helices of
YraP were resolved in the first structure calculations and were consistently

present in subsequent calculations.

The H-bonds in a helices have an n+4 periodicity, with the CO group of a residue
H-bonding with the NH group of a residue that is 4 residues further in the
sequence. By observing this on the calculated structures, we could map out the
H-bonding network for the a-helices. To confirm that these residues are able to
form H-bonds, the peaks corresponding to these residues on the H/D exchanged
®N HSQC were inspected. If the peaks were present (i.e. not exchanged to
deuterons), then the H-bond was confirmed and used as a restraint in

subsequent structure calculations. As more and more of the structure was
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resolved more hydrogen bond restraints could be incorporated. The positions of
the B-sheets were also determined and the H-bonds were mapped to these
regions using the same method. The full list of H-bonds that were identified is

present in Appendix V, which were used to generate the structure of YraP.

Figure 5.22 H-bonds identified in an a-helix of YraP. From intermediate structure
calculations, H-bonds with an n + 4 periodicity could be observed. By mapping these, H-
bond restraints could be used in further structure calculations. A An example of some of
the H-bonds found in the first a-helix of YraP. Residues involved are labelled and H-
bonds are indicated with the grey line which goes from the O-atom of the first residue
(red) to the N atom of the second residue (blue). B The a-helical structure that is formed

from using these H-bond restraints.
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5.3.8.2 Identification of B-strands using deuterated '°’N-edited
NOESY data

With the later structure calculations, [B-strand regions identified. Finding
interactions between B-strands, such as the H-bonds between them, is more
difficult to resolve in structure calculations and was a problem for YraP. This can
be because B-strands lack the regular n+4 periodicity present in a-helices for H-
bonding and that they can exist as a mixture of both parallel and anti-parallel
orientations. Because of this, in order to get the correct set of H-bonds between
the B-sheets, the correct orientation needs to be defined in the simulated
annealing calculations. If the wrong H-bond network is used to determine the (-
sheets, this can result in either strong violations or the production of an

erroneous structure.

To aid finding the correct H-bonds, a combination of intermediate structure
calculations and the deuterated "°N edited NOESY were used together with H/D
exchange analysis. These structure calculations, although not completely
resolved for the B-strands, allowed identification of the regions that contained
them and would give an idea of which residues are in close proximity to each
other and correctly orientated for H-bonding. A deuterated '°N-edited NOESY
was used as it provided a far simpler spectrum than a standard ">N-NOESY as it
only provided amide-amide NOESYs. These are the predominant NOE
interactions observed between [-strands and hence provided a clear fingerprint
of interactions between residues, thus enabling clear matching of B-strands
together. Finally H/D exchange was used to identify those amides involved in H-

bonding. Utilising all three techniques allowed identification of the corresponding
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carbonyl binding partner and thus the incorporation of a hydrogen bond in
subsequent structure calculations. This procedure was pivotal in resolving both

the parallel and anti-parallel B-strands in YraP and refining the structure.

Figure 5.23 NOESY assignments in the deuterated "°N-edited NOESY experiment.
By identifying assignments between residues, H-bonds can be determined in 3-strands.
In this example, T150 and F157 are predicted to be in separate B-strands that are in
close proximity to each other. (A) From F157NH, an assignment has been made to
T150H at 9.6 ppm. (B) From T150NH, a similar assignment is made to F157 at 9.65
ppm. These assignments together with the list of amides involved in hydrogen bonding
from the H/D exchanged HSQC spectrum, has led to the identification of a H-bond

between these two residues.
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5.3.9 Solving the structure of YraP using NMR data

The combination of the previous NMR experiments has yielded data that can act
as various parameters for correct structure calculations. From the backbone
assignment data, combined with the predictions from TALOS, can give an
accurate estimate of the ® and W angles of the protein. This in turn allows
predictions of possible secondary structure elements for certain regions of the
protein. This can be aided further by the addition of H-bonds, which are strong
restraints in refining the secondary structure. Obtaining assignments for the side
chain protons as well as their respective NOESY interactions can yield 3D
restraints. This is beneficial for structure calculations in that the overall fold is

determined from this data.

The generation of the correct structure from NMR data is an iterative process. A
structure is calculated from a given set of data. This structure is analysed for
potential errors, usually given from the list of violations from CYANA. The data is
adjusted accordingly and another calculation is performed, with its set of
violations. This is repeated until a structure is produced that has very few

violations and the overall fold is accurate.

Over the course of this study, numerous structure calculations were performed to
generate the final structure of YraP. This section details some of the structures
from these calculations, the problems associated with them and the actions that

were performed to obtain the structure with the least number of violations.
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5.3.9.1 Initial structure

Initial structure calculations were performed using assignments from backbone
and sidechain data, together with TALOS data only. All picked NOESY peaks
were used, with 4500 and 5500 peaks from "N and *C NOESY data
respectively. This dataset included very weak peaks very close to the noise level,
as well as the very strong peaks associated with overlapped assignments. No

aromatic NOESY data was used in this calculation.

The structures produced from this calculation display a compacted ball shaped
structure. No individual domains can be identified, which is not expected from the
predictions of YraP. However 4 a-helices are resolved in this calculation at
residues 46-66 (a1), 89-98 (a2), 119-139 (a3) and 166-175 (a4). This
corresponds to the secondary structure predictions by TALOS, CSI and ACa-

ACB .

There are some notable features about these helices. With a1, there is break of
the helix into a loop region at D61, which is a bent region that forms a small a-
helix between E62 and K66. These two a-helices will now be referred to as a1

(between residues 46-66) and a1' (between residues 62-66).

a3 possesses produced a helix that has an almost 'U'-shaped kink in it. This helix

looks inaccurate and is probably a result of either erroneous assignments or

NOESY peaks that have caused this conformation of the helix.
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This structure calculation did not resolve any (-sheet content. The secondary
structure predictions and HSQC of YraP suggest that YraP contains 6 (3-sheets.
Generally, B-sheets are harder to resolve than a-helices and accurate NOESY

assignments are needed to resolve them.

Figure 5.24 Initial structure calculations using NOESY, TALOS, backbone and sidechain
assignments with CYANA. No aromatic NOESY data was used. This data has allowed
the identification of 4 a-helices. a3 is quite bent, suggesting that there are erroneous
NOEs in this data.

5.3.9.2 Intermediate structures - Resolving anti-parallel B-strands

A large number of peaks were identified in the NOESY data. There was a chance
that some of these were erroneous and were introducing inaccuracies in the
structure calculation runs. Likely candidates include overlapped peaks, where the
peak intensity would be higher than were it an individual resolved peak. Other
candidates include very weak peaks which could be noise. To solve these
problems, the "N and ">°C NOESY data were filtered by intensity. The removal of
both very strong and weak peaks happened during these filtering steps. Also, H-

bonds for the known a-helices were introduced.
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The structures produced from these runs start to show the formation of the [3-
strand content. Two pairs of anti-parallel B-strands were observed in the protein.
The two domain architecture of YraP is beginning to show and each domain
contains 2 a-helices and 2 anti-parallel B-strands. This structure contains
extended loop regions between residues 100-115 and 177-189. These loops are
not present in the predictions but are thought to produce B-strands. Indeed in the
structure these regions can be seen to adopt extended structures due to the
TALOS restraints used. However, due to NOE conflict, resolution of where these

B-strands reside cannot be resolved.

Figure 5.25 Representative structure of YraP using limited NOESY restraints.
These calculations have allowed the identification of anti-parallel B-strands in each of the

BON domains. The orientations of each of the domains may be incorrect.

5.3.9.3 Intermediate structure - Resolving parallel B-strands

Following the pervious structure, several modifications were made. All of the

NOESY spectra were analysed extensively for any errors. For example, by
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analysing and correcting any assignments in remaining unresolved regions and
both strong peaks that were near the diagonal and weak peaks that may just be
noise were removed. The data used in this calculation included "°N,"C and N
deuterated amide-amide data, along with an updated H-bond list containing the
H-bonds between the already resolved a-helices and -sheets. Diagonal peak
filtering was used as well to remove any overly strong assignments, also included

was a longer cooling time to further allow resolution of any problematic NOEs.

The structure from this calculation finally shows the presence of the previously
unresolved (B-strands. The structure shows they are paired in a parallel fashion
with the already resolved anti-parallel 3-strands to form a three stranded 3-sheet
in each domain. All of the predicted secondary structure elements are resolved.
The orientations of these elements have changed from what has been observed
in previous calculations. Each domain has an almost parallel orientation of its
secondary structure elements. However, the orientations between the domains
are almost perpendicular. Also a3 seems to be in close proximity to BON1, due to
the tight loop turn between residues 112-116. This seems to be an unfavoured
conformation and is most likely from strong NOEs on either a3 or 1, forcing

BONZ2 into this orientation.
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Figure 5.26 Representative structure calculation with all of the secondary
structure elements resolved.

The addition of assigned NOESYs in the "°N deuterated NOESY data and H-bonds in
between the a-helices and B-strands have allowed a third parallel B-strand to be solved

in each of the BON domains.

5.3.10 Final calculations

The final set of calculations mainly involved using the previous data that was
further cleaned. As the data was reasonably accurate, shorter structure
calculations could be performed, speeding up the structure determination
process. These set of calculations were performed in an iterative process, where
structures were calculated and a set of violations were produced. By addressing
these violations (i.e. addressing errors, analysing NOE patterns and removing
erroneous data), local changes in erroneous regions in the protein could be
made, which would alter the final fold at the end of the simulated annealing run.
Once most of the violations had been corrected, the final structure of YraP

determined. This work was performed by Dr. T. J. Knowles.
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5.3.11 The final structure of YraP

Using NMR analysis, a high resolution structure of YraP in solution has been
determined with an RMSD of 1.83 A. This structure is the lowest free-energy
conformer produced from the structure calculations with this NOESY data and
the top 20 structures produced from these calculations align very well in the core

structured elements (Figure 5.27, Table 5.1).

The solved structure contains an unstructured N-terminus (Figure 5.28) and two
BON domains (BON1 and BONZ2) that are separated by a small flexible region
(residues 112-118). Both of the BON domains contain a mixture of a-helical and
B-sheet and are organised in a similar manner with a repeated afaf3 pattern. All
of the predicted secondary structure elements have been identified and are
labelled as a1 (47-59), a1' (62-66), B1 (70-74), B2 (79-83) a2 (88-99) and 33
(106-111) which comprise BON1 and a3 (119-138), 4 (148-152), B5 (155-159)
a4 (164-176) and 6 (182-185) which make up BON2, with small flexible regions

connecting each of these secondary structure elements (Figure 5.29).
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Figure 5.27 The top 20 structures of YraP calculated using CYANA. Strong
alignment is seen in the key structural elements that contain BON1 and BON2 whereas

the flexible N-terminus is not aligned in all 20 structures.

Figure 5.28 The N-terminal region of YraP is flexible. Alignment of the ensemble of
the 20 structures of YraP. The N-terminal region (residues 20-46) is coloured green and
BONH1 is coloured cyan (residues 47-111). The structures converge at BON1, where
alignment is observed. With the N-terminus, no alignment is observed in the 20

structures suggesting that it is flexible.
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Figure 5.29 The solution structure of YraP. This represents the lowest free-energy
structure of YraP. A Cartoon representation of YraP showing all of the secondary
structure elements and the overall aBBaa fold of each BON domain. a-helices are
coloured white and B-strands blue. B Side view of YraP, showing that each of the BON
domains consists of 2 a-helices and 3 B-sheets and is arranged in an almost box like
manner. C Schematic representation of YraP, showing the order of the secondary

structure elements.
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Table 5.1 Statistics of the final structure of YraP

Number of restraints

NOE
Total 1805
Intraresidue (i=)) 346
Sequential (]i-j|)=1 509
Medium range (1 < |i-j|<4) 496
Long range (|i-j| > 4) 454
Hydrogen bond restraints 120
Dihedral-angle restraints 244

RMSD from distance restraints (A)

0.0276 + 0.002

RMSD from covalent geometry

Bond lengths (A) 0.004 + 0.000
Angles (degrees) 0.468 £ 0.015
Impropers (degrees) 1.368 + 0.080
Ramachandran plot (%)
Most favoured regions 89.0
Additionally allowed regions 9.3
Generously allowed regions 1.3
Disallowed regions 0.4
RMSD (A)
Global (46-190)
Backbone 1.21+0.44
Heavy atoms 1.83+04
Domain 1 (46-112)
Backbone 0.60+£0.12
Heavy atoms 1.36 £ 0.18
Domain 2 (118-190)
Backbone 0.78 £0.13
Heavy atoms 1.54 £ 0.19
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There is one notable difference between the two BON domains in YraP. The a1
helix of BON1 contains a small loop region followed by a 90° turn back into a
helix. This is not observed in BON2 where a3 contains no intervening loop
region, but does contain a small kink. This particular helix is designated a1' and

is a normal a-helix which retains its n+4 periodicity and not a 34 helix.

In each BON domain, the pair of a-helices are orientated in the same direction,
almost parallel to each other. Also the 3 B-sheets are paired, with 1 and B2 as
an anti-parallel pair and 2 and 33 in a parallel pair. The a2, B1, B2, and 33
secondary structures are almost the same length in each of the domains. All of
the secondary structure elements are orientated in a parallel manner, with
secondary structure facing the same direction, producing a flat, box-like structure
for each domain. The BON domains have aligned very well (Figure 5.30). With
the overlay of the top 20 structures calculated, BON1 displays very little flexibility.
BONZ2, although an aligned core region of YraP, is less well aligned than BON1.
These BON domains in YraP also exhibit a similar secondary structure to the
known BON domain structure of Rv0899 of Mycobacterium tuberculosis (Teriete

et al., 2011) (Figure 5.31).
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Figure 5.30 Top 20 structure calculation alignments of the individual BON
domains. Although both BON domains have been resolved, the alignment of BON1 is
much greater than the alignment of BON2, which is well less aligned, especially in its

flexible loop regions.
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Figure 5.31 Schematic comparing the secondary structure of known BON domain
structures. Secondary structure schematics are shown for BON domains 1 and 2 of
YraP from E. coli and the BON domain of Rv0899 from Mycobacterium tuberculosis. a-
helices are represented by rectangles and B-strands by arrows. The number of residues

of each secondary structure element is displayed above them.

Figure shows a secondary structure comparison of the three known BON domain
structures, two from YraP from E. coli (BON1 and BON2) and one from Rv0899 from M.
tuberculosis. All of the BON domains share a apfap topology. A key difference between
the domains is the a1 helix. In BON1 of YraP, the a1 helix is separated into 2 helices by
a flexible region. This does not happen in BON2, which has a longer uninterrupted a-
helix of 19 residues. a1 is much shorter in the BON domain of Rv0899, but it should be
noted that the overall length of its BON domain is much shorter, approximately 46
residues compared to 61 residues for the BON domains in YraP. The other structural

elements are roughly the same length.
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The two BON domains are organised in an almost symmetrical manner with the 3
sheet content of each domain facing each other and the a helices on the outside.
The BON domains themselves are orientated in an anti-parallel fashion, as
evidenced from the different directions that the relative 3-strands face (e.g. 1

faces an opposite direction to (34).

Interactions were observed between the BON domains that were mediated by
Y75. NOE resonances were identified between Y75 and the residues, G160,
L161, V162 and T188 (Figure 5.32). From the structure, G160, L161, V162 and

T188 seem to be in close enough proximity to mediate interactions with Y75.

Figure 5.32 Possible residues that interact from BON2 to Y75 of BON1. Y75
(coloured blue) and other potential interacting residues, G160, L161, V162 and T188

(coloured cyan).
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The hydrophobic surface of YraP was examined (Figure 5.33). There are some
potential hydrophobic pockets present in each of the of the BON domains, which
may be involved in ligand binding. The two that are present in BON1 are formed
of residues L90, A92, A94 and 197 and the second site consisting of residues
V101, A104 and V106. In BONZ2, there are also two potential hydrophobic binding
sites consisting of residues F156, L157, M158, G159, L160 and V161 and the

second site with F187, F189 and [190.

Figure 5.33 Hydrophobic surface map of YraP. The hydrophobicity of the residues are
coloured according to normalised scale according to Eisenberg et al., 1984, with strongly
hydrophobic residues coloured red and strongly hydrophilic residues coloured white.

Possible hydrophobic pockets are highlighted.
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5.4 DISCUSSION

One of the major aims of this project was to solve the structure of YraP. From
initially starting with an expression able to produce soluble YraP, then over-
expressing in labelled media, purifying and performing backbone, side chain and
NOESY NMR experiments and finally structure calculations, the solution

structure of YraP has been solved.

The use of pET26b-YraP has been essential in the expression of YraP. This
vector has some modifications to the native YraP protein which has made it ideal
to work with. The removal of the N-terminal lipobox signal sequence has
prevented acylation of C19 and lipoprotein maturation. This combined with the
pelB leader sequence has allowed periplasmic transportation of the protein and
hence correct folding. The overall effect of these modifications has converted a
lipoprotein to a fully soluble protein, which is folded in its native environment of
the periplasm. This strategy has led to high level expression whilst preventing

issues such as inclusion body formation and aggregation.

The combination of Ni-affinity and size exclusion chromatography has yielded a
pure and soluble product. The buffers used in these purifications have not
caused any issues with the protein. From a 2 litre LB growth, approximately 1.2
ml of 1.4 mM YraP (29.7 mg) was able to be produced. There was no noticeable
a decrease in yield when grown in M9 media supplemented with 3¢ glucose and
®N ammonium sulphate. The protein produced from this purification is folded,

which was confirmed by 1D NMR. Furthermore, YraP is very stable at room
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temperature (25°C) under the buffer conditions used (50 mM sodium phosphate,
50 mM NaCl, pH 6.0). Over the course of this study, YraP has not degraded
under these conditions, which is especially important during certain NMR
experiments, where the collection of data can take up to a week (backbone,
NOESY experiments). We did not observe any decrease in NMR spectra quality

performing these experiments.

The HSQC of YraP is well dispersed, displaying resonances for most of the NH
groups. Both a-helical and B-sheet content could be observed, which matched
with later secondary structure predictions and the solved structure of YraP. Using
the HSQC and the backbone experiments [HNCA, HN(CO)CA, CBCA(CO)NH,
HNCACB, HNCO and HN(CA)CO], almost complete assignment has been
achieved. Only the NH group of N153 could not be found in the HSQC, but its
other atoms (CA, CB and CO) had assignments. From the structure N153 is
present in a flexible loop region. A likely explanation for why N153 couldn't be
found is because this residue might exhibit dynamics which would cause the
intensity of its peak to weaken beyond detection. There is also the chance that
N153 might have overlapping signals with another peak in the HSQC and hence

is not easily detected.

Secondary structure predictions of the chemical shift data using TALOS, CSI and
ACa-ACB have identified 4 a-helices and 6 B-strands, with the possibility of a
break in the first a-helix. This is somewhat different from the secondary structure
predictions using the protein sequence (Chapter 4). However, the predictions

using TALOS, CSI and ACa-ACB are based on experimental chemical shift data
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and are much more accurate. These predictions have ensured that the backbone
assignments of YraP are correct, as well as the TALOS data being used as a
strong dihedral angle restraint in the structure calculations. The secondary
structure predicted from these methods are seen in the final structure of YraP,
further demonstrating the accuracy of dihedral restraints used from the chemical

shift data.

The side chain data from the C(CO)NH and H(CCO)NH experiments has been
useful, with approximately 80% sequence coverage of YraP. Analysis of these
experiments was hindered by the lack of assignments in regions V107-1111 and
T151-E155. The lack of assignments would suggest these regions are in flexible
loop regions. The final structure shows that T151-E155 is in a flexible loop region
between B4 and B5, whereas V107-1111 are part of 3. Why V107-1111 was
unable to be assigned in these spectra could possibly be due to uneven transfer
of magnetisation using these experiments. However, assignments of these two
problematic regions were resolved using the *C edited NOESY spectrum, which
was also used to confirm that the other side chain assignments were correct

alongside with the HCCH-TOCSY spectrum.

The NOESY data has allowed powerful 3D constraints for structure calculations
from amide, aliphatic and aromatic protons using the N edited, "*C edited and
aromatic NOESY experiments respectively. With the N edited NOESY,
approximately 4,500 peaks were picked, the 'C edited NOESY had

approximately 5,500 peaks and there were approximately 80 peaks from the
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aromatic NOESY. Assignments were performed on each of these spectra. The
majority of assignments were found on the ®N edited NOESY, with problems
with the overlapped regions that were present on the HSQC. However, the
deuterated "N edited NOESY produced a much simpler spectrum of
approximately 450 peaks, which allowed unambiguous assignment of the HA
groups. In the °C edited NOESY, although it was assigned, there were regions
of overlap which may have contributed to ambiguous assignments. As an
example, the majority of the glycine residues had overlapping chemical shifts.
Furthermore, the water signal was present prominently in this spectrum, making
assignments close to this region difficult. Finally, the aromatic NOESY allowed
the assignment of 4 of the 5 aromatic residues in YraP (Y75, Y108, W127 and
F189), although we were unable to assign F187. The structure indicates that
F187 is present in the final loop region and show dynamics which led to signal

weakening of this residue.

Structure calculations of YraP have been an iterative process, in which erroneous
structures were improved upon by increasing the quality of the data. Initial
structure calculations were performed with all of the NOESY data, which yielded
ball shaped structures that only had the a-helices resolved. Later structures were
improved by the addition of assigning unambiguous NOEs peaks. Further
improvements were made by removing excessive peaks present in the 3C and
®N edited NOESY spectra. From the original peak count, there were many peaks
picked that had very weak intensities, just above the noise the baseline.
Removing these improved the calculated structures greatly, as there no longer

any spurious restraints that had to be accommodated for. Additionally, there were
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several peaks that had large intensities. Many of these were through bond
interactions of neighbouring protons, whereby assignment of them would help in
generating the intermediate structures. However, many of these strong peaks
were present very close to the diagonal and have either an unlikely intensity or
were just noise from the diagonal. Signal overlap also contributed to this problem,
where several peaks were on top of each other, which would give a combined
intensity for the multiple peaks, when the real intensity of the individual peaks
would be a fraction of this value. By removing these overly strong peaks, this led
to more accurate structure calculations as these tight restrains would not be

present to skew the structure into unfavourable conformations.

The use H-bonds as a restraint was invaluable in solving the structure. Initial
calculations resolved the a-helices immediately. By examining the structures and
residues in the H/D exchanged HSQC, H-bonds could be mapped for the a-
helices. Using these restrains, anti-parallel pairs of 3-strands could be resolved in
each of the BON domains. Determining the last pair of parallel 3-strands in each
of the domains was problematic as these were parallel strands and required the
correct orientation for them to be resolved. The use of the °N deuterated NOESY
data allowed the identification of possible amide-amide interactions in those
regions. Along with the H/D exchanged HSQC data and the intermediate
structures of YraP, the residues potentially involved in H-bonding of these
strands could be determined. By using these H-bond restraints and examining if
there were any violations from adding in these H-bond restraints, the parallel

strands B3 and 36 of BON1 and BON2 respectively, could be resolved.
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The removal of the N-terminal unstructured region (residues 20-40) also aided
the structure calculations for the intermediate structures. The N-terminus
unstructured region had very few NOE peaks, but the presence of these
interfered with resolving of the core structure elements. Once the core structure
of YraP had been resolved, the unstructured N-terminus was factored back into

the structure calculations and it did not affect the resolved core elements.

The NMR structure of YraP represents the first tandem BON domain structure of
any protein. The solved structure contains an unstructured N-terminal region and
two distinct domains. The individual domains represent a compact box-like
structure consisting of 2 a-helices and 3 B-sheets each, with parallel orientations
of these secondary structure elements. They are also organised in a manner that
the a-helices face one side and the B-sheets are on another side. Both of the
BON domains themselves look very similar, which is expected due to the high

level of sequence homology between them.

The small 90° loop that is present in a1 of BON1 that breaks the helix and
produces another smaller helix, a1'. As a1’ retains its n+4 periodicity, it is not a
310 helix. The major residue involved in this break is D61. The NOESY data in
this region is good with clear, unambiguous assignments made for this residue.
There are very few ambiguous assignments as well as very little overlap in this
region. Also in the majority of our calculations, this structural element has
appeared, even in the early calculations. It is very likely that this structural feature
is real and not an artefact from the structure calculations. This feature might be in

place to aid the fold of BON1, which immediately has 31 after this region, which
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is orientated in a parallel manner. A sharp 90° turn from a flexible loop region
followed by a small stretch of a-helix and then another 90° sharp turn, is one
solution to accommodate the parallel orientation of the B-sheet and a-helix. In
BONZ2, this feature is not present and BON2 has a longer loop region after its a1
helix, which is able to fold around to orientate its 31 in a parallel manner. This is
more similar to the already solved BON domain structure of rv0899 of M.
tuberculosis (Teriete et al., 2010), which lacked a helix that was interspersed with
a loop region. This could be a feature that is exclusive to YraP and may play a
functional role. However further BON domain containing structures of other

proteins would need to be solved to determine if this is the case.

The structure calculations have revealed that Y75 might be involved in mediating
the interactions between BON1 and BON2. NOE peaks have been observed
between Y75 and T150, G160, L161, V162 and T188. From the structure, all of
these residues are facing each other. The possibility of interactions between Y75
and G160, L161, V162 and T188 seem to be feasible, as these residues are in
close proximity and within the 5 A limit for NOE signals and it seems very likely
that Y75 could have a role in keeping the 2 BON domains together and

orientated correctly.

The orientations of the BON domains themselves are orientated in a similar
manner, with a-helices and B-sheets facing in the same directions, producing an
almost symmetrical protein as the overall fold for YraP. This finding could be a
common fold for proteins that contain multiple BON domains. As no other two

BON domain architecture proteins have been solved, the structure in this study
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cannot be compared to any other structures and thus structure checking
programs such as Dali, cannot be used effectively. There may be multiple
orientations in which the 2 BON domains can conform to. In order to confirm that
the correct orientation between the 2 BON domains had been solved in our
structure, we aimed to perform residual dipolar coupling (RDC) experiments,
which would give the orientations of each of the domains. Unfortunately, we were
unable to carry out these experiments as YraP was able to interact with the

alignment media used (Pf1 phage and phospholipids).

Small angle X-ray scattering (SAXS) analysis of YraP was performed by Dr. T. J.
Knowles. In brief, SAXS is a low resolution structural biology technique that can
be used with proteins in solution. SAXS analysis generates a 3D molecular
envelope, which can be used to 'fit' structures within its 3D set of coordinates.
From the SAXS analysis, YraP can be fit into the molecular envelope, suggesting

that the solved NMR structure of YraP is accurate Figure 5.34).

239



Figure 5.34 The solved NMR structure of YraP can be fitted into the SAXS
molecular envelope. Damfiltered molecular envelope of YraP (green) superimposed
with the NMR structure of YraP (blue). Damfilter is a modelling parameter that displays
the regions of overlap from 10 independently determined SAXS models of YraP from the
same dataset and removes regions of non-overlap from the model.
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Chapter 6

Biochemical and functional analysis of YraP
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6.1 Introduction

Although the structure of YraP has been solved, the function of yraP has still not
yet been elucidated. The structure shows that YraP contains two BON domains,
but due to a lack of similar known structures present, as well as very little
information on known homologues, no apparent predictions can be made as to

what this protein does.

The literature has hinted at possible roles that yraP may have, but with no real
experimental data supporting these roles. Onufryk et al. 2005 identified that yraP
is @ member of the Sigma E regulon, suggesting a role in OMP or LPS assembly.
Kuntumalla et al. 2011 assigned a putative function for yraP, as a factor involved
in OMP biogenesis. However this was part of a proteomic study in Shigella
dysenteriae, rather than an actual study of yraP, and yraP was just placed into a
class of genes that may be involved in OMP biogenesis. To add weight to the
claim that yraP may be involved in OMP biogenesis, Onufryk et al. 2005 also
demonstrated that a strain harbouring a AyraP and AsurA genotype, produced a
synthetic lethal strain. SurA is a periplasmic chaperone that is involved in OMP
assembly. The double knockout strain may suggest that yraP is part of this
pathway and that the absence of yraP has severely disrupted it, producing the
lethal phenotype, or it can also suggest that yraP and surA are part of different
pathways, and the combination of disruption to both pathways has caused the

observed lethality.

Yeats et al. 2003, using software prediction, have suggested that BON domains

are able to bind phospholipids. However, to date, no actual experimental data
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has been produced that definitively demonstrates a BON domain binding to
phospholipids. Teriete et al. 2010 solved the first BON domain structure of the
protein Rv0899 in Mycobacterium tuberculosis. This protein contains both a BON
domain and another domain that is homologous to the OmpA-C-like superfamily
of periplasmic peptidoglycan-binding proteins. Initially, they thought that this
protein would form a membrane embedded B-barrel, but their solved structure
indicated that this was not the case, but rather that it folded into a mixed a/f3
structure. Bioinformatic analysis on the BON domain from multiple sequence
alignments revealed the presence of a conserved glycine residue at the end of
the second [B-strand. However, no experiments were performed on this finding,
and it was only hypothesised that this glycine plays a crucial mechanical role

rather than having any functional activity.

In order to elucidate a function for YraP, we undertook several genetic and

biochemical experiments to probe its functional role. The results of these findings

are present in this chapter.
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6.2 Results

6.2.1 Confirmation of AyraP strain

The AyraP strain used in this study has been taken from the KEIO library (Baba
et al., 2006), which is a collection of non-essential, in-frame, single gene
knockouts. Essentially, the gene in question has been substituted for a
kanamycin resistant cassette as described by (Datsenko and Wanner, 2000).
Over the course of this study, inconsistencies have been observed working with
the Keio library. To ensure that the yraP gene has been substituted for the
kanamycin resistance gene cassette, aph, a set of PCR reactions were
performed with primers designed upstream and downstream of the yraP gene

and primers that are internal to the kanamycin cassette.

Using wildtype (WT) BW25113, and AyraP cells, PCR reactions were performed
with yraP forward/kanamycin reverse (YF/KR) and yraP reverse/kanamycin
(YR/KF) forward primer combinations (Figure 6.1) (primer sequences are
present in Table 2.5.4.3). The yraP forward primer is present 175 bp upstream of
the gene start point, and the reverse primer is present 153 bp downstream. The
kanamycin cassette is 1452 bp long, and the kanamycin primers are present
internally. Using these primer combinations, the YF:KR should give a product of
1027 bp and the YR:KF 852 bp. Products of these sizes indicate that the
kanamycin cassette has correctly substituted the yraP gene. If lacking the

kanamycin resistance cassette, no PCR product should be observed.

Gel analysis of the PCR reactions demonstrate that nothing is seen in the WT

reactions, indicating that no kanamycin cassette is present, however in the AyraP

244



reactions, bands of the correct sizes are observed. This indicates that yraP has

correctly been substituted for a kanamycin cassette in this AyraP strain.

Figure 6.1 The yraP gene has correctly been replaced with a kanamycin resistance
cassette in AyraP cells.

A Schematic of the expected kanamycin cassette substitution for yraP in AyraP cells.
The schematic shows approximate positions where each of the primers anneal to and
the estimated sizes for PCRs using KF/YR (red) and KR/YF (blue) primer pairs which
are used to confirm a correct mutant. B 1% Agarose gel electrophoresis of the PCR
products of KF/YR and KR/YF primer pairs in WT and AyraP cells. In WT cells, no
products are observed for either of the reactions. With AyraP cells, PCR of KF/YR and
KR/YF primer pairs have produced products of approximately 852 and 1027 bp,
indicating that the yraP gene has been correctly substituted for a kanamycin primer in

the correct orientation in AyraP cells.
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6.2.2 Cloning of yraP

In order to study yraP, the full length gene was cloned into the expression vector
pET20b. Primers were designed to amplify yraP from BW25113 genomic DNA by
PCR, to produce full length wildtype and C-terminally His-tagged YraP
respectively. The size of the yraP gene is 576 bp. From these PCR reactions,
bands are seen at just below the 600 bp marker, indicating that the fragment has

been amplified (Figure 6.2).

The fragments and pET20b vector were digested with appropriate restriction
enzymes, ligated and transformed into XL1-Blue cells. Plasmids were extracted
from the transformants and the correct constructs were determined by di-deoxy
chain termination sequencing (Functional Genomics, Birmingham). Using this
approach, constructs that can express full length wildtype and C-terminally His

tagged YraP were generated.

Figure 6.2 PCR for cloning WT and His-tagged yraP
1000

800
600

was successful

PCR of the amplified yraP products from genomic K-12
DNA. Both the WT and His-tagged primers have
amplified a product just under 600 bp marker. The PCR

400

200 reactions are pure, with no other products seen, except

for free nucleotides at the bottom of the gel.
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6.2.3 AyraP cells have an OM defect

As has been previously reported, AbamE cells display outer membrane
phenotype that can be complemented by using a pET20b-bamE plasmid. We
wanted to examine if this was the case with AyraP cells, in that an apparent OM
defect could be observed under plating conditions and could be complemented

by plasmid borne expression.

BW25113 AyraP cells were transformed with pET20b (a negative control) and
pET20b-yraP. Individual transformant colonies were picked, and from a single
pick, were streaked onto 4% SDS, 0.5% SDS with 0.5 mM EDTA and 100 ug/ml
vancomycin LB-Agar plates, with a positive control 100 ug/ml ampicillin plate
included. This was replicated an additional 3 times with other transformant

colonies to ensure reproducibility.

BW25113 AyraP strains with pET20b were unable to grow on the test plates, but
showed growth on the positive control ampicillin plate (Figure 6.3A). BW25113
AyraP cells transformed with pET20b-yraP were able to grow on all plates,

demonstrating that complementation of the OM defect had been achieved.

In order to confirm that the complementation is a result of leaky expression from
pET20b-yraP, western blot analysis was carried out on wildtype BW25113, AyraP
pET20b and AyraP pET20b-yraP strains, with anti-yraP antibody. Figure 6.3B
shows that WT BW25113 cells are able to produce YraP and that AyraP cells are
unable to do so. With AyraP pET20b-yraP cells, YraP is produced is a slightly

elevated level than WT. This indicates that leaky expression from pET20b-yraP is
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greater than endogenous chromosomal expression in WT cells. The blot also
shows that complementation is a result of expression from the pET20b-yraP

vector.

Figure 6.3 Plasmid borne expression of yraP from pET20b-yraP is able to
complement AyraP defects. A Plating assay performed with streaks of BW25113 and
AyraP cells transformed with pET20b (labelled BW25113 + pET20b and AyraP +
pET20b), and with complemented AyraP cells transformed with pET20b-yraP (labelled
AyraP Complemented). An individual transformant colony is picked and streaked onto
test conditions 4% SDS, 0.5% SDS with 0.5 mM EDTA, 100 pg/ml vancomycin and 100
pg/ml ampicilin as a positive control to ensure that the cells had taken up the pET20b
plasmid. Streaks are performed onto the same position on the different plates and are
replicated an additional 3 times with different transformant colonies. BW25113 cells are
able to grow on the test conditions, whereas AyraP cells fail to grow. The complemented
AyraP cells transformed with pET20b-yraP (AyraP Complemented) behaves like WT
cells, displaying growth on the test conditions. B Western blot of the above strains with
20 ul of normalised cell lysates. The blot indicates that pET20-yraP expresses in AyraP
cells. The complemented strain is shown to express more YraP than WT, using

uninduced leaky expression from pET20b-yraP.
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6.2.4 YraP is OM localised

The N-terminal lipobox signal sequence of YraP suggests that it is localised to
the outer membrane. From a functional perspective, this would make sense as
AyraP strains exhibit outer membrane permeability defects. This has been
observed with the accessory lipoproteins of the BAM complex, whereby individual
knockouts of bamB, bamC and bamE also have permeability defects, and have

been confirmed as outer membrane localised lipoproteins.

We wanted to confirm that YraP is an outer membrane localised protein. Sucrose
density centrifugation was performed on BW25113 cells, which allows the
separation of the outer membrane from the inner membrane by buoyancy. Due to
the presence of LPS in the OM, which makes it more buoyant than the IM, the
OM fraction is present near the bottom of the tube, with the less buoyant IM
fraction nearer the top (Figure 6.4A). Fractions from the separation were
analysed by boiling samples in SDS loading buffer and running SDS-PAGE. The
presence of bands at 37 kDa is consistent with monomers of OMPs, most likely
OmpA and OmpF, indicating that these are the OM fractions (Figure 6.4B).
These bands are present in the earlier fractions, which is in accordance with the

OM being separated first.

To confirm that YraP is an OM localised protein, western blotting analysis was
performed on the fractions from the separation. Anti-BamC antibody (purified
from rabbit) used as a positive control, which would highlight the OM fractions,
with anti-YraP antibody (purified from rabbit), which would indicate which

fractions YraP is present in. The Western blot shows that YraP is present in the
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same fractions as BamC, with both proteins tailing off in intensity at the same
fractions (Figure 6.4C). Although an IM marker is absent, this data suggests

strongly that YraP is OM localised.

Figure 6.4 YraP is localised to the OM. A Sucrose density centrifugation performed
on BW25113 cells. The OM is the fraction nearest to the bottom of the tube at the
42%I47% sucrose boundary. The IM is near the uppermost band and the IM/OM hybrid
is seen in between the two bands. B Coomassie stained SDS-PAGE of samples taken
from the centrifugation. 20 pl was taken from each 0.5 ml collected fraction, loaded in 2 x
Laemmli buffer and boiled. The presence of OmpA and OmpF monomers are seen as
bands at 37KDa, indicating that these are OM fractions. C Western blot of the sucrose
density centrifugation fractions, probed with anti-YraP and anti-BamC antibodies. YraP is
present in the same fractions as BamC, which is known to be an OM lipoprotein, strongly

suggesting that YraP is localised to the OM.
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6.2.5 YraP is not surface exposed

The sucrose density gradient result suggests that YraP is an OM localised
protein. There is a possibility that YraP could be a surface exposed protein.
Although far less frequent than periplasmic lipoproteins, surface exposed
lipoproteins have been reported (Tokuda, 2009). Recently BamC has been
shown to be surface exposed, possibly changing the current understanding of

how the BAM complex may function (Webb et al., 2012).

In order to determine if YraP is surface exposed, BW25113 cells were incubated
with anti-YraP antibody, which was then incubated with anti-rabbit-Alexa Fluor
488 conjugated antibody. This would in essence label any surface exposed YraP.
As a positive control, membrane permeabilised cells were used, which would
allow labelling of YraP inside the cells. Using fluorescence microscopy, YraP

could be detected in the cells (Figure 6.5).

The fluorescence microscopy data shows that no fluorescence is observed for
the non-permeabilised cells. However, with the permeabilised cells, fluorescent
signal is observed, indicating that the labelling procedure has worked but that

YraP is not a surface exposed protein.
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Figure 6.5 YraP is not a surface localised protein. Fluorescence microscopy
performed with WT BW25113 cells using anti-YraP antibody, labelled with anti-rabbit-
Alexa Fluor 488 conjuated antibody. A Unpermeabilised cells showing no fluorescence
signal, indicating that YraP is not surface localised. B Permeabilised cells displaying
fluorescence signal, indicating that YraP is internally localised. Images without

fluorescent excitation are also shown.

6.2.6 YraP is monomeric in solution

In order to determine if YraP is able to self associate, analytical
ultracentrifugation (AUC) was used to investigate the multimeric state of the
protein. AUC sedimentation velocity experiments were ran with 80 uM His-tagged

YraP (Absggo = 0.7) in 50 mM sodium phosphate buffer and 300 mM NacCl.

Analytical ultracentrifugation allows various properties of proteins to be studied,

such as molecular shape and size, as well as the distribution and interactions in
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regards to the presence of different species, all within a solution environment. In
the case of monitoring for multimeric interactions, the protein itself will give rise to
peak of a certain Sverdburg (S) value. However, if oligomerisation occurs, peaks
of larger S values will be observed. By observing the trace and integrating the
peaks, it is possible to estimate if a protein is able to self-associate as well as

determining the ratio between monomeric and oligomeric species.

Using SEDFIT to analyse the data, only one peak is observed at approximately
1.76S, which corresponds to a mass of approximately 23.3 kDa for a globular
protein (Figure 6.6A). This result suggests that YraP is monomeric in solution.
This data corroborates with elution profiles that are produced when performing
gel filtration with purified YraP (Figure 6.6B). In the elution profiles, only a single
peak is observed, and comparison to molecular weight markers further confirms

that YraP is monomeric and is not able to self associate.
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Figure 6.6 YraP is monomeric in solution A. SEDFIT analysed data of the
sedimentation velocity run performed on 80 uM AN-YraP-C-His. The analysis shows only
a single peak is observed at a 1.76 S (approximately 23.3 kDa), indicating that YraP is
monomeric in solution. B. Elution profile of purified AN-YraP-C-His (350 uM), performed
on a Superdex S200 column. YraP purifies as a single peak at an elution volume of 18
ml, corresponding to a mass of 21.4 kDa following column calibration, further
demonstrating that it is monomeric. Molecular weight markers of 25 kDa and 13.7 kDa

protein standards are shown.
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6.2.7 YraP may not be a member of a protein complex

To gain a possible insight into the function of yraP, co-immunoprecipitation (Co-
IP) experiments were performed to determine if there are any protein binding
partners to YraP. This could potentially highlight YraP as a new factor in an
already studied system or identify partners in a new previously unknown
pathway. By using an anti-YraP antibody, which would bind to the bait protein,
with DSP crosslinker to enhance protein-protein interactions, possible binding
partners to YraP could be captured on Protein-A sepharose beads and observed

by SDS-PAGE.

As YraP is predicted to be an outer membrane lipoprotein, Co-IPs were
performed on purified outer membranes from WT and AyraP cells. As a positive
control, anti-BamC antibody was used for one Co-IP, to see if the BAM complex

could be immunoprecipitated using this method.

The gel from this Co-IP indicates that the procedure has worked, as members of
the BAM complex, BamB and BamE, can be pulled down with anti-BamC
antibody (Figure 6.7A and B). The AyraP fraction shows no bands, except for
those belonging to the antibody light and heavy chains. With the WT fraction,
only YraP is pulled down, but no other bands are seen. The same is observed
with the cross-linked WT fraction, although less YraP is pulled down. This result

suggests that YraP is not part of any OM complex.

As the previous Co-IP was performed with purified OM fractions, there is a

possibility that YraP binds to other proteins in different subcellular localisations.
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To test this possibility, Co-IPs were performed on WT and AyraP cells using
whole cell lysates. The gel from this Co-IP (Figure 6.7C) showed the presence of
bands that were present in the WT and WT cross-linked samples and that were
not present in the AyraP sample. Bands were excised, digested with trypsin and
identified by mass spectrometry. The major protein species that were present in
WT samples and not in AyraP samples was YraP, which indicated that the

identification procedure was accurate and another protein, YgaU.

A conserved domain search of YgaU predicts that it contains a BON domain and
LysM, peptidoglycan binding domain (Figure 6.8A). YgaU has 14.3% sequence
identity to YraP. As YraP contains two BON domains and is predicted to be in
contact with the periplasm, where peptidoglycan is present, YgaU could be a
potential binding partner to YraP. C-terminally his-tagged YgaU was cloned into
the expression vector pET22b, expressed in BL21 (DE3) cells and purified.
Binding studies were performed by NMR. The HSQC for ""N-YraP in the
presence and absence of YgaU, the results show that there were no chemical
shift perturbations following the addition of 2:1 YgaU, indicating that these

proteins were not interacting (Figure 6.8B).

As this Co-IP procedure can lead to the identification of false positives, the
method was adjusted to prevent this reduce this problem. It seems highly likely
that YraP would interact with proteins in the periplasm. To probe these potential
interactions, pET26b-YraP-NMR was transformed into BL21 (DE3) cells, and

soluble, periplasmic YraP expression was induced for 4 hours. The periplasm
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was extracted by osmotic shock and Co-IPs were performed. BL21 (DE3) cells

transformed with pET26b were used as a negative control.

The gel of this Co-IP (Figure 6.7D) shows that this procedure is less clean, with
the presence of numerous bands in all of the samples. Both the YraP and empty
BL21 (DE3) lanes look the same. However, in the cross linked YraP lane, there is
the presence of one band just below the 50 kDa marker. Mass spec analysis
identified this protein as the maltose binding protein, MalE. As this was an

unlikely binding partner, no binding studies were performed with MalE.
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Figure 6.7 YraP seems unlikely to interact with any specific proteins from co-
immunoprecipitation experiments. Silver staining SDS-PAGE of Co-IP experiments.
A Co-IPs using OM fractions from WT and AyraP BW25113 cells with anti-YraP
antibody from 20 pl of eluate (WT-YraP and AyraP-YraP). DSP cross linker was also
used on WT cells (WT-Yrap Crosslinked), which did not work in this gel. A positive
control Co-IP was done using anti-BamC against WT OM fractions (WT-BamC). Only the
BamC Co-IP has pulled down other proteins, which are likely to be members of the BAM
complex, from their sizes. B A repeat of the WT-YraP crosslinked sample is shown on
the gel to the right. No other additional proteins are seen in this eluate. C Co-IPs with
whole cells on WT, AyraP and WT Crosslinked samples using anti-YraP antibody and
running 20 pl of eluate. Numerous bands are pulled down in the WT samples, with one
band containing YgaU. D 20 pl Co-IP eluates from samples using anti-YraP antibody

with periplasmic fractions from BL21 (DE3) cells expressing periplasmic YraP as bait
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with and without crosslinker [BL21 (DE3) YraP and BL21 (DE3) YraP Crosslinked
respectively]. A negative control is used with BL21 (DE3) cells not expressing
periplasmic YraP [BL21 (DE3) No YraP]. Numerous bands are present in all of the
samples indicating that this approach is not as clean as the other Co-IPs. Only one band
is prominently observed in the BL21 (DE3) YraP Crosslinked sample, which was
identified as MalE.

Figure 6.8 YraP does not interact with YgaU. A Domain architecture of YgaU. B
HSQCs performed with 400 uM "°N-labelled YraP (red) and with 800 uM YgaU (black) in
50 mM sodium phosphate, 50 mM NacCl, pH 6.0 at 25°C using an Inova Varian 800MHz
spectrometer.
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6.2.8 YraP does not interact with SurA

It has been shown that a double knockout of yraP and surA yields a synthetic
lethal phenotype (Onufryk et al., 2005). As SurA has been identified as a
periplasmic chaperone and AsurA strains display outer membrane defects
similar to AyraP strains, it seems likely that there could be overlapping functional

roles.

This finding can indicate two likely possibilities for the role of yraP with regards to
SurA. Either YraP and SurA function in the same pathway, and the synthetic
lethal phenotype is the result of severely disrupting this pathway, or that YraP
and SurA are involved in two separate pathways and this phenotype is due to the
culmination of the defects in the two pathways. In order to examine if this is the
effect of the former possibility we decided to perform binding studies with YraP

and SurA using a variety of methods.

We did an NMR two point titration by performing an HSQC using 300 mM "N
YraP with and without 800 mM SurA and examined the possibility of binding by
observing changes in peak intensities or peak movement (Figure 6.9A). Our
analysis from the HSQC spectra showed that there were peak decreases for
many of the assignments as a result of line broadening. However, there were a
few peaks that showed a similar intensity to the spectrum without SurA, indicating
that this was not an effect due to YraP concentration (Figure 6.9B). As the
nature of peak changes are only due to line broadening, this could be an artefact
from the changes in the tumbling rate of the sample, which is in turn due to a

change in the viscosity of the sample. It should be noted that concentrated SurA
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has the propensity to self aggregate, which could explain this observation in the

spectrum.

To further examine the possibility of a YraP and SurA interaction, analytical gel
filtration was performed using a Superdex S200 column (GE Healthcare), with

135 yM YraP and 270 uM SurA.

Analysis of the individual elution profiles shows that YraP produces a single peak
(Figure 6.10), while with SurA, there are two major species present, one
corresponding to the SurA monomer and another which elutes much earlier,
belonging to aggregated or self associated SurA. In the complex mixture, all of
the individual peaks remain with no obvious complex formation. There does
seem to be some decrease in the intensity of the SurA aggregate, but all of the
peaks still elute off at their individual positions. Running SDS-PAGE on these
samples, YraP is monomeric, SurA exists in both a monomeric form at 50 kDa
and an aggregated forms at 150 kDa. From gel filtration analysis, it seems that

YraP does not interact with SurA.

To finally determine if there is a possible interaction in the cell between YraP and
SurA, co-immunoprecipiation experiments were performed using whole cell
lysates. Anti-YraP antibody was reacted with a wildtype strain and a Ayrap strain
as a negative control, as well as with a wildtype strain in the presence of with 0.5
mM DSP (cross linker) and an antibody only negative control. SDS-PAGE
followed by western blot analysis was performed on these samples, Western

blotting was performed on these samples, using anti-YraP and anti-SurA
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antibody. From the western blot, antibody heavy chain is seen in all of the
samples (Figure 6.11). YraP is present in samples that contain YraP (the
wildtype samples), but not in the AyraP sample. SurA is not present in any of the
samples. This result indicates that YraP does not interact with SurA, even in the

presence of cross-linker.

Figure 6.9 SurA does not interact with YraP by NMR A Overlaid HSQC spectrum of
350uM YraP (black) with 800uM SurA (red). The majority of the peaks have shown line
broadening. B Histogram of the peak intensities as a percentage of YraP without SurA
from the HSQC spectra. The data shows that the majority of peaks have decreased in

intensity as shown in the HSQC spectra.
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Figure 6.10 SurA does not interact with YraP as determined by gel filtration.
Analytical gel filtration performed on a Superdex S200 column using A 0.35mM YraP, B
0.8mM SurA and C 0.35mM YraP and 0.8mM SurA. D Coomassie stained SDS-PAGE
with samples from the gel filtration. Elution samples are indicated in the figure. The

heavier species at 100 kDa is only observed in the SurA samples. No YraP is present in

the heavier species.
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Figure 6.11 YraP and SurA do not interact from Co-IP studies. Western blot of whole
cells Co-IPs with WT, AyraP, WT crosslinked (WT-XL) and BamC, probed with anti-YraP
and anti-SurA antibodies. 20 ul of each sample is loaded onto the gel with positive
controls are shown on the right, containing 5 pl of 300 uM YraP-His and SurA-His. The
blot shows non-specific bands shown that correspond to antibody chains used in the Co-
IPs. Only YraP is seen in the WT and WT-XL samples. No SurA is seen in any of the

samples.

6.2.9 YraP binds specifically to the OM lipid PG

The structure of YraP has shown the presence of two distinct BON domains (see
Chapter 5). BON domains are predicted to bind to phospholipids (Yeats and
Bateman, 2003). Although the structure of a BON domain was recently solved
(Teriete et al., 2010), no actual study with phospholipid binding has been
performed. We wanted to examine if YraP is able to bind to phospholipids by
virtue of its BON domains, as well as determining if YraP preferentially binds to
different phospholipids, such as those found in the OM rather than those in the

IM.

Titrations were performed with phosphatidylglycerol (PG), which comprises

approximately 20-25% of the total OM phospholipid content. Using HSQC
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titration experiments, separate spectra were of °N-labelled YraP in the presence
of 0, 8, 16, 24, 32 and 40 mM PG. By monitoring chemical shift perturbations and
the changes in intensity of the assigned peaks in the spectra, possible PG

binding residues can be identified (Figure 6.12).

Analysis of the spectra from the titration clearly shows interaction of YraP with
PG as both significant chemical shift perturbations and in some cases line
broadening of residues occurs. These types of chemical shift perturbations
indicate a combination of fast and intermediate exchange. By using Ad > 50 as a
limit (approximately 1.2 standard deviations) on the data, these residues have
been identified as those able to bind to PG, W127, 1128, K131, R133, Q135,
L137, S144, S178 and V180. W127, 1128, K131, R133, Q135, and L137 map to
a single region on the YraP structure; they are found to be present in the first
helix of BON domain 2 (a3) (Figure 6.13A and B). With the number of residues
that have been identified to a particular region and the size of chemical shift
observed, strongly suggests that this helix binds to PG. It should be noted that
S144, although not present in this helix, is very close to it in a flexible loop region.
It is most likely that the chemical shifts observed for this residue are the result of
structural re-arrangement on binding which is likely to occur on binding PG,
however direct interaction with PG cannot be ruled out. S178 and V180 are

present at the end of a4.

We wanted to repeat this experiment with phosphatidylethanolamine (PE) and

cardiolipin, which are the two other major species of lipid present in the OM.
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However, we were unable to solubilise these lipids at the concentrations required

for NMR analysis and so the titrations could not be performed.

Finally, we wanted to see if YraP is able to bind to phosphatidylcholine (PC),
which was used as a phospholipid control. Following the same titration
parameters used for PG, we observed no chemical shift perturbations,

suggesting that YraP may only interact with OM phospholipids (Figure 6.13C).

The titration data demonstrates that YraP is able to bind to PG, a major
component of the OM. As AyraP cells have an OM permeability defect, this
binding data could therefore possibly hint at a functional role for YraP in

phospholipid maintenance in the OM.
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Figure 6.12 YraP binds to PG A Overlaid HSQC spectra of 400 uM YraP (black) and
400 pM YraP with 40 mM PG (red) in 50 mM sodium phosphate, 50 mM NacCl, pH 6.0 .
Chemical shift perturbations and line broadening can be observed for some peaks. B
Overlaid HSQC spectrum of residue W127, with the different concentrations of PG used
in the titration. Chemical shift perturbation as well as line broadening can be observed
from the starting point of 0 mM PG (black) to the final titration point of 40 mM PG (red).
Arrow indicates the direction of movement with increasing PG concentration. C Overlaid
HSQC spectrum of YraP (black), with 24 mM PG (blue) and 40 mM PG (red). The effect
of PG of has caused some peaks to have major chemical shift perturbations and line
broadening, which are highlighted by arrows on the spectrum, whereas other peaks have

remained in the same position in the presence of PG.
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Figure 6.13 PG binding located on helix a3 in YraP A Cartoon model of YraP
coloured according to the degree of chemical shift perturbation on PG binding. Colouring
according to B. Green areas correspond to strongly PG binding areas. B Histogram
showing the normalised chemical shift perturbations on binding 40mM PG. Normalisation
of chemical shift perturbations. PG binding residues are coloured from blue (Ad = Oppm)
to green (Ad = 50 ppm) C Histogram of the chemcial shift pertubation data from the 40

mM PC titration. The same scale is used and negligible differences are observed.
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6.2.10 Mutagenesis of YraP

The structure of YraP reveals the presence of 2 BON domains, which agrees with
the domain predictions. From the structure it seems that the BON domains are
very similar, with 2 alpha helices and 3 beta sheets each, as well as the
sequences of the two domains having 69% homology to each other. We wanted

to examine if YraP could function with only one of the BON domains present.

Truncated constructs of YraP lacking the second BON domain were made in the
complementing vector pET20b-YraP, by replacing individual codons 112 - 118, in
the loop region between the two BON domains, with two stop codons each, to
prevent stop codon suppression (see Table 6.1 for names and description of

constructs).

To further the analysis, we also wanted to examine if the presence of the PG
binding alpha helix was the essential part of YraP for function. Constructs were
made in a similar manner as before, with residues 142 - 146, present in a loop
region after the PG binding helix, being substituted with two stop codons each

(see Figure 6.14 for description).
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Figure 6.14 Schematics of mutational analysis of YraP. A Mutations to remove BON
domain 2. The red line indicates where two stop codons were introduced to replace
residues 112-118. B Mutations to determine if the presence helix a3 is needed for
function. The red line indicates where two stop codons were introduced to replace
residues 142-146. C Mutations to determine if the PG binding residues in a3 were
essential for function. Mutants that were produced in this region are described in Table
6.1

As YraP is predicted to be a lipoprotein, we also mutated the N-terminal cysteine
(residue 19), that becomes acylated during lipoprotein biogenesis, to an alanine.
The effect of this mutation should cause mislocalisation of the protein, as it would

not be able to be acylated and inserted into the OM (Narita et al., 2004).
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These constructs were transformed into AyraP strains and a plating
complementation assay was performed on 0.5% SDS with 0.5 mM EDTA. The
plating assay showed that none of these constructs were able to complement the
defective phenotype. To ascertain whether this result was due to YraP becoming
unstable, or whether it was due to loss of a particular function, western blot
analysis using anti-YraP antibody, of whole cell overnight cultures of these
transformants was performed (Figure 6.17). The western blot showed that apart
from C19A which had a trace of detectable YraP, no YraP was being produced
from the other constructs, indicating that the proteins were unstable and hence
complementation could not be achieved, and so maintaining the AyraP

phenotype.

To further characterise YraP, we investigated whether there were any critical
residues important for function. The PG binding data had identified 7 potentially
important residues, present in the helix a3 (W127, 1128, K131, R133, Q135, L137
and S144), that were candidates for mutagenesis. For each of these amino acids,

single point mutations to alanine were performed.

From previous alignments (Teriete et al., 2010), the presence of a conserved
glycine residue in BON domains was identified. Aligning the consensus BON
domain to the individual BON domains in YraP, identified G83 and G160, as
potential conserved residues. Constructs were produced, substituting each of the
glycines into valines and a further construct was made which had both of the

glycines substituted to valine residues.

271



From the NMR structure, Y75 was identified as a possible residue that might
mediate the interaction between the 2 BON domains. This could be an important
residue, with the role of keeping both BON domains orientated in this manner
and maintaining the overall fold of YraP. To see if this was the case, Y75 was

also mutated to an alanine.

These constructs were tested with the plating complementation assay. Y75A,
was able to complement the OM permeability defect, strongly suggesting that
Y75 does not have a major role in YraP function. The individual alanine
mutations in the PG binding helix all showed growth on the test plate, indicating
that they also complemented the defective phenotype. G83V and G160V also
grew on the test plate, however, the double G83V/G160V construct did not
complement. To analyse this result, SDS-PAGE and Western blotting was

performed on overnight cultures of all the transformants.

The western blot showed that YraP was produced at similar levels to the leaky
pET20b-yraP plasmid for the PG binding mutants, Y75A and G83V. However,
G160V produced YraP at very low levels and YraP was absent in the double
G83V + G160V mutant. SDS-PAGE gel indicates that this was not the effect of a
loading artefact, as all lanes had similar levels of protein in them. This result
indicates that only low levels of YraP are needed to complement on the plating
assay, as shown by G160V and that the removal of the conserved glycine
residues in the BON domains causes structural instability, suggesting the

conserved nature of these residues is important for fold rather than function.
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We also wanted to see if the whole PG binding helix was essential for function.
As the individual alanine mutations of the residues shown to bind PG all
complemented and produced stable proteins, we produced constructs that had
multiple mutations in these residues. Constructs were produced that had all of
these residues, or only 3 residues at each end of the helix, substituted to
alanines or oppositely charged residues. Not all of the constructs were able to be
generated and tested (Table 6.1). Out of all of the constructs generated, only the
R133-L137 Ala and All Ala constructs were able to complement. W127-K131
Charged, R133-L137 Charged and All Charged constructs were unable to

complement.

Western blot analysis of these constructs showed that W127-K131 Charged and
All Charged constructs were unstable. However, constructs R133-L137 Ala,
R133-L137-Charged and All Ala, were able to produce stable YraP. As the R133-
L137 Charged mutant is able to produce YraP and is unable to complement the
defective phenotype, it strongly suggests that the PG binding helix is essential for

function.
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Table 6.1 List of mutants of YraP produced in this study

Name Comments
C19A Substitution of C19 to alanine

Substitution of Q113 and G114 to 2 stop
Q113* codons

Substitution of G114 and Q115 to 2 stop
G114~ codons
Q115* Substitution of Q115 and P116 to 2 stop codons
P116* Substitution of P116 and 1117 to 2 stop codons
L117* Substitution of 1117 and G118 to 2 stop codons
G118* Substitution of G118 and L119 to 2 stop codons
L119* Substitution of L119 and G120 to 2 stop codons
V142* Substitution of V142 and K143 to 2 stop codons
K143* Substitution of K143 and S144 to 2 stop codons
S144* Substitution of S144 and S145 to 2 stop codons
S145* Substitution of S145 and N146 to 2 stop codons
N146* Substitution of N146 and V147 to 2 stop codons
W127A Substitution of W127 to alanine
1128A Substitution of 1128 to alanine
K131A Substitution of K131 to alanine
Q135A Substitution of Q135 to alanine
L137A Substitution of L137 to alanine
S144A Substitution of S144 to alanine
G83V Substitution of G83 to valine
G160V Substitution of G160 to valine
G83V + G160V Substitution of G83 and G160 to valines
Y75A Substitution of Y75 to alanine

W127-K131 Charged

Substitutions of W127Q, I128E, K131E, S144A

R133-L137 Ala

Substitutions of R133A, Q135A, L137A, S144A

R133-L137 Charged

Substitutions of R133E, Q135E, L137D, S144A

YraP with W127A, [128A, K131A, R133A,

All Ala Q135A and L137A
YraP with W127Q, 1128E, K131E, R133E,
All Charged Q135E and L137D
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Figure 6.15 Complementation assay performed on 0.5% SDS + 0.5 mM EDTA plates
and 100 pg/ml ampicillin used as a positive control. A Mutants of C19A and some of the
ABON2 mutants. B The rest of the ABON2 mutants and Aa3 mutants. The presence of

stop codons at these positions have abolished YraP function.
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Figure 6.16 Plating assay performed with mutants generated onto 0.5% SDS + 0.5 mM
EDTA plates and 100 pg/ml ampicillin, as a positive control, LB-Agar plates. Mutants of
pET20b-yraP were transformed into AyraP, tested on those conditions and growth was
observed. Each plate has a positive control AyraP with pET20b-yraP and negative
control AyraP with pET20b. A Plates with single alanine mutations in a3 of YraP. B
Plates with Y75A and multiple alanine and charged mutants in a3. C Plates testing the

conserved glycine and W127A mutants.
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Figure 6.17 Mutants of the conserved glycines of YraP produce unstable protein
A Western blots of normalised cell lysates of the mutants, to indicate if stable YraP is
produced from the constructs. 20 ul of each lysate was loaded and anti-YraP antibody
(from rabbit) was used. The mutants in this blot are C19A, the stop codon insertions
mutants to remove BON2 and stop codon insertions to keep a3. B This blot contains
mutants from individual alanine substitutions from PG binding residues of a3 and the
conserved glycines present in each BON domain. C This blot contains mutants Y75A

and multiple or charged alanine substitutions in the PG binding residues of a3. D
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Coomassie stained SDS-PAGE of 20 pl of cell lysates to indicate that there are no

loading discrepancies.

To find additional areas of YraP which are crucial for its function, a transposon
mutagenesis kit was used (D. Browning, C. Wardius). Using MuA transposase
kit, an artificial transposon (Entrancesposon) can be inserted into the coding
region of the gene. This results in the generation of a 15 bp in-frame insertion
into the target gene, which corresponds to an extra 5 translated amino acids. The
function of these mutants could then be determined using the complementation

plating assay.

The transposon mutagenesis covered a wide range of YraP. Although
unfinished, mutants were generated in the flexible N-terminus, secondary
structure elements, PG binding helix and flexible loop regions of YraP (Table

6.2).

Screening of these mutants, non-functional YraP mutants were present at the N-
terminal flexible region and at the start of the a1 helix (Figure 6.18). Interestingly,
transposon insertion at the a3 helix (residues D125, W127, S134 and Q135) did
not affect the ability to grow on the test plates. There is the possibility that PG
binding is dependent on the helix rather than the residues that comprise it and

that transposon insertions in this region do not disrupt the helix.
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Table 6.2 Mutants produced from the transposon screen. Mutants highlighted in

bold indicate transposon insertions that abolish YraP function.

Position | Location

M1 Lipobox

S5 Lipobox

A13 Lipobox

L16 Lipobox

Q17 Lipobox

A22 N-term flexible
A29 N-term flexible
A35 N-term flexible
S40 N-term flexible
G42 N-term flexible
L50 al

R53 al

S56 al

V72 B1

Q76 Flexible

A88 a2

D102 Flexible

N105 Flexible

N109 B4

Q113 Flexible

D125 a3

W127 a3

S134 a3

Q135 a3

V142 Flexible

M159 Flexible

E166 a4

K169 a4

Figure 6.18 The N-terminal region of YraP is important for function. Mapping of the

transposon mutants onto the structure of YraP. Yellow regions indicate a transposon

insertion and blue regions indicate a transposon insertion which abolished YraP function.
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6.2.11 Generation of suppressor mutants

AyraP cells, within 16 hours, stop growing in the presence of vancomycin, SDS
and EDTA. However, allowing growth for longer time periods, allows the
generation of suppressor mutations. Those cells which are able to grow on
conditions that should be lethal, have acquired mutations in the genomic DNA
which restore the OM barrier function and therefore allow them to grow.
Analysing these mutations can yield the identification of genes that are involved
in coping with the test conditions as well as elucidating the interplay between the

genetic pathways that are involved in OM homeostasis.

Two sets of suppressor mutants were generated from plates containing 250
pg/ml vancomycin and 0.5% SDS with 0.5 mM EDTA LB-Agar. Any growth that
was observed on these test conditions, were streaked again to single colonies
onto the same conditions to ensure that they were suppressor mutants. A final
set of streaks to single colonies were performed onto the test conditions as well
as a streak onto kanamycin (100 pg/ml) LB-Agar plates, to ensure that the
kanamycin resistance cassette, that had replaced the yraP gene, was still
present and that the observed growth was not from contamination (Figure 6.19).
In total, 6 suppressor mutants were generated, with each one originating from a

different streak.

Genomic DNA was extracted from these strains and whole genome sequencing

was performed (Dr. D. Rasko and Dr. T. Lawley, unpublished data). As of this

time, only the vancomycin suppressor mutation data has been analysed. The
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mutations were identified by sequence alignment between the genomic data of

the mutants and BW25113.

The data has identified approximately 20 genes that have acquired mutations
(Table 6.3). Analysing this dataset, the genes can be grouped into 2 major
categories. The first category, genes that have the same mutations in all of the
strains, are most likely not involved in suppression, but are mutations that have
just occurred from working with the strain. The second category, which consists
of mutations in genes that are present in all of the strains but the mutations are in
different locations and mutations in genes that are not present in all of the strains,

are most likely involved in phenotype suppression.

Although not all of the data has been analysed, some genes have been identified
that are likely candidates for suppression. This list consists of nanT (a putative
sialic acid transporter), vacJ (a putative OM lipoprotein), pgm
(phosphoglucomutase), ychF (a GTP and nucleic acid binding protein), and envZ
(an osmolarity sensing histidine kinase) amongst several other genes. Ideally,
further analysis of this data, alongside experimental data, is needed to justify any

hypotheses formed from this data.
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Table 6.3 List of genes that harboured mutations that suppressed the AyraP

sensitivity to vancomycin

Gene
Name/Annotation Possible function
nanT Sialic acid transporter (permease)
vacd (mlaA) Phospholipid transport protein
pgm Phosphoglucomutase
ychF GTP binding protein
envZ Sensory histidine kinase
feoB Ferrous iron transport protein B
fliQ Flaggellar biosynthesis protein
Putative LysR-family trancriptional
ybdO regulator
hycE Formate hydrogenlyase subunit 5
FIG00638289 Hypothetical protein
hycC Formate hydrogenlyase subunit 3
FaeE Beta fimbriae chaperone protein
FIG00639456 Hypothetical protein
Glucans biosynthesis glucosyltransferase
mdoH H(EC 2.4.1.-)
betT High-affinity choline uptake protein
Hypothetical ABC transporter ATP-
yddA binding protein
Putative sucrose phosphorylase (EC
sucP 24.1.7)
cybB Cytochrome b(561)
mocA CTP:molybdopterin cytidylyltransferase
eco Proteinase inhibitor 111, ecotin precursor
yadM Fimbrial protein
FIG00639374 Hypothetical protein
rpoD RNA polymerase sigma factor
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Figure 6.19 AyraP strains are able to generate suppressor mutations and be
selected for 0.5% SDS and 0.5mM EDTA resistance. A AyraP cells are streaked onto
0.5% SDS with 0.5mM EDTA plates. With enough time, growth can be observed and
individual colonies can be picked. B Further selection of potential suppressor mutants
onto another 0.5% SDS with 0.5mM EDTA plate. Growth is observed with some of the
samples and individual colonies can be observed on this plate. C Final selection of
suppressor mutants. Streaks are performed on 0.5% SDS with 0.5mM EDTA, to confirm
resistance and are also streaked onto 100 ug/ml kanamycin plates, to ensure that the
kanamycin resistance cassette is still present, indicating that these are still likely to be

AyraP strains.
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6.2.12 S. enterica AyraP cells have a similar phenotype to
BW25113 AyraP cells

Knockouts of yraP show an outer membrane permeability defect phenotype in E.
coli. We wanted to examine if a similar phenotype would be observed in the
closely related species, Salmonella entercia. This approach would give an
indication if yraP functions in a similar manner in Salmonella as it does in E. coli.
If this was the case, then it would be feasible that E. coli yraP might be able to
complement the similar defects that would be observed with AyraP Salmonella
strains. From a sequence alignment between the proteins, YraP from Salmonella

and E. coli share 96% identity (Figure 6.20A).

AyraP:kan strains were generated in Salmonella enterica serovar Typhimurium
strain SL1344, by Dr. D. Squire. This strain was made competent and
transformed with pET20b and pET20b-yraP and subjected to the previously
described plate screening assay on 4% SDS and 0.5% SDS with 0.5 mM EDTA,

with BW25113, AyraP and complemented AyraP cells.

The assay shows that E. coli and Salmonella wildtype and AyraP strains behave
in a similar manner (Figure 6.21). Both wildtype strains are able to grow on the
test conditions whereas the AyraP strains are unable to do so. The effect of
pET20b-yraP shows only partial complementation. This plasmid is able to fully
complement the AyraP E. coli strain, with growth on both test conditions, but in
the case of AyraP Salmonella strains, growth is only observed on 4% SDS and
not on 0.5% SDS with 0.5 mM EDTA. Although there is a great sequence identity

between Salmonella and E. coli, the data suggests that E. coli YraP is only able
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to complement some of the defects in a Salmonella AyraP strain. By mapping the
where the differences in the multiple sequence alignment onto the structure of
YraP (Figure 6.20B). Residue differences are seen in flexible loop regions as
well as secondary structure elements such as a1, a2, a3, a4 and (5. These
regions could have important roles in YraP structure and these differences may

prevent E. coli YraP from complementing the defective phenotype in S. enterica.
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Figure 6.20 Salmonella enterica AyraP cells display a simlar phenotype to
BW25113 AyraP cells.

A Sequence alignment between E. coli and Salmonella enterica YraP proteins
determined using ClustalX. The alignment shows that YraP between the species are
heavily conserved, with a calculated 96% identity between the two proteins. B Structure
of YraP from E. coli which residues that are different to YraP from S. enterica highlighted

in blue.
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Figure 6.21 E. coli YraP is able to partially complement the defective phenotype in
AyraP S. enterica strains. A Plating assay with E. coli AyraP and SL1344 AyraP
complemented with E. coli pET20b-yraP. SL1344 AyraP strains have the same
phenotype as E. coli AyraP cells in that they show sensitivity to both 4% SDS and 0.5%
SDS with 0.5 mM EDTA plates (labelled SL1344 AyraP-pET20b and AyraP-pET20b
respectively). Transforming E. coli pET20b-yraP into SL1344 AyraP cells, growth is
observed on 4% SDS plates and not on 0.5% SDS with 0.5 mM EDTA plates, indicating
that E. coli yraP is only able to partially complement the defect in SL1344 AyraP cells
(labelled AyraP-Comp and SL1344 AyraP-comp respectively). B Western blot of the WT,
AyraP and complemented strains of BW25113 and SL1344, probed with E. coli anti-
YraP antibody, using 20 ul of normalised cell lysates. This antibody is able to detect
SL1344 YraP, demonstrating the large homology between the two proteins. No YraP is
observed in the SL1344 AyraP. However with SL1344 AyraP strain complemented with
E. coli pET20b-YraP, E. coli YraP is detected, indicating that this plasmid is expressing
in SL1344.
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6.2.13 AyraP cells have an altered LPS profile

One aspect of the OM we hadn't previously investigated that could be
responsible for the AyraP phenotype was a possible defect in LPS assembly.
BW25113 is a strain that is unable to assemble O-antigen. Because of this,
changes in LPS composition cannot be observed in these strains. To solve this
problem, the gene wbbL was cloned into pET20b. wbbL is a gene that encodes
an arabinose transferase, which allows transfer of arabinose onto the second
sugar group of the growing O-antigen polymer. When pET20b-wbbL is
transformed into BW25113 cells, leaky expression of WbbL from the vector,
allows O-antigen to be synthesised, which ultimately leads to the restoration of
observable LPS in BW25113 (work performed by Dr. D. F. Browning) and
therefore allows this strain to be used to identify any potential LPS defect in

AyraP cells.

There is a potential drawback with this approach. Expression of wbbL is from a
leaky vector and hence cannot be regulated and so could lead to excessive LPS
being formed. Thus if there is a subtle change in LPS composition with AyraP
cells, it may not be observed. To address this issue, LPS composition was also
examined in Salmonella enterica serovar Typhimurium strain, SL1344, which is
able to produce O-antigen and has been previously shown to have a similar

phenotype to E. coli with AyraP cells.

LPS was extracted from WT, AbamE and AyraP strains from BW25113,

BW25113 transformed with pET20b-wbbL and SL1344. Silver staining shows
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that BW25113 WT, AbamE and AyraP all look identical and lack O-antigen. With
the presence of pET20b-wbbL, WT and AbamE LPS looks similar, with O-antigen
produced (Figure 6.22). However, with AyraP, the O-antigen 'ladder' is
completely absent. In SL1344, a similar result is seen. WT and AbamE have a
similar LPS profile whereas AyraP has a completely different LPS profile, with O-
antigen also absent. This result strongly suggests that there in an LPS defect

associated with AyraP cells.

Figure 6.22 AyraP cells have an altered LPS profile. Silver stain gel of LPS prepared
from WT BW25113, AbamE and AyraP cells with and without pET20b-wbbL and from
Salmonella enterica SL1344 strains harbouring the same knockout genes. pET20b-wbbL
allows the production of O-antigen, that is not present in BW25113. AyraP pET20b-wbbL
cells display a defect in O-antigen assembly as shown by the absence of O-antigen
polymers compared to BW25113 and AbamE pET20b-wbbL cells (indicated in the red
box). The last three lanes are LPS from Salmonella enterica serovar Typhymirium strain
SL1344, which is able to assemble O-antigen. With the AyraP SL1344, O-antigen

polymerisation is effectively absent in comparison to WT and AbamE SL1344.
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6.2.14 OM proteomic comparison of WT and AyraP cells

Previous work by (Sklar et al., 2007a) have shown that AbamE cells have
reduced levels OMPs compared to WT cells. We wanted to examine if this was
the case with AyraP cells, and that altered levels of protein in the OM would

explain the associated defect.

In order to determine if this was the case, a mass spectrometry approach was
used. Approximately 200 ug of protein was taken from OM fractions taken from
sucrose density centrifugation separations from WT and AyraP cells. Peptides
were generated using urea and trypsin and extracted. WT peptides and AyraP
peptides were labelled differently which would distinguish them by 4 Da. Equal
volumes of extracted peptides were mixed and ESI-MS was performed and
peptides were identified by the use of the MASCOT database (Dr. D. Ward, Dr.

N. Shimwell).

The identified peptide list was robust, in that it allowed the identification of the
majority of the OM species with a 5% false discovery rate and the presence of
some IM protein contaminants. The relative ratios of WT and AyraP paired
peptides were determined by quantifying the peak intensity from the elution
profiles of peptides. As the list of identified proteins was quite large (300+
proteins), only the most likely OM proteins were examined this way (e.g. BAM

complex proteins, LptD, LptE, porins).

The data demonstrates that relative protein composition between WT and AyraP

cells are similar, with approximately a 1:1 ratio observed between the samples

290



(Table 6.4). None of the major proteins that are involved in OM biogenesis, such
as the BAM complex genes, have altered levels. This result suggests that yraP

does not function in OM protein insertion.

Table 6.4 Elution profile counts of identified peptides
Ratio
Protein | WT AyraP  (AyraP:WT)
BamA | 128664 130251 1.012334453
BamB | 123736 125213 1.011936704
BamC |256912 263692 1.026390359
BamD 65740 67423 1.025600852
BamE 83748 87284 1.042221904
LolB 129252 138620 1.072478569
LptD 68316 74556 1.091340242
LptE 47932 52732 1.100141868
OmpA 643124 653032 1.015406049
OmpC 28692 29392 1.024397044
OmpW | 24088 25846 1.072982398
TolQ 27084 28500 1.052281790
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6.2.15 The OM of Ayrap cells have a different phospholipid
composition to WT cells

AyraP cells show an OM defect. This defect is likely to be due to altered
composition of the OM. The most likely candidates for an observed change are
phospholipids, lipopolysaccharide or proteins, which are the three major

constituents of the OM.

In order to determine possible changes in the phospholipid composition of AyraP
cells, lipids were extracted from OM fractions of WT and AyraP cells and
analysed using mass spectrometry, gauging the relative quantification of
phospholipids between the samples (performed by Dr. J. Kirwan). Using PCA
(principal component analysis), comparing WT and AyraP samples, two distinct
populations are observed with tight clustering (Figure 6.23). This result is
reproducible with a repeated set of samples showing a similar pattern. Further
mass spectrometry experimentation is required to determine which species of
phospholipids have been altered, further experimentation is needed, but the likely
candidates are phosphatidylethanolamine (PE), phosphatidylglycerol (PG),

cardiolipin and lipid A.
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Figure 6.23 AyraP has a different OM phospholipid composition compared to WT

cells. PCA scores plot of all samples [WT (blue), AyraP (red) and quality control (green)

samples]. The data is originally plotted out as peaks in a 3D co-ordinate system. By

observing linear trends between the samples in two dimensions (PC1 and PC2), trends

in populations, similarities between groups of samples can be observed. Within a group

(WT or AyraP phospholipids), there is tight clustering from the individual samples, but

clear differences between groups are observed, with WT samples occupying the bottom

half of PC2 and AyraP samples present in the top half of PC2. Separation across PC1 is

due to the two different preparation batches, but WT samples are at the lower half of

PC2 and AyraP samples at the upper half of PC2 is still observed.

293



6.3 Discussion

The data produced in this study strongly suggests that yraP is involved in OM
biogenesis. AyraP cells display an OM defect by failing to grow on LB-Agar
plates containing either SDS with EDTA or vancomycin. By cloning yraP into
pET20b and using the leaky expression from this construct, complementation of
the defective phenotype has successfully been achieved. This assay has been a

powerful tool in the functional studies of yraP.

The studies in Salmonella have shown that the same phenotype is associated
with knockouts of yraP in those strains. It seems likely therefore that yraP may
function in a similar manner in closely related species. Using the pET20b-yraP
vector, YraP from E. coli was only able to partially complement AyraP defect in
Salmonella. Growth was only observed on 4% SDS plates and not on 0.5% SDS
with 0.5 mM EDTA. This result suggests that the different plating conditions are
probing different aspects of the OM permeability defect. For example, EDTA is a
known divalent cation cheltator, which disrupts LPS interactions, thus weakening
the OM, which may not happen on the 4% SDS plates. Whatever the reason is, it
is apparent that even with 96% homology to Salmonella yraP, E. coli yraP is
unable to fully complement the OM defect, even in conditions where it is the only

source of yraP present in Salmonella AyraP strains.

YraP is predicted to be a lipoprotein. Both SignalP and LipPred prediction have
suggested that a lipobox signal sequence is present within the first 19 residues,
with C19 being the cysteine residue used for diacylation for lipoprotein insertion.

Examining the signal sequence shows that a Leu-GIn-Gly is present directly
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before C19, which is a common lipobox motif. The +2 residue following C19 is a
valine residue, suggesting that YraP is localised to the OM (Tokuda and
Matsuyama, 2004). Mutagenesis to C19A has shown that this mutant is unable to
complement the OM defect in AyraP cells. It is likely that this mutant is unable to
complement due to mislocalisation of YraP into the periplasm, where it is unable
to function properly. Western blotting has shown that YraP is produced from this
mutant, but at much lower levels than WT. This could be due to the effects of
proteases in the periplasm, such as DegP, which are targeting and degrading
mislocalised and misfolded proteins, causing the lower levels of YraP observed in
the C19A mutant. Although further experimentation could be performed, such as
the effect of globomycin on YraP function, the mutagenesis data, along with the

predictions, strongly suggest that YraP is an OM lipoprotein.

From sucrose density centrifugation separations of the OM and IM followed by
western blot analysis with both anti-YraP and anti-BamC antibodies, YraP is
present in the same fractions as BamC, suggesting that YraP is localised to the
OM. Using fluorescence microscopy, YraP is not a surface localised lipoprotein
and therefore must be localised to the inner leaflet of the OM. However, how
YraP functions in the OM is still not understood. Co-IP experiments with OM
fractions have shown that is not part of any OM complex and is not interacting
with any periplasmic species or at least not stable enough for Co-IP with cross-
linking to pick it up. A whole cell Co-IP indentified YgaU as a possible interacting
partner, but HSQC experiments showed this was a false positive as no
interaction could be observed between the two. The pulldown of YgaU is most

likely due to the fact that YgaU contains a BON domain. Due to similar
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sequences of this BON domain and those of YraP, the anti-YraP antibody may
have possibly bound to YgaU during the Co-IP process. Also, it seems that YraP
functions as a monomer, as gel filtration and analytical centrifugation have shown

that YraP does not multimerise.

HSQC experiments with PG have demonstrated that YraP is able to bind to
phospholipids. By mapping the residues involved onto the structure, we have
identified one face of the first a-helix of BON domain 2. This has confirmed the

predictions that BON domains can bind phospholipids.

The PG binding residues in a3 are present in two distinct faces of the a-helix
(Figure 6.24). Residues W127, 1128 and K131 are located close together along
with Q135 on one face and residues R133 and L137 are present on another face.
Both faces contain a positively charged residue, W127 and R133, which could

aid in binding to the negatively charged PG head group.

Figure 6.24 Position of the PG binding residues in a3. Carbon atoms are coloured

green, nitrogen atoms blue, hydrogen atoms white and oxygen atoms red.
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Comparing a1 of BON1 to a3 of BON2, there are some notable differences.
Firstly, a1 contains a small flexible region present within its a-helix, which splits it
into two a-helices, a1 and a1® This is not present in a3, which may explain why

no phospholipid binding was observed with a1.

Figure 6.25 shows the helical wheel projections of a1 and a3 of YraP. Both
helices contain a mixture of hydrophobic and both positively and negatively
charged residues. With a1, there is a small patch of positive charge (R53 and
K60) and of negative charge (D47 and E51). The rest of the residues are

hydrophobic in nature, with the exception of N55.

With a3, a similar effect is observed, with a mixture of hydrophobic and charged
residues, although there are more charged regions than in a1. A notable region is
observed with the hydrophilic W127 in close proximity to the positively charged
K131, which is next to hydrophilic residues N124 and Q135. W127, K131 and
Q135 have been shown to bind to PG by NMR. R133 is present at the opposite
of the helix to the other PG binding residues, providing a positive charge that
could aid PG binding. Additionally, there is a negative patch composed of E121

and D125 in close proximity to each other.

It should be noted that this projection only takes into the account the helix a1 and

omits the shorter a1” helix. Within a1, there is also the presence of additional

positively charged residues (K60, K65 and K60) as well as negatively charged
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residues (D61 and E62), which could have had a role in phospholipid binding,

were it not for the presence of a small flexible region breaking the a-helix.

Figure 6.25 Helical wheel projections of A a1 of BON1 (residues 47-60) and B a3
of BON2 (residues 119-138) in YraP. Helical wheels were generated using the online

tool found at http://rzlab.ucr.edu/scripts/wheel/. Hydrophilic residues are displayed as

circles, hydrophobic residues as diamonds, potentially negatively charged residues as
triangles, and potentially positively charged residues as pentagons. Hydrophobicity is
colour coded, with the most hydrophobic residues being green, and the amount of green
decreasing proportionally to the hydrophobicity, with zero hydrophobicity coloured as
yellow. Hydrophilic residues are coded red with pure red being the most hydrophilic
(uncharged) residue, and the amount of red decreasing proportionally to the

hydrophilicity. The potentially charged residues are coloured grey.
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The electrostatic surface of a3 in YraP has been examined (Figure 6.26). There
is a surface of positive charge within this a-helix mediated by K131 and R133.
This surface could be the major interaction point between YraP and PG, whereby
these positive residues could interact with the negative charge from the PG head
group. a3 also contains an N-terminal negatively charged residue (E121), which

could be used to stabilise the helix dipole.

Figure 6.26 Electrostatic model of YraP. Electrostatic potential is define by a scale
where areas in red are negatively charged and positively charged surfaces are coloured

blue. a3 of BONZ2 is displayed in the centre of the figure.
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Mutagenesis analysis of this helix has in part confirmed that PG binding is
essential for yraP function. We have mutated this helix substituting the PG
binding residues for alanine or oppositely charged residues, either mutating each
half individually or the whole helix. By performing our complementation assay on
these helix mutants with western blot analysis, many of the mutants were
unstable, as no detectable YraP was seen on the blots. Only one mutant, R133-
L137 Charged, was not able to complement but produced stable YraP,
suggesting that this helix is important for yraP function. We hypothesis that its
loss of function is due to the negative charges of the aspartate and glutamate
residues, that act to repel the PG head group interactions and thus prevent
membrane binding. Ideally a thorough characterisation of this mutant is needed,
to ensure that this protein is correctly localised and folded. A possible approach
to this, would be repeat the OM separations and western blot against YraP, to
ensure that it is in the correct location. Using circular dichroism and NMR would

be an ideal way to gauge the fold of this mutant.

We have only examined one OM phospholipid. Ideally, these titrations should be
repeated to examine if YraP is able to bind to PE and Cardiolipin. These
experiments would aid considerably in determining if yraP function OM function is

PG specific, or if YraP is able to bind most or all of the OM phospholipids.

Our mutagenesis screen has also elucidated the role of the conserved glycine
residues in BON domains. From multiple sequence alignments, we have
identified two conserved glycine residues, G83 and G160, which are present in

each of the BON domains. These glycines are positioned at the end of the

300



second B-strand in each domain, which agrees with the observations of Teriete et
al. 2010. Mutating these glycines to valines individually and together and
performing the complementation assay, has shown that only the double
G83V/G160V mutant was unable complement. By performing western blot
analysis, G160V was present at barely visible levels and G83/G160V was
absent. This result suggests that these glycines are needed in a structural or

mechanical capacity, rather than having a functional role.

Ramachandran plots of the conserved glycine residues G83 and G160
demonstrate that they occupy a flexible region in the protein (Figure 6.27). This
is consistent with the structure of both YraP and Rv0899, in that are present in
the loop region immediately after 2 of each BON domain. Because of this
flexibility, the effect of introducing valine residues could cause possible steric
clashes, from the bulkier side chains and less rotationally flexible backbone. This
could have an effect in unfolding the protein and reducing stability, which is

observed in the mutagenesis analysis.
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Figure 6.27 Conserved residues G83 and G160 are present in a flexible region of
YraP. Ramachandran plots of the 20 structures of the conserved Glycine residues G83
and G160 determined using the NMR structure validation software PROCHECK. Likely
areas for secondary structure are shown as a = a-helix, § = B-strand and La = left-

handed helix. A cv (Circular Variance) value is shown, which indicates the clustering of

the 20 of the data points, with low values (< 0.1), indicating good clustering.

The transposon mutagenesis has also demonstrated that the N-terminal region of
YraP is essential for its function. Two of the mutants have (L16, Q17) have
insertions that disrupt the cysteine acylation site. These mutants fail to
complement, possibly due to the failure of YraP to be processed as a lipoprotein.
Additionally, transposon screening has also demonstrated that insertions at A37,
S40, T49 and L50 also abolish YraP function. This area has been shown to be an
unstructured region in the YraP structure. Possible insertions could extend the
flexible region, which may position YraP too far away from the membrane for it to
carry out its function. Finally, transposon insertions in other areas of YraP were
still able to function, particularly the PG binding helix a3, which has been shown
to be essential for function. It is possible that PG binding of YraP is mediated by
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the helix itself and that transposon insertion has not disrupted the helix. Ideally,

structural studies of these mutants are needed to confirm if this is the case.

We have generated suppressor mutants, whereby AyraP cells have acquired
mutations that have restored the OM barrier function. Whole genome sequencing
has led to the identification of genes that may have a role in OM biogenesis. This
data could give some insight into possible genetic interactions that lead to OM
maintenance that are not easily evident as well as shedding light on potential
coping strategies that are present in E. coli in regards to OM stress. Our analysis
has identified nanT, vacJ, pgm, ychF and envZ as potential areas for further

study.

As AyraP strains exhibit an OM defect, some of the experiments have focused on
determining the nature of this defect. The OM consists of phospholipids, proteins
and LPS. We hypothesised that at least one of these major components must be

perturbed.

Using mass spectrometry approach to quantify the relative abundance of protein
species between WT and AyraP membranes, our analysis demonstrated that
there were no major changes between the two samples. Major OMPs, such as
OMPA, OMPC and OMPW and lipoproteins such as pal and Ipp, were found to
be in approximately the same ratio and proteins that are involved in OM
biogenesis, such as Lpt and BAM complex proteins, had similar abundances.
This result suggests that yraP not likely to be involved in protein biogenesis in the

OM.
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We have been able to investigate the LPS profiles of AyraP cells. BW25113 is
unable to synthesise O-antigen and thus any changes in O-antigen composition
could not be examined directly. To circumvent this problem, we used pET20b-
wbbL, which was transformed into BW25113 AyraP. This vector has been shown
to restore O-antigen in BW25113 (Dr. D. F. Browning), which would allow LPS
disruption to be observed. It should be noted that pET20b-wbbL is expressing
leakily, which may mean that LPS O-antigen production may be at a level greater
than WT, thus any subtle changes in LPS composition may not be observed and
that only drastic changes could be measured. As a further proof, we examined
this in a Salmonella AyraP strain, which is not deficient for LPS production and
displays a similar phenotype to our BW25113 AyraP strain. SDS-PAGE with
silver staining demonstrated that there was a major change in the LPS profile in
AyraP strains of both BW25113 pET20b-wbbL and Salmonella. In the BW25113
AyraP strain, the O-antigen polymer is absent, when compared to BW25113 WT
and AbamkE strains. A similar result is seen in the Salmonella strains, where O-
antigen is absent and a different banding pattern is observed in comparison to
the WT and AbamE samples. This data suggests that YraP may have role in the
transport/insertion of LPS to the OM. As the Co-IP experiments have not shown
any interacting partners, this would suggest that yraP performs this function in a
separate manner to IptD and IptE, which are major genes involved in LPS
insertion. The OM proteomic results have shown that there are no changes in
LptD and LptE levels between WT and AyraP cells, which may therefore support

the possibility of another insertion pathway.
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The relative quantification of lipids using mass spectrometry and yielded a very
interesting result in regards to yraP function. This analysis has demonstrated that
there are clear differences in the OM phospholipid compositions between these
cells. Although further experimentation is required to determine the cause of this
difference, so far this result could suggest a possible role in phospholipid

assembly in the OM.

mlaA has been shown to have a role in retrograde transport of phospholipids
from the OM (Malinverni et al., 2009). yraP could have a possible role in
anterograde transport of phospholipids. Both AmlaA and AyraP cells have a
similar OM defect, in that they are sensitive to SDS and EDTA conditions, which
could be caused by phospholipid mislocalisation at the OM. AyraP suppressor
mutation data has indicated that stop codon mutations present in mlaA (vacJ),
suppress the AyraP defect on vancomycin. Furthermore, a strain harbouring a
double AyraP and AmlaA knockout, also grows on vancomycin (F. Morris,
unpublished data). This data suggests that yraP has a role in phospholipid
maintenance of the OM, which could be shared with mlaA. In AmlaA strains,
excess phospholipid could be present in the outer leaflet of OM which is caused
by the yraP activity. Likewise, in Ayrap cells, less phospholipid could be trafficked
to the OM, which causes the observed OM defect. There is also the possibility
that lipid A levels may be absent or severely reduced in AyraP cells, which would
explain the different LPS profiles. Ideally, further experimentation is needed to
confirm this, which would fill in the major gap of OM biogenesis of phospholipid

assembly.
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Chapter 7

Final Discussion
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7.1 Final Discussion

The findings from this study have provided some insights into OM biogenesis.
With BamE, a structure-function analysis has been performed, which has
highlighted some functions of this protein that were not immediately apparent.
With YraP, a structural and partial functional characterisation has helped suggest
possible functions that this protein does in regards to OM biogenesis. The details
of these findings and the impact that they have on the current understanding of

OM biogenesis are discussed in the following sections.

7.2 BamE

Since the discovery of the Bam complex as the machinery involved in OMP
biogenesis (Wu et al., 2005), a wealth of information regarding Bam complex
function has emerged. So far, the structures of accessory lipoproteins are known
as well as the N-terminal POTRA domains of BamA. There are also structural
and functional insights into how the complex is ordered (Kim et al., 2011a). The
major outstanding discoveries are the structure of BamA and the functional

mechanism of how OMPs are assembled.

Our published study of BamE has contributed to both the structural and functional
aspects of the Bam complex. This study represented the first structure of BamE,
which had a fold reminiscent of a POTRA domain, suggesting that BamE might
have the propensity to perform 3-augmentation with precursor OMP substrates.
In addition to this, BamE was shown to bind exclusively to the OM lipid PG. From
this finding, it could be hypothesised that this aspect of BamE function is to bind

to OM lipids and cause local perturbations to aid OMP insertion. Ideally, further
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experimentation demonstrating that other Bam complex lipoproteins also have
this ability would add weight to this hypothesis. In addition to this, the BamD
binding site was shown to overlap with the PG binding site. This could have
further functional implications, such as the possibility of temporary dissociation of

BamE from the Bam complex during OMP insertion, for its PG binding function.

This study has also obtained functional information on BamE. By exploiting the
OM defect of AbamE cells, we have been able to develop a screen that gauges
BamE function. By producing a set of Gly/Cys point mutations in almost every
amino acid of BamE and screening them, areas of functional importance in BamE
have been identified. We have identified mutants that disrupt the stability of the
protein which are present in the hydrophobic core of the protein. We also
identified mutants that hindered the function without altering the stability. The
majority of this particular set of mutants were localised to the PG and BamD

binding sites, highlighting the importance of this site for function.

Although this particular study has focussed on BamE, its overall contribution to
the Bam complex is not well understood. It has been shown that BamE binds to
BamD and is thought to stabilise the interaction between BamD and BamA
(Malinverni et al., 2006, Sklar et al., 2007a). BamE has also been implicated in
modulating the functional state of BamA (Rigel et al., 2011). Ideally further
experimentation is needed to address the contribution of BamE in OMP
assembly. The library of cysteine mutants produced from this study could be
used in potential cross linking experiments, as well as the library of BamE

functional mutants, which could be used to probe potential genetic interactions.

308



7.3 YraP

The major part of this study has been the structural and functional work
performed on the uncharacterised protein YraP. Starting from a point where YraP
was shown to be a lipoprotein and a member of the oF regulon (Dartigalongue et
al., 2001, Onufryk et al., 2005) and from various bioinformatic analyses, we have
been able to confirm many of these predictions. Numerous other experiments
have been performed, gauging some of the phenotypic characteristics of AyraP
cells. Furthermore, we have shown that AyraP strains exhibit an OM defect, tried
to characterise this defect by observing changes in the composition of the OM
and suggest that YraP may have a major function in OM biogenesis. In addition
to this, the structure of YraP, has been solved using NMR, which has been an

invaluable tool in our functional analysis of YraP.

The structure of YraP is the first structure determined of a 2 BON domain
architecture protein. Each BON domain contains 2 a-helices and 3 3-strands that
are orientated parallel to each other, which is in agreement to the solved
structure of rv0899 of M. tuberculosis (Teriete et al., 2010). The major novelty in
the structure of YraP, shows that the 2 BON domains are distinct and are
orientated parallel to each other. This particular fold could occur in other multiple
BON domain architecture protein and the solved structure of YraP could possibly

be used for structural modelling of those proteins.

We have also deduced function of BON domains that have been predicted using

bioinformatics. Yeats and Batemam 2003,have predicted that BON domains bind
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to phospholipids. NMR titrations of YraP have shown that it is able to bind to PG.
As of yet, no actual experimental study has demonstrated that BON domains

bind lipids.

This study has also elucidated a possible role critical glycine residue that is
conserved in BON domains. Teriete et al. 2010 predicted that it had a mechanical
role. This study has finally confirmed this hypothesis, where substitution of each

glycine residue to a valine led to severely decreased levels of YraP.

The pulldown experiments have not been able to determine protein binding
partners to YraP. This has suggested that YraP is not part of a complex and
functions on its own, compared to other the genes that exhibit similar OM defects
when knocked out (e.g. bamE). Furthermore, AUC and gel filtration experiments
have demonstrated that YraP does not multimerise, suggesting that it may
perform its role in a monomeric state. There is the possibility that YraP might bind
lipid and another protein in a complex, but these pulldown approaches have not

been able to determine this.

By performing analyses of the OM of AyraP cells, we have identified two possible
OM components that are severely perturbed, LPS and phospholipids. Analysis of
LPS extracted from AyraP strains of BW25113 and SL1344 demonstrated a
severe deficiency in O-antigen, suggesting a role in LPS assembly. Our OM
proteomic analysis indicated that there were no changes in levels of LptD and

LptE, which adds weight to this hypothesis.
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The major finding in this project is that AyraP strains have an altered
phospholipid composition in the OM. Although the nature of alteration is still

under investigation, it represents a possible major finding in OM biogenesis.

The factors involved in phospholipid assembly have not been identified. There
have been the identification of enzymes involved in removing phospholipids from
the outer leaflet of the OM (PagP, PIdA) (Bishop, 2008), and the identification a
possible pathway involved in retrograde phospholipid transport (Malinverni and
Silhavy, 2009). Our hypothesis is that YraP is involved in anterograde
phospholipid transport. The evidence for this is that firstly, in the generation of
suppressor mutants against vancomycin conditions, there were two independent
mutants that had generated stop codons in the mlaA gene. Additionally, we were
able to generate a double mlaA and yraP knockout strain, which was able to
grow on the vancomycin condition. From this, a hypothesis is formed whereby
the absence of YraP function of transporting phospholipids to the OM is balanced
by the effect of removing the MIaA function of removing phospholipids from the
OM. There is also the possibility YraP might be part of the Mla pathway as an
unknown factor. Ideally, further experimentation is needed to confirm that there is
possible genetic interplay between mlaA and yraP, but the finding of an mlaA
suppressor mutant in AyraP cells and the double knockout is an ideal starting

point.

The mass spectrometry approach of the relative quantification of lipids of the OM

in AyraP cells is still under investigation. There is also the possibility that the lipid
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perturbation is due to decreased levels of Lipid A in the OM. This would explain

the difference in LPS profiles observed in AyraP cells.

If the hypothesis that YraP is involved in anterograde phospholipid transport, this
will represent a major finding as an undiscovered pathway in the poorly
understood area of phospholipid assembly in the OM. As yraP is not an essential
gene, this may suggest that there are other genes involved in phospholipid
transport. With further study, the identification of these other factors would aid

immensely in understanding OM biogenesis.
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QD1
QG2

CA

HA2
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CD1
CD2
CG

HA
HB2
HB3
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964
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966
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968
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971
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973
974
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976
977
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979
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981
982
983
984
985
986
987
988
989
990
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993
994
995
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1003
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1009
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56.
19.
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67
38
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721
059
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353
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.438
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.520
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.611
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.741
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.431
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.296
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.008
.013
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.000
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.005
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.006
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.000
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1046
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1048
1049
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1051
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1053
1054
1055
1056
1057
1058
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1060
1061
1062
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1065
1066
1067
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1069
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1071
1072
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1075
1076
1077
1078
1079
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1081
1082
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1084
1085
1086
1087
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1089
1090
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1092
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1094
1095
1096
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1099
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1107
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.538
767
.294
.144
.841
.719
.564
.846
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.703
.748
.450
.417
.105
.077
.583
.805
.648
.377
.059
.783
.354
.224
.905
.483
.847
.891
.455
.456
.261
.146
.904
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.400
.340
.395
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.342
.013
.812
.221
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.299
.609
.227
.283
.176
.349
.006
.786
.235
.925
.552
.128
.199
.690
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.946
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.623
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.464
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.007
.008
.006
.011
.007
.005
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.059
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.003
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.002
.018
.000
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.109
.041
.003
.002
.001
.004
.059
.000
.084
.080
.058
.028
.059
.003
.007
.008
.013
.011
.005
.002
.009
.010
.005
.059
.000
.048
.009
.001
.041
.005
.011
.011
.003
.010
.000
.053
.037
.033
.003
.009
.003
.005
.007
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.007
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.053
.005
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129
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1129
1130
1131
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1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
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1152
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1154
1155
1156
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1158
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1160
1161
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1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
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.986
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.456
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647
.269
184
767
975
029
.714
.189
.856
.756
.757
.929
.938
989
.668
.230
.329
.539
.450
.276
.395
.274
.380
.546
.670
.182
.221
.486
.976
.878
.703
.755
.569
.422
.824
.566
.722
.694
.239
.879
.843
.608
.028
.148
.038
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586
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.272
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.007
.008
.009
.006
.006
.011
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.007
.006
.004
.009
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.059
.082
.012
.064
.011
.004
.005
.004
.003
.003
.006
.003
.011
.000
.004
.125
.012
.005
.005
.002
.002
.031
.000
.062
.137
.003
.004
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.010
.006
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.010
.007
.004
.011
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.041
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.014
.005
.007
.007
.004
.011
.006
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.003
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138
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140
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142
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1193
1194
1195
1196
1197
1198
1199
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1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
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1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
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1252
1253
1254
1255
1256
1257
1258
1259
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61.
35.
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.036
.486
343
.271
452
947
.516
014
636
.795
.536
.111
.371
.885
.886
. 671
.188
.982
.738
.301
.924
.856
.363
.680
.671
.228
.257
627
.275
.519
.583
.867
.704
.837
770
.586
.919
.958
.758
.896
.875
.852
.608
.318
.488
777
.683
.074
.077
.055
.062
488
194
916
831
787
724
.398
.738
.831
.887
757
.716
.249
.736
.174
.071
.568
.481
.846
.002
.209
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.147
.199
.914
.918
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.008
.004
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.000
.009
.012
.019
.110
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.085
.092
.009
.008
.005
.007
.094
.000
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.004
.004
.002
.004
.019
.000
.123
.033
.066
.067
.011
.005
.006
.005
.008
.013
.000
.128
.023
.008
.010
.009
.004
.007
.010
.007
.000
.004
.007
.005
.002
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.026
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.004
.023
.009
.041
.006
.005
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.003
.009
.058
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.015
.004
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.006
.017
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.012
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CB
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HA
HB
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CB
CG2
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QG2
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CB
CG2
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145
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1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
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1284
1285
1286
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1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
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1303
1304
1305
1306
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1308
1309
1310
1311
1312
1313
1314
1315
1316
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1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
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914
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.427
.451
.240
905
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.426
.263
.046
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770
.292
.208
.742
830
759
.607
.441
.451
.995
.452
.357
.744
.010
761
.366
.407
.953
.634
.672
804
102
165
561
.509
140
915
937
.588
449
.410
.143
.408
.031
.162
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.109
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.005
.004
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.037
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.011
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.035
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.007
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1353
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1357
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1359
1360
1361
1362
1363
1364
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1366
1367
1368
1369
1370
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1372
1373
1374
1375
1376
1377
1378
1379
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1381
1382
1383
1384
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1390
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1393
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1400
1401
1402
1403
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1420
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.734
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.011
.681
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.555
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.834
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.886
.048
.874
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179.
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.207
26.
.291
.021
.851
.763
.189
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.112
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.009
.003
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.009
.012
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.093
.027
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.011
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1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
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1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
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1476
1477
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1479
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1481
1482
1483
1484
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1486
1487
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56.
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20.
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.188
.362
746
507
023
204
.769
.865
.448
980
203
351
188
.925
.869
.452
.298
525
. 445
.059
.117
.239
.818
.678
.848
.201
.398
.670
.094
761
727
.240
.509
773
.852
.938
.830
.745
033
672
380
197
.197
.886
.373
173
965
762
079
.974
010
356
.232
991
301
246
.106
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.648
.105
.181
.043
.812
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045
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.003
.004
.006
.004
.000
.060
.097
.004
.003
.003
.010
.000
.093
L1111
.002
.004
.007
.006
.000
.105
.064
.006
.009
.010
.002
.037
.000
.082
.061
.012
.012
.005
.009
.006
.004
.004
.003
.003
.004
.033
.000
.035
.038
.005
.004
.002
.026
.000
.004
.001
.006
.009
.000
.037
.060
.039
.083
.004
.008
.004
.005
.005
.001
.006
.008
.006
.000
.060
.051
.019
.027
.005
.004
.002
.005
.003
.015

HA
OB

CA
CB

HA
OB

CA
CB

HA
OB

CA
CB

HA
HB2
HB3

CA
CB
CD1
CGl
CG2

HA
HB
HG12
HG13
QD1
QG2

CA
CB

HA
OB

CA
CB

CA
CB
CD
CG

HA
HB2
HB3
HD2
HD3
HG2
HG3

CA
CB
CG1
CG2

HA
HB
QG1
QG2

169
169
169
169
170
170
170
170
170
170
170
171
171
171
171
171
171
171
172
172
172
172
172
172
172
172
173
173
173
173
173
173
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173
173
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174
174
174
174
175
175
175
175
175
176
176
176
176
176
176
176
176
176
176
176
176
176
176
177
177
177
177
177
177
177
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1717
177
177
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1500
1501
1502
1503
1504
1505
1506
1507
1508
1509
1510
1511
1512
1513
1514
1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525
1526
1527
1528
1529
1530
1531
1532
1533
1534
1535
1536
1537
1538
1539
1540
1541
1542
1543
1544
1545
1546
1547
1548
1549
1550
1551
1552
1553
1554
1555
1556
1557
1558
1559
1560
1561
1562
1563
1564
1565
1566
1567
1568
1569
1570
1571
1572
1573
1574
1575
1576

174.
L1111
.956
.614
.134
.909
.908
.502
.218
.624
.641
.501
.353
113.
177.

65.

33.
.420
120.

58.
.204
26.
.219
.248
.524
.535
.981
.431
.557
128.
.453
56.
34.
44,
.368
.952
116.
174.
776
.232
.595
.799
.585
.788
.872
.663
.706
.241
.659
.080
757
.265
.394
172.
.672
.517
.563
.778
.295
.680
.978
.034
.369
.345
.315
.417
.511
.575
128.
175.

58.

41.
132.
132.
.001
.752
.295

35

I N R )

172

127

839

033
308
359
044

308
138

124

378

369
045
308

903
415

793

899
942
675
500
588
614
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.000
.068
.104
.006
.004
.003
.002
.011
.000
.116
.003
.001
.007
.027
.000
.003
.006
.010
.046
.044
.037
.035
.019
.006
.008
.012
.006
.004
.004
.074
.000
.002
.004
.000
.004
.000
.028
.000
.004
.004
.014
.021
.004
.006
.013
.004
.007
.005
.000
.012
.009
.015
.045
.000
.087
.065
.029
.011
.008
.002
.003
.010
.000
.143
.042
.009
.004
.006
.012
.000
.006
.085
.031
.015
.005
.003
.002

CA
CB

HA
HB2
HB3

CA

HA2
HA3

CA
CB

CA
CB
CG

HA
HB2
HB3
HE2
HG2
HG3

CA
CB
CD

HD2

CA
CB
CcGcl
CG2

HA

HB
0G1
QG2

CA
CB

Z o

CA
CB
CG2

HA
HB
QG2

CA
CB

HA
OB

CA
CB
CD1
CD2

HA
HB2

178
178
178
178
178
178
178
178
179
179
179
179
179
179
180
180
180
180
180
181
181
181
181
181
181
181
181
181
181
181
182
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182
182
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183
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183
183
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1577
1578
1579
1580
1581
1582
1583
1584
1585
1586
1587
1588
1589
1590
1591
1592
1593
1594
1595
1596
1597
1598
1599
1600
1601
1602
1603
1604
1605
1606
1607
1608
1609
1610
1611
1612
1613
1614
1615
1616
1617
1618
1619
1620
1621
1622
1623
1624
1625
1626
1627
1628
1629
1630
1631
1632
1633
1634
1635
1636
1637
1638
1639
1640
1641
1642
1643
1644
1645
1646
1647
1648
1649
1650
1651
1652
1653

119.
172.

132.
132.

130
130

NN w o

123.
175.
61.
40.
14.
29.

18

O O b

123.
176.

NN WO
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=
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i
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110.
174.
46.

109.
177.

56
43
24
25

.346
.093
.089
217
658
.719
.311
.320
.827
.321
.199
.311
.642
.333
.927
.986
119
112
.296
.299
.584
.586
.023
.799
.137
.136
.316
.315
641
978
931
896
645
123
.294
.158
.072
.552
.371
.896
.797
.855
187
830
.262
.168
.924
.853
.756
.556
.395
.865
.864
.702
.713
.999
.999
.465
.475
. 625
.485
.216
.496
.987
.973
452
313
237
.408
.980
.979
018
4717
.150
.316
.361
.856
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.006
.001
.007
.006
.000
.068
.227
.000
.009
.006
.003
.003
.009
.000
.116
.102
.037
.043
.009
.001
.008
.008
.007
.008
.002
.001
.003
.005
.012
.000
.015
.007
.015
.016
.009
.005
.003
.002
.004
.002
.002
.002
.023
.000
.073
.047
.016
.018
.024
.008
.006
.009
.003
.006
.011
.006
.008
.007
.011
.015
.000
.064
.008
.012
.003
.002
.000
.066
.004
.003
.000
.019
.000
.076
.073
.017
.049

HB3
HD1
HD2

CA
CB
CG2

HA
HB
QG2

CA
CB
CD1
CD2
CE1l
CE2

HA
HB2
HB3
HD1
HD2
HE1
HE2

CA
CB
CD1
CcGcl
CG2

HA
HB
HG12
HG13
QD1
QG2

CA
CB
CD
CE
CG

HA
HB2
HB3
HD2
HD3
HE2
HE3
HG2
HG3

CA

HA2

HA3

CA

HA2

HA3

CA
CB
CD1
CD2

187
187
187
187
188
188
188
188
188
188
188
188
188
189
189
189
189
189
189
189
189
189
189
189
189
189
189
189
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190
190
190
190
190
190
190
190
190
190
190
190
190
190
191
191
191
191
191
191
191
191
191
191
191
191
191
191
191
191
191
192
192
192
192
192
192
193
193
193
193
193
193
194
194
194
194
194
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1654 8.191 .007
1655 4.305 .003
1656 1.581
1657 1.530
1658 0.830

1659 0.890

H 194
HA 194

.009 HB2 194
.009 HB3 194
.002 QD1 194
.002 QD2 194

0

0

0

0

0

0
1660 121.462 0.012 N 194
1661 176.233 0.000 C 195
1662 57.534 0.072 CA 195
1663 31.060 0.068 CB 195
1664 37.054 0.015 CG 195
1665 8.495 0.011 H 195
1666 4.178 0.003 HA 195
1667 1.889 0.006 HB2 195
1668 1.853 0.009 HB3 195
1669 2.199 0.006 HG2 195
1670 2.122 0.004 HG3 195
1671 121.232 0.007 N 195
1672 174.673 0.000 C 196
1673 56.648 0.099 CA 196
1674 30.775 0.158 CB 196
1675 8.345 0.003 H 196
1676 4.617 0.006 HA 196
1677 3.024 0.008 HB2 196
1678 3.120 0.005 HB3 196
1679 119.704 0.019 N 196
1680 8.423 0.006 H 197
1681 120.143 0.011 N 197

Appendix Ill NOESY assignments used for YraP structure determination

128 ILE HA 131LYS HE2 4.32
131LYS HG2 131LYS HE2 3.87
190 ILE QG2 192 GLY HA3 3.28
45VAL HB 49THR QG2 4.10
62 GLU HG2 66LYS HE2 3.79
62 GLU HG3 66LYS HE2 3.38
62 GLU HG3 66LYS HD3 3.31
47 ASP HB2 74 ALA QB 4.47
89 GLU HG3 90LEU QD2 3.43
90 LEU HA 93 ARG HD3 3.98
99 MET HA 99 MET HG3 3.71
99 MET HA 99 MET HG2 3.71
98 ALA QB 99 MET HG2 4.65
99 MET H 99 MET HG2 4.09
53 ARG HG2 102 ASP HB3 3.87
53 ARG HG2 102 ASP HB2 3.90
77 GLY HA3 105 ASN HB2 5.50
77 GLY HA3 105 ASN HB3 5.50
62 GLU HG3 66LYS HG2 4.12
37ASP HA 38PRO HA 4.55
92 ALA QB 96 GLN HG3 4.27
96 GLN HG3 97ILEH  3.66
96GLN H 96 GLN HG3 3.42
93ARG H 96GLN HG3 4.51
94 ALA H 96GLN HG3 4.85
131LYS HD2 135GLN HG3 5.50
135GLN HG3 138 THR QG2 5.08
134 SER HB3 135GLN HG3 4.09
135GLN HA 135GLN HG3 3.56
141 LEU HB3 141LEU QD1 3.34
129 THR QG2 149VAL HB 4.14
151 THR QG2 156 VAL HB  4.33

#peak 18 #SUP 0.97 #QF 0.97
#peak 21 #SUP 0.99 #QF 0.99
#peak 23 #SUP 0.30 #QF 0.30
#peak 25#SUP 0.44 #QF 0.44
#peak 38 #SUP 0.97 #QF 0.97
#peak 39 #SUP 0.98 #QF 0.98
#peak 43 #SUP 0.91 #QF 0.91
#peak 53 #SUP 0.88 #QF 0.88
#tpeak 54 #SUP 0.78 #QF 0.28
#peak 60 #SUP 0.82 #QF 0.24
#peak 61 #SUP 0.84 #QF 0.84
#peak 62 #SUP 1.00
#peak 75#SUP 0.66 #QF 0.66
#peak 77 #SUP 0.99 #QF 0.99
#peak 78 #SUP 0.93 #QF 0.93
#peak 80 #SUP 0.94 #QF 0.94
#peak 83 #SUP 0.92 #QF 0.88
#peak 83 #SUP 0.92 #QF 0.88
#peak 85 #SUP 0.94 #QF 0.94

#peak 86 #SUP 0.72 #QF 0.72
#peak 101 #SUP 0.80 #QF 0.80

#peak 103 #SUP 0.98 #QF 0.98

#peak 104 #SUP 0.99 #QF 0.99
#peak 105 #SUP 1.00 #QF 0.86

#peak 105 #SUP 1.00 #QF 0.86

#peak 126 #SUP 0.80 #QF 0.36
#peak 127 #SUP 0.85 #QF 0.85
#peak 130 #SUP 0.77 #QF 0.77
#peak 131 #SUP 0.99 #QF 0.99
#peak 133 #SUP 0.98 #QF 0.98
#peak 145 #SUP 0.84 #QF 0.84
#peak 148 #SUP 0.89 #QF 0.89
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75TYR HE1 161LEU QD1 4.64
87 ASN HB2 90LEU QD1 4.25
163 THR HA 190ILE HB  3.50
163 THR HB 190ILE HB  3.96
190 ILE HA 190 ILE HG12 3.38
195GLU HA 196 HIS HA  4.57
195 GLU HA 195GLU HG3 3.84
20ILE QG2 22ALA QB 3.32
20ILE HA  20ILE QG2 3.13
20ILE HB 20ILE QD1 3.28
20ILE HA  20ILE QD1 3.85

36 THR HA 37 ASP HA  4.46
52VAL H 52VAL QG1 3.98
52 VAL QG1 53ARG H 3.73
46 ASP HB3 49THR QG2 4.38
130 THR HA 133ARG H 3.86
130 THR HA 132 VAL QG2 4.70
126 THR HA 129THR H  4.00
126 THR HA 129THR QG2 3.65
61 ASP HB2 64ILE QD1 3.21
67 GLU HA 67 GLU HG2 3.90
68 ALA QB 90 LEU HB2 3.44
64 ILE HB 68 ALA QB 4.67
67 GLU HB2 68 ALA QB 5.07
64 ILE HA 68 ALA QB 3.20
68ALA QB 69ARG H 351
68 ALA QB 85SER H 5.3
68ALA H 68ALA QB 3.55
70ILE HA 70ILE QG2 3.22
70ILE QG2 71 ASN HA 4.28
156 VAL QG2 157PHE H  4.26
73THR QG2 74 ALA HA 432
73THR QG2 80LEU H  3.98
73THR QG2 75TYR H 475
73THR H 73THR QG2 3.94
148 LYS HG2 149VAL H 5.50
148 LYS HG3 149VAL H  5.50
75TYR HD2 79VAL HA 5.03
87 ASN HB3 89 GLU HG2 4.11
95LYS HA 98ALA QB 3.79
174 ALA HA 177 VAL HB  4.70
98 ALA QB 99MET H 3.38
58LEU H 98ALA QB 4.41
101 VAL HA 102 ASP HB3 4.64
102 ASP HB3 104 ALA QB 4.46
53 ARG HG3 102 ASP HB2 4.46
50LEU HG 104ALA QB 4.84
99 MET HA 104 ALA QB  3.80
104 ALA QB 106 GLU HA 5.14
104 ALA QB 105ASN HA 4.48
162 VAL QG2 163THR QG2 4.71
37 ASP HA 38 PRO HB3 4.89
135GLN HG2 138 THR QG2 4.08
59 SER HA 65LYS HG2 3.41
147 VAL HA 147 VAL QG2 3.33
147 VAL HA 147 VAL QG1 3.33
147 VAL HA 160 GLY HA2 4.34
147 VAL HA 160 GLY HA3 3.87
147 VAL QG2 148LYS H 431
156 VAL H 156 VAL QG1 3.96
117 ILE HB 153 ASN HA  4.55
117ILE QD1 153 ASN HA  4.67
128 ILE HB 151 THR HB  5.02
162 VAL HB 166 GLU HA  5.50
169 ALA QB 172 ASP HB2 4.17
183 VAL QG2 184THR H  4.27
189 PHE HA 189 PHE HD1 3.98
162 VAL QG2 189 PHE HA  4.08
163 THR HA 190ILE QG2 3.41
163 THR HB 190ILE QG2 3.90
190 ILE QG2 191LYS HA 4.24

#peak 150 #SUP 0.88 #QF 0.88
#peak 173 #SUP 0.75 #QF 0.75
#peak 183 #SUP 1.00 #QF 0.42
#peak 184 #SUP 0.99 #QF 0.99
#peak 188 #SUP 0.92 #QF 0.92
#peak 195 #SUP 0.85 #QF 0.85
#peak 197 #SUP 0.96 #QF 0.96
#peak 211 #SUP 0.22 #QF 0.22
#peak 213 #SUP 0.99 #QF 0.99
#peak 217 #SUP 0.96 #QF 0.96
#peak 218 #SUP 0.97 #QF 0.97
#peak 228 #SUP 0.95 #QF 0.95
#peak 244 #SUP 0.94 #QF 0.94
#peak 245 #SUP 0.99 #QF 0.99
#peak 262 #SUP 0.96 #QF 0.96
#peak 267 #SUP 0.90 #QF 0.90
#peak 273 #SUP 0.72 #QF 0.72
#peak 287 #SUP 0.94 #QF 0.94
#peak 289 #SUP 0.91 #QF 0.91
#peak 292 #SUP 0.93 #QF 0.93
#peak 294 #SUP 0.98 #QF 0.98
#peak 300 #SUP 0.71 #QF 0.71
#peak 301 #SUP 0.99 #QF 0.97
#peak 301 #SUP 0.99 #QF 0.97
#peak 303 #SUP 0.95 #QF 0.95
#peak 306 #SUP 0.94 #QF 0.94
#peak 307 #SUP 0.90 #QF 0.90
#peak 308 #SUP 0.85 #QF 0.85
#peak 309 #SUP 1.00
#peak 310 #SUP 0.98 #QF 0.98
#peak 314 #SUP 0.92 #QF 0.92
#peak 334 #SUP 0.97 #QF 0.97
#peak 337 #SUP 0.92 #QF 0.92
#peak 338 #SUP 0.90 #QF 0.90
#peak 339 #SUP 0.99 #QF 0.99
#peak 340 #SUP 0.93 #QF 0.44
#peak 340#SUP 0.93 #QF 0.44
#peak 345 #SUP 0.46 #QF 0.46
#peak 356 #SUP 0.99 #QF 0.97
#peak 360 #SUP 0.95 #QF 0.57
#peak 363 #SUP 0.90 #QF 0.56
#peak 367 #SUP 0.97 #QF 0.44
#peak 368 #SUP 0.29 #QF 0.29
#peak 370 #SUP 0.91 #QF 0.91
#peak 373 #SUP 0.80 #QF 0.80
#peak 374 #SUP 0.82 #QF 0.82
#peak 381 #SUP 0.68 #QF 0.68
#peak 383 #SUP 0.99 #QF 0.99
#peak 384 #SUP 0.52 #QF 0.52
#peak 385#SUP 0.84 #QF 0.84
#peak 411 #SUP 0.95 #QF 0.95
#peak 423 #SUP 0.97 #QF 0.97

#peak 442 #SUP 0.79 #QF 0.79

#peak 448 #SUP 0.43 #QF 0.43
#peak 458 #SUP 0.97 #QF 0.97
#peak 459 #SUP 0.98 #QF 0.98
#peak 461 #SUP 0.97 #QF 0.97
#peak 462 #SUP 0.93 #QF 0.93

#peak 471 #SUP 0.80 #QF 0.80
#peak 486 #SUP 0.77 #QF 0.77

#peak 490 #SUP 0.56 #QF 0.30
#peak 491 #SUP 0.98 #QF 0.94

#peak 493 #SUP 0.92 #QF 0.68
#peak 493 #SUP 0.92 #QF 0.68
#peak 507 #SUP 0.96 #QF 0.96
#peak 512 #SUP 0.72 #QF 0.72
#peak 527 #SUP 0.84 #QF 0.84
#peak 529 #SUP 0.89 #QF 0.89
#peak 531 #SUP 0.98 #QF 0.98
#peak 532 #SUP 0.99 #QF 0.99

#peak 534 #SUP 0.67 #QF 0.67
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161LEU HA 190ILE QD1 4.76
163THR HB 190ILE QD1 4.44
162 VAL QG1 190ILE QD1 4.36
162 VAL QG2 190ILE QD1 4.96
52 VAL HA  55ASN HB2 4.08
128 ILE H 128ILE QD1 3.16
117ILE QD1 121 GLU HG2 4.26
78 LYS HD2 79VAL H  4.85
61 ASP HB3 64ILE HB  3.99
61ASP HA 64ILE HB 4.39

96 GLN HA 96 GLN HG3 3.86
162 VAL HA 162 VAL QG2 3.59
81LEU H 81LEU QD2 4.42
125ASP HA 129THR H  4.59
81LEU H 81LEU QD1 4.42
81LEU QD1 82VAL H 5.09
52VAL H 52VAL QG2 3.37
90LEU H 90LEU QD1 4.63
129THR QG2 132VAL H 5.01
129THR QG2 130THR H  4.41
129 THR QG2 149 VAL HA  5.02
78 LYS HA 78 LYS HD3 4.00
162 VAL QG1 167ALA H 4.82
162 VAL QG1 166 GLU HB3 4.23
149 VAL HA 149VAL QG1 3.24
159 MET HA 187 PHE HA 3.94
82 VAL HA 82VAL QG1 3.75
81LEU HA 82VAL QG1 4.43
82 VAL QG1 109 ASN HA 4.87
82VAL QG1 83GLY H 4.24
82 VAL QG1 150THR QG2 3.56
82VALH 82VAL QG2 3.39
82VAL QG2 83GLY H 4.25
81LEU HA 82VAL QG2 3.75
82VAL HA 82VAL QG2 3.84
71 ASN HB2 82VAL QG2 3.43
71 ASN HB3 82VAL QG2 3.43
1111ILE H 111ILE QG2 3.88
69 ARG H 111ILE QG2 4.52
85SER H 111ILE QG2 3.35
70ILE HA 111ILE QG2 4.40
82 VAL QG2 83 GLY HA3 4.87
82 VAL HA 111ILE QG2 4.62
111ILE HA 111ILE QG2 3.12
162 VAL QG2 189 PHE HD1 4.22
162 VAL QG2 187 PHE HA  4.90
109 ASN HA 111ILE QD1 4.27
1111I1LE H 111ILE QD1 3.96
85SER H 111ILE QD1 5.02
1111I1LE QD1 112ARG H  5.37
82VAL H 111ILE QD1 5.50
111ILE HA 111ILE QD1 3.87
1111ILE HB 111ILE QD1 3.36
77 GLY HA2 105 ASN HB3 5.50
53 ARG HB2 53 ARG HD3 3.88
53 ARG HB3 53 ARG HD3 3.88
49THR HA 53 ARG HD3 4.54
78 LYS HE3 108 TYR HE1 4.03
148 LYS HE2 149VAL H  5.50
148 LYS HE3 149VAL H  5.50
75TYR HE2 78LYS HE2 4.89
63 GLN HA 66 LYS HE2 3.46
63 GLN HA 66 LYS HE3 3.67
127 TRP HZ2 131LYS HE3 4.50
127 TRP HD1 131LYS HE3 5.50
128 ILE HA 131LYS HE3 4.32
131LYS HG2 131LYS HE3 3.87
127 TRP HZ2 131LYS HE2 4.50
127 TRP HD1 131LYS HE2 5.50
47 ASP HB2 48 GLY HA2 4.23
125 ASP HB3 151 THR QG2 4.26

#peak 541 #SUP 1.00
#peak 543 #SUP 0.98 #QF 0.98
#peak 547 #SUP 0.93 #QF 0.93
#peak 548 #SUP 0.98 #QF 0.98
#peak 568 #SUP 0.99 #QF 0.99
#peak 593 #SUP 0.91 #QF 0.91
#peak 595 #SUP 0.95 #QF 0.95
#tpeak 597 #SUP 0.81 #QF 0.81
#peak 606 #SUP 0.99 #QF 0.99
#peak 608 #SUP 0.98 #QF 0.98
#peak 612 #SUP 0.94 #QF 0.94
#peak 620 #SUP 0.97 #QF 0.97
#peak 650 #SUP 0.92 #QF 0.92
#peak 657 #SUP 0.86 #QF 0.78
#peak 664 #SUP 0.86 #QF 0.86
#peak 665 #SUP 0.98 #QF 0.98
#peak 691 #SUP 0.95 #QF 0.95
#peak 693 #SUP 0.98 #QF 0.98
#peak 707 #SUP 0.96 #QF 0.96
#peak 708 #SUP 0.97 #QF 0.97
#peak 710 #SUP 0.99 #QF 0.99
#peak 717 #SUP 0.96 #QF 0.96
#peak 719 #SUP 0.99 #QF 0.99
#peak 725 #SUP 0.75 #QF 0.75
#peak 742 #SUP 1.00
#peak 751 #SUP 0.70 #QF 0.70
#peak 754 #SUP 1.00
#peak 763 #SUP 0.95 #QF 0.91
#peak 763 #SUP 0.95 #QF 0.91
#peak 766 #SUP 1.00
#peak 767 #SUP 0.59 #QF 0.59
#peak 784 #SUP 0.97 #QF 0.97
#peak 785 #SUP 1.00
#peak 789 #SUP 0.76 #QF 0.76
#peak 792 #SUP 1.00
#peak 793 #SUP 0.99 #QF 0.99
#peak 794 #SUP 0.95 #QF 0.95
#peak 799 #SUP 0.83 #QF 0.83
#tpeak 800 #SUP 0.95 #QF 0.95
#peak 801 #SUP 0.96 #QF 0.81
#peak 802 #SUP 0.36 #QF 0.36
#peak 805 #SUP 0.97 #QF 0.97
#peak 806 #SUP 0.99 #QF 0.99
#peak 808 #SUP 0.74 #QF 0.74
#peak 816 #SUP 0.90 #QF 0.90
#peak 820 #SUP 0.97 #QF 0.97
#peak 866 #SUP 0.73 #QF 0.73
#peak 867 #SUP 0.87 #QF 0.87
#peak 868 #SUP 0.99 #QF 0.71
#peak 868 #SUP 0.99 #QF 0.71
#peak 870 #SUP 0.94 #QF 0.94
#peak 873 #SUP 0.98 #QF 0.98
#peak 874 #SUP 1.00
#peak 899 #SUP 0.96 #QF 0.72
#peak 908 #SUP 1.00
#peak 909 #SUP 1.00
#peak 917 #SUP 0.97 #QF 0.97
#peak 938 #SUP 0.83 #QF 0.83
#peak 939 #SUP 0.71 #QF 0.32
#peak 939 #SUP 0.71 #QF 0.32
#peak 941 #SUP 0.96 #QF 0.96
#peak 943 #SUP 0.82 #QF 0.57
#peak 943 #SUP 0.82 #QF 0.57
#peak 945 #SUP 0.99 #QF 0.99
#peak 946 #SUP 0.97 #QF 0.97
#peak 948 #SUP 0.98 #QF 0.98
#peak 949 #SUP 1.00
#peak 951 #SUP 0.98 #QF 0.98
#peak 952 #SUP 0.90 #QF 0.90
#peak 957 #SUP 0.78 #QF 0.78
#peak 977 #SUP 0.99 #QF 0.99
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146 ASN HB3 147 VAL HB  4.86
146 ASN HB3 162 VAL QG1 4.32
146 ASN HB3 147 VAL QG1 5.50
1731ILE H 173ILE HB 3.87
125ASP HA 128ILE HB 4.07
128 ILE HB 151 THR QG2 3.96
128 ILE HB 128ILE QD1 3.46
67 GLU HG2 90LEU QD2 5.28
125 ASP HB2 151THR HB 4.31
125 ASP HB3 151 THR HB 4.31
151 THR HB 152GLU H  4.56
78 LYS HA 106 GLU HG2 5.09
130THR HB 131LYSH 3.93
126 THR HB 127 TRP HB3 4.89
125ASP HA 151 THR HB 3.78
129THR H 129THR HB 3.51
148 LYS HB3 148 LYS HD2 4.22
129 THR HA 129THR QG2 3.50
135GLN HG2 136LEU H 550
96 GLN HG3 98ALA H 4.95
95LYS H 96GLN HG3 4.52
49 THR HA 52VAL HB 3.30
49THR HA 52VAL QG1 4.02
173 ILE HA 174 ALA HA 4.94
173 ILE HA 173 ILE QG2 3.20
131LYS H 131LYS HB3 4.15
131LYS HB2 132VALH 438
162 VAL QG1 166 GLU HB2 4.23
162 VAL QG2 166 GLU HB2 4.71
83GLY H 111ILE HA 4.71
151 THR HA 157PHE H  4.47
151 THR HA 156 VAL HA  4.27
127 TRP HZ2 131LYS HD2 4.30
127 TRP HZ2 131LYS HD3 4.20
96GLN H 96 GLN HB2 3.87
96GLN H 96 GLN HB3 4.18
67 GLU HG3 68ALA QB 3.92
167ALA H 167ALA QB 3.13
150 THR H 150THR QG2 3.10
122 ALA QB 123 SER HA  3.96
129THR H 130THR QG2 4.53
130THR H 130THR QG2 3.79
53ARG H 53 ARG HG3 4.17
151 THR QG2 157PHE H  5.27
151 THR QG2 152GLU H  3.37
151 THR HA 151THR QG2 3.49
125 ASP HB2 151 THR QG2 4.26
46 ASP HB2 49THR HB  3.95
46 ASP HB3 49THR HB  3.95
172 ASP HB3 173ILE QD1 3.72
172 ASP HB2 173ILE QD1 3.68
47 ASP HB3 74 ALA QB 3.60
172 ASP HB2 173 ILE HG12 4.27
172 ASP HB3 173 ILE HG12 4.39
172 ASP HB2 173ILEH  3.50
172 ASP HB3 173ILE H  3.45
172 ASP H 172 ASP HB3 3.91
51GLU HA 51GLU HG2 3.98
51GLU HA 54VAL QG1 4.49
51GLU HA 55ASN H 4.73
51GLU HA 54VALH 4.60
51 GLU HG2 74ALA QB 3.81
55ASN HB3 56SER HA 4.29
52 VAL HA  55ASN HB3 3.48
55ASN HB3 58LEU H 5.50
55ASN H 55ASN HB2 3.53
55ASN H 55ASN HB3 3.47
52 VAL QG2 55ASN HB2 5.41
52 VAL QG2 55ASN HB3 5.20
56 SER HB2 57ALA H 3.93
91 SER HB2 111ILE QD1 3.27

#peak 984 #SUP 0.81 #QF 0.81
#peak 985 #SUP 0.90 #QF 0.90
#peak 986 #SUP 0.97 #QF 0.97

#peak 988 #SUP 0.40 #QF 0.40

#peak 1012 #SUP 0.33 #QF 0.33
#peak 1014 #SUP 0.73 #QF 0.73
#peak 1015 #SUP 0.63 #QF 0.63
#peak 1016 #SUP 0.84 #QF 0.84
#peak 1033 #SUP 0.97 #QF 0.97
#peak 1034 #SUP 0.95 #QF 0.95
#peak 1036 #SUP 0.96 #QF 0.96
#peak 1038 #SUP 1.00 #QF 0.76
#peak 1044 #SUP 0.97 #QF 0.97
#peak 1046 #SUP 0.51 #QF 0.51
#peak 1050 #SUP 0.84 #QF 0.84
#peak 1051 #SUP 0.82 #QF 0.82
#peak 1055 #SUP 1.00
#peak 1071 #SUP 0.99 #QF 0.99
#peak 1074 #SUP 0.98 #QF 0.96
#peak 1075 #SUP 0.98 #QF 0.98
#peak 1081 #SUP 0.72 #QF 0.72
#peak 1083 #SUP 0.96 #QF 0.96
#peak 1085 #SUP 0.87 #QF 0.87
#peak 1090 #SUP 0.72 #QF 0.72
#peak 1098 #SUP 0.99 #QF 0.99
#peak 1104 #SUP 0.93 #QF 0.93
#peak 1112 #SUP 1.00
#peak 1123 #SUP 1.00

#peak 1124 #SUP 0.87 #QF 0.87
#peak 1128 #SUP 0.91 #QF 0.91

#peak 1144 #SUP 0.93 #QF 0.93
#peak 1146 #SUP 0.99 #QF 0.99
#peak 1160 #SUP 0.93 #QF 0.93
#peak 1161 #SUP 0.94 #QF 0.94
#peak 1165 #SUP 1.00 #QF 0.98
#peak 1165 #SUP 1.00 #QF 0.98
#peak 1196 #SUP 0.38 #QF 0.38
#peak 1202 #SUP 0.99 #QF 0.99
#peak 1208 #SUP 0.91 #QF 0.91
#peak 1224 #SUP 0.72 #QF 0.72
#peak 1225 #SUP 0.28 #QF 0.28
#peak 1227 #SUP 0.94 #QF 0.94
#peak 1280 #SUP 0.97 #QF 0.97
#peak 1295 #SUP 0.89 #QF 0.89
#peak 1296 #SUP 0.73 #QF 0.73
#peak 1299 #SUP 0.99 #QF 0.99
#peak 1302 #SUP 0.98 #QF 0.98
#peak 1307 #SUP 0.99 #QF 0.99
#peak 1312 #SUP 0.96 #QF 0.96
#peak 1314 #SUP 0.96 #QF 0.96
#peak 1315 #SUP 0.96 #QF 0.96
#peak 1316 #SUP 0.46 #QF 0.46
#peak 1317 #SUP 0.98 #QF 0.98
#peak 1318 #SUP 0.90 #QF 0.90
#peak 1325 #SUP 0.97 #QF 0.97
#peak 1326 #SUP 0.97 #QF 0.97
#peak 1327 #SUP 0.99 #QF 0.99
#peak 1328 #SUP 1.00
#peak 1332 #SUP 0.96 #QF 0.96
#peak 1336 #SUP 0.91 #QF 0.91
#peak 1337 #SUP 0.86 #QF 0.86
#peak 1343 #SUP 0.99 #QF 0.99
#peak 1355 #SUP 0.95 #QF 0.95
#peak 1357 #SUP 0.99 #QF 0.99
#peak 1362 #SUP 0.93 #QF 0.93
#peak 1363 #SUP 0.97 #QF 0.97
#peak 1364 #SUP 0.97 #QF 0.97
#peak 1365 #SUP 0.99 #QF 0.99
#peak 1372 #SUP 1.00
#peak 1374 #SUP 0.93 #QF 0.93
#peak 1377 #SUP 0.35 #QF 0.35
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57 ALA HA 60LYS HE2 5.46
57 ALA HA 60LYS HE3 5.46
57 ALA HA 60LYS HB2 4.04
57 ALA HA 60LYS HB3 4.04
58 LEU HB2 58LEU QD1 4.04
58 LEU HB2 58LEU QD2 4.04
58 LEU HB3 58 LEU QD2 4.04
58 LEU HB3 58 LEU QD1 4.04
58LEU H 58LEU HG 4.83
161 LEU QD2 162 VAL HA 5.14
20ILE HA 21 ALA HA 459
20ILE HA  20ILE HG13 3.71
57ALA QB 60LYS HB2 4.34
61 ASP HA 64 ILE QD1 4.19
62 GLU HA 62 GLU HG3 3.99
62 GLU HB2 65LYS HG3 4.31
61 ASP HA 62 GLU HB3 4.85
63 GLN HG3 64ILE HA 4.86
131LYS HA 135GLN HG3 4.11
63 GLN HB2 90LEU QD1 3.27
61 ASP HB3 64ILE QD1 3.39
64 ILE HA 64 ILE QD1 3.86
64 ILE QD1 94 ALA HA 3.48
64 ILE QD1 94ALA H 3.68
64ILE H 64ILE QD1 4.86
163THR H 190ILE Qb1 5.16
190ILE QD1 191LYS H 4.74
62 GLU HA 65LYS HG3 3.16
65LYS HE2 66LYS HA  5.50
65LYS HE3 66LYS HA 5.50
66 LYS HA 66LYS HG2 3.87
66 LYS HG2 67 GLU HG2 3.54
66 LYS HG2 67 GLU HG3 3.71
62 GLU HA 65LYS HD3 3.30
64ILE H 66LYS HD3 5.50
66 LYS HA 67 GLU HG2 5.14
63 GLN HA 67 GLU HG2 3.73
66 LYS HD3 67 GLU HG2 4.43
66 LYS HD2 67 GLU HG2 4.71
67 GLU HA 68 ALA HA 4.92
68 ALA HA 86 PRO HD2 4.62
68 ALA HA 86 PRO HD3 4.62
67 GLU HB2 68 ALA HA  5.06
68 ALA HA 90 LEU HB2 5.50
68 ALA HA 90 LEU QD1 4.42
168 LYS HB3 170ALA H 5.50
57ALA QB 60LYS HB3 4.34
70ILE HA 83 GLY HA3 4.8
70ILE HB 70ILE QD1 3.32
70ILE QG2 83 GLY HA3 4.86
70ILE QD1 90LEU HB2 4.50
64ILE HB 70ILE QD1 4.19
64 ILE HA 70ILE QD1 3.81
70ILE QD1 91SER HA 3.57
70ILE QD1 94 ALA HA 5.15
65LYS HA 70ILE QD1 4.76
68 ALA HA 70ILE QD1 4.23
70ILE QD1 71ASN HA 5.50
70ILE QD1 83 GLY HA3 5.07
70ILE QD1 95LYSH 549
70ILE QD1 94ALA H 4.96
70ILE H 70ILE QD1 4.68
70ILE QD1 71ASN H 5.13
71ASN HB3 82VALH 501
51GLU HA 72VAL HB 5.14
72VAL HB 73THR H  4.42
133 ARG H 149VAL HB 5.50
72VAL HA  73THR HA 4.63
51GLU HG2 73THR HA 431
51GLU HG3 73THR HA 431
72VAL HA 73THR HB 4.84

#peak 1383 #SUP 0.92 #QF 0.85
#peak 1383 #SUP 0.92 #QF 0.85
#peak 1384 #SUP 0.97 #QF 0.97
#peak 1385 #SUP 0.67 #QF 0.67
#peak 1392 #SUP 1.00
#peak 1393 #SUP 1.00 #QF 0.99
#peak 1397 #SUP 0.99 #QF 0.97
#peak 1398 #SUP 0.62 #QF 0.62
#peak 1406 #SUP 0.99 #QF 0.99
#peak 1409 #SUP 0.97 #QF 0.97
#peak 1418 #SUP 0.69 #QF 0.69
#peak 1420 #SUP 0.98 #QF 0.98
#peak 1436 #SUP 0.85 #QF 0.85
#peak 1457 #SUP 0.72 #QF 0.72
#peak 1463 #SUP 0.89 #QF 0.89
#peak 1468 #SUP 0.81 #QF 0.81
#peak 1471 #SUP 0.84 #QF 0.84
#peak 1472 #SUP 0.92 #QF 0.92
#peak 1473 #SUP 0.75 #QF 0.75
#peak 1485 #SUP 0.84 #QF 0.84
#peak 1495 #SUP 0.97 #QF 0.95
#peak 1496 #SUP 0.96 #QF 0.96
#peak 1497 #SUP 0.81 #QF 0.81
#peak 1500 #SUP 0.87 #QF 0.87
#peak 1501 #SUP 1.00 #QF 0.95
#peak 1501 #SUP 1.00 #QF 0.95
#peak 1502 #SUP 0.33 #QF 0.33
#peak 1505 #SUP 0.98 #QF 0.60
#peak 1508 #SUP 0.83 #QF 0.43
#peak 1508 #SUP 0.83 #QF 0.43
#peak 1532 #SUP 1.00
#peak 1534 #SUP 0.99 #QF 0.99
#peak 1535 #SUP 0.99 #QF 0.99
#peak 1538 #SUP 0.83 #QF 0.83
#peak 1542 #SUP 0.45 #QF 0.45
#peak 1546 #SUP 0.98 #QF 0.98
#peak 1547 #SUP 0.37 #QF 0.37
#peak 1550 #SUP 0.97 #QF 0.84
#peak 1550 #SUP 0.97 #QF 0.84
#peak 1555 #SUP 0.65 #QF 0.65
#peak 1556 #SUP 0.98 #QF 0.88
#peak 1556 #SUP 0.98 #QF 0.88
#peak 1560 #SUP 0.86 #QF 0.86
#peak 1561 #SUP 0.82 #QF 0.75
#peak 1564 #SUP 0.68 #QF 0.68
#peak 1572 #SUP 0.78 #QF 0.78
#peak 1578 #SUP 0.71 #QF 0.47
#peak 1594 #SUP 0.88 #QF 0.88
#peak 1596 #SUP 1.00
#peak 1611 #SUP 0.92 #QF 0.92
#peak 1620 #SUP 0.72 #QF 0.72
#peak 1621 #SUP 0.63 #QF 0.63
#peak 1622 #SUP 0.97 #QF 0.97
#peak 1623 #SUP 0.91 #QF 0.91
#peak 1624 #SUP 0.76 #QF 0.76
#peak 1625 #SUP 0.43 #QF 0.43
#peak 1627 #SUP 0.66 #QF 0.66
#peak 1628 #SUP 0.64 #QF 0.64
#peak 1629 #SUP 0.88 #QF 0.88
#peak 1631 #SUP 0.96 #QF 0.96
#peak 1633 #SUP 0.94 #QF 0.94
#peak 1634 #SUP 0.91 #QF 0.91
#peak 1637 #SUP 0.99 #QF 0.99
#peak 1648 #SUP 0.95 #QF 0.95
#peak 1660 #SUP 0.87 #QF 0.87
#peak 1662 #SUP 0.96 #QF 0.96
#peak 1663 #SUP 0.44 #QF 0.25
#peak 1666 #SUP 0.69 #QF 0.69
#peak 1668 #SUP 0.99 #QF 0.99
#peak 1669 #SUP 0.98 #QF 0.98
#peak 1674 #SUP 0.74 #QF 0.54
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73THR HB 81LEU HA 5.10
73THR H 73THR HB 3.70
73THR HB 80LEU H 4.14
73THR HB 80LEU HB3 3.43
73THR QG2 75TYR HE2 5.50
73THR QG2 75TYR HB3 4.41
74 ALA HA  79VAL HA 3.96
74ALA HA 79VAL QG1 4.46
74 ALA HA 79VAL QG2 4.46
74ALA HA 80LEU H 432
73THR HA 74ALA QB 4.16
51GLU HA 74ALA QB 3.74
51GLU HG3 74ALA QB 3.81
74ALA QB 78LYSH 5.50
74ALA QB 75TYR H  3.36
74ALA QB 80LEU H 4.68
75TYR HE1 76 GLN HB2 5.05
75TYR HE1 76 GLN HG2 4.07
75TYR HE1 76 GLN HG3 4.07
78LYS HA  79VAL HA  4.87
79 VAL HA 80LEU HA 5.22
72VAL QG1 73THR H 4.16
51GLU HA 54VAL QG2 4.49
66 LYS HG3 67 GLU HG2 3.48
86 PRO HA 87 ASN HA  4.58
87 ASN HA 88 ALA QB 4.02
171 ALA QB 173ILEH  5.48
170 ALA QB 174ALA H 5.50
171ALA QB 174ALAH  5.50
87 ASN HB2 88ALA QB 5.18
171 ALA QB 172 ASP HB2 4.43
87 ASN HB2 89 GLU HB2 5.12
87 ASN HB2 89 GLU HG2 4.37
87 ASN HB2 89 GLU HG3 4.75
87 ASN HA 89 GLU HG2 5.04
89 GLU HG3 93 ARG H 5.50
90 LEU HA 90LEU HG 3.56
64ILE H 90LEU QD1 4.75
91SER HA 94ALA H 428
64 ILE HA 91SER HA 5.50
90 LEU HB2 91SER HA 4.08
91SER HA 92ALA QB 5.11
91SER HA 94 ALA QB 351
70 ILE HG12 91SER HA 3.32
91SER HA 111ILE QG2 4.23
91SER HB2 94ALA H 550
170 ALA HA 173 ILE HG12 4.07
88ALA QB 91SER H 4.83
94 ALA HA 97ILEH  4.69
57ALAH 57ALA QB 3.20
94ALA H 94ALA QB 3.16
57ALA QB 98ALA H 4.02
57ALA QB 58LEU H 3.25
57ALA QB 97ILEH 5.50
94ALA QB 97ILEH  5.50
162 VAL QG2 166 GLU HB3 4.71
90 LEU HA 93 ARG HD2 3.98
93 ARG HD2 94ALAH 550
64 ILE QD1 93 ARG HD2 4.06
98 ALA QB 99 MET HG3 4.65
95LYSH 98ALA QB 5.26
28 ALA QB 29ALA H  5.28
99 MET HG2 104 ALA QB 4.63
99 MET HG3 104 ALA QB 4.63
54 VAL HB 98 ALA QB 3.56
54VAL H 54VAL QG1 3.92
91 SER HB3 111ILE HB 4.64
91 SER HB3 111ILE QG2 3.47
91 SER HB3 111ILEH  5.50
101 VAL HA 102 ASP HB2 5.03
45VAL HB 103 GLY HA2 5.18

#peak 1674 #SUP 0.74 #QF 0.54
#peak 1675 #SUP 0.95 #QF 0.95
#peak 1676 #SUP 0.96 #QF 0.96
#peak 1677 #SUP 0.84 #QF 0.84
#peak 1683 #SUP 0.69 #QF 0.69
#peak 1685 #SUP 0.63 #QF 0.63
#peak 1689 #SUP 0.94 #QF 0.94
#peak 1693 #SUP 0.94 #QF 0.43
#peak 1693 #SUP 0.94 #QF 0.43
#peak 1696 #SUP 0.92 #QF 0.92
#peak 1698 #SUP 0.69 #QF 0.69
#peak 1700 #SUP 0.86 #QF 0.86
#peak 1703 #SUP 0.97 #QF 0.97
#peak 1706 #SUP 0.58 #QF 0.58
#peak 1707 #SUP 0.90 #QF 0.90
#peak 1708 #SUP 0.82 #QF 0.82
#peak 1718 #SUP 0.94 #QF 0.94
#peak 1724 #SUP 0.87 #QF 0.87
#peak 1735 #SUP 0.82 #QF 0.82
#peak 1745 #SUP 0.72 #QF 0.49
#peak 1745 #SUP 0.72 #QF 0.49
#peak 1752 #SUP 0.81 #QF 0.81
#peak 1755 #SUP 0.90 #QF 0.51
#peak 1758 #SUP 0.97 #QF 0.97
#peak 1796 #SUP 0.60 #QF 0.60
#peak 1814 #SUP 0.87 #QF 0.87
#peak 1820 #SUP 0.91 #QF 0.58
#peak 1820 #SUP 0.91 #QF 0.58
#peak 1820 #SUP 0.91 #QF 0.58
#peak 1822 #SUP 0.84 #QF 0.84
#peak 1823 #SUP 0.44 #QF 0.44
#peak 1836 #SUP 0.65 #QF 0.65
#peak 1842 #SUP 1.00 #QF 0.98
#peak 1842 #SUP 1.00 #QF 0.98
#peak 1843 #SUP 0.96 #QF 0.88
#peak 1845 #SUP 0.28 #QF 0.28
#peak 1849 #SUP 0.92 #QF 0.92
#peak 1865 #SUP 0.54 #QF 0.54
#peak 1880 #SUP 0.93 #QF 0.93
#peak 1881 #SUP 0.36 #QF 0.36
#peak 1882 #SUP 0.90 #QF 0.90
#peak 1883 #SUP 0.71 #QF 0.71
#peak 1884 #SUP 0.77 #QF 0.77
#peak 1885 #SUP 0.74 #QF 0.74
#peak 1886 #SUP 0.79 #QF 0.79
#peak 1895 #SUP 0.42 #QF 0.42
#peak 1897 #SUP 0.41 #QF 0.41
#peak 1907 #SUP 0.57 #QF 0.57
#peak 1918 #SUP 0.94 #QF 0.94
#peak 1929 #SUP 0.97 #QF 0.93
#peak 1930 #SUP 0.99 #QF 0.99
#peak 1931 #SUP 0.43 #QF 0.43
#peak 1932 #SUP 0.87 #QF 0.87
#peak 1933 #SUP 0.99 #QF 0.59
#peak 1933 #SUP 0.99 #QF 0.59
#peak 1937 #SUP 1.00
#peak 1939 #SUP 0.71 #QF 0.71
#peak 1943 #SUP 0.99 #QF 0.64
#peak 1949 #SUP 0.47 #QF 0.47
#peak 1951 #SUP 0.91 #QF 0.91
#peak 1960 #SUP 0.88 #QF 0.66
#peak 1961 #SUP 0.93 #QF 0.40
#peak 1981 #SUP 0.98 #QF 0.98
#peak 1989 #SUP 0.99 #QF 0.99
#peak 1995 #SUP 0.44 #QF 0.44
#peak 2003 #SUP 0.50 #QF 0.50
#peak 2012 #SUP 0.93 #QF 0.93
#peak 2015 #SUP 0.95 #QF 0.95
#peak 2016 #SUP 0.93 #QF 0.93
#peak 2022 #SUP 0.89 #QF 0.89
#peak 2026 #SUP 0.96 #QF 0.96
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49 THR QG2 103 GLY HA3 5.07
103 GLY HA3 104 ALA QB 5.50
99MET H 104ALA QB 5.38
139 SER HB3 142 VAL HB 4.21
61 ASP HA 62 GLU HG2 4.77
62 GLU HG2 63 GLN HA 4.62
62 GLU HG2 66LYS HD3 3.84
82 VAL HA 109 ASN HA 461
63 GLN HG3 90LEU QD1 3.80
63 GLN HG3 90LEU QD2 3.16
115GLN HA 115GLN HG3 3.90
115GLN HG3 117ILE HA 4.64
95LYS H 96GLN HG2 441
96GLN H 96 GLN HG2 3.41
93 ARG H 96 GLN HG2 4.90
96 GLN HG2 97ILEH 4.04
115 GLN HG3 117ILE QG2 4.25
115GLN HA 115GLN HG2 3.81
117 ILE QG2 153 ASN HA  4.15
117 ILE QG2 121 GLU HG2 3.96
173 ILE HA 173 ILE QD1 3.09
124 ASN HA 128ILE QD1 4.18
1731ILE QD1 177VAL H  5.50
173ILE H 173ILE QD1 3.10
156 VAL HA 156 VAL QG2 3.55
123 SER HB3 124 ASN HA 491
56 SER HB3 57ALA H 3.93
124 ASN HA 127 TRP HB2 3.95
124 ASN HA 127 TRP HB3 3.62
124 ASN HA 128ILE H 4.37
146 ASN HB2 147 VAL HB  5.50
146 ASN HB2 162 VAL QG1 4.29
127 TRP HA 128ILE HA 491
127 TRP HH2 128ILE HA  5.50
128 ILE HA 131LYSH 479
128 ILE HA 131LYS HB2 4.54
128 ILE HA 131LYS HB3 4.54
128 ILE HA 132 VAL QG1 3.85
128 ILE HA 128 ILE QD1 4.03
128 ILE HA 128 ILE QG2 3.55
128 ILE QG2 129THR HA  4.26
128 ILE QG2 129THR H  3.59
128 ILE QG2 132VAL H 4.35
131LYS HA 131LYS HG3 3.34
46 ASP HA 49THR HB  5.50
131LYS H 132VAL QG1 4.18
132 VAL H 132VAL QG1 3.30
132 VAL HA 132 VAL QG2 3.39
173 ILE HA 176 ARG HD2 3.37
82 VAL HA 1111ILE HA 431
138 THR QG2 139SER H  4.35
141 LEU QD1 165ARG HD2 3.88
141 LEU QD1 165ARG HD3 3.88
127 TRP HA 130THR QG2 3.75
127 TRP HA 127 TRP HD1 4.95
91 SER HB3 111ILE QD1 3.27
146 ASN HA 162 VAL QG1 4.83
55ASN H 72VAL HB 4.65
147 VAL QG1 148LYS H 431
147 VAL QG1 162 VAL QG2 4.33
149 VAL HA 150THR HA 4.43
149 VAL HA 150THR HB  4.49
150 THR H 150THR HB  3.37
150 THR QG2 151THR HA 4.15
149 VAL HA 150THR QG2 4.22
150 THR QG2 152GLU H  4.47
150 THR QG2 157PHE H  3.45
82 VAL HB 150THR QG2 4.56
152GLU H 156 VAL HB  5.50
156 VAL HB 184THR H  5.50
151 THR HA 156 VAL QG1 4.54

#peak 2029 #SUP 0.94 #QF 0.34
#peak 2029 #SUP 0.94 #QF 0.34
#peak 2035 #SUP 1.00
#peak 2044 #SUP 0.91 #QF 0.62
#peak 2046 #SUP 0.74 #QF 0.74
#peak 2048 #SUP 0.82 #QF 0.82
#peak 2049 #SUP 0.98 #QF 0.98
#peak 2052 #SUP 0.61 #QF 0.61
#peak 2062 #SUP 0.99 #QF 0.99
#peak 2063 #SUP 0.93 #QF 0.93
#peak 2077 #SUP 0.83 #QF 0.83
#peak 2078 #SUP 0.23 #QF 0.23
#peak 2082 #SUP 0.75 #QF 0.75
#peak 2083 #SUP 0.95 #QF 0.95
#peak 2084 #SUP 0.71 #QF 0.71
#peak 2086 #SUP 0.96 #QF 0.96
#peak 2090 #SUP 0.37 #QF 0.37
#peak 2095 #SUP 0.84 #QF 0.84
#peak 2106 #SUP 0.93 #QF 0.93
#peak 2108 #SUP 0.43 #QF 0.43
#peak 2113 #SUP 0.97 #QF 0.97
#peak 2114 #SUP 0.81 #QF 0.81
#peak 2116 #SUP 0.69 #QF 0.69
#peak 2118 #SUP 0.69 #QF 0.69
#peak 2137 #SUP 0.99 #QF 0.99
#peak 2138 #SUP 0.91 #QF 0.91
#peak 2139 #SUP 0.91 #QF 0.91
#peak 2142 #SUP 0.98 #QF 0.98
#peak 2143 #SUP 0.94 #QF 0.94
#peak 2147 #SUP 0.96 #QF 0.96
#peak 2152 #SUP 0.82 #QF 0.82
#peak 2153 #SUP 0.92 #QF 0.92
#peak 2154 #SUP 0.74 #QF 0.74
#peak 2155 #SUP 0.83 #QF 0.83
#peak 2157 #SUP 0.94 #QF 0.94
#peak 2161 #SUP 0.94 #QF 0.94
#peak 2162 #SUP 0.98 #QF 0.97
#peak 2164 #SUP 0.50 #QF 0.50
#peak 2165 #SUP 0.98 #QF 0.98
#peak 2171 #SUP 0.94 #QF 0.94
#peak 2172 #SUP 0.96 #QF 0.96
#peak 2178 #SUP 0.90 #QF 0.90
#peak 2179 #SUP 0.62 #QF 0.62
#peak 2182 #SUP 0.94 #QF 0.94
#peak 2202 #SUP 0.98 #QF 0.98
#peak 2211 #SUP 0.60 #QF 0.60
#peak 2212 #SUP 0.92 #QF 0.92
#peak 2213 #SUP 0.72 #QF 0.72
#peak 2228 #SUP 0.46 #QF 0.46
#peak 2233 #SUP 0.93 #QF 0.93
#peak 2271 #SUP 0.86 #QF 0.86
#peak 2290 #SUP 0.85 #QF 0.58
#peak 2290 #SUP 0.85 #QF 0.58
#peak 2305 #SUP 0.34 #QF 0.34
#peak 2308 #SUP 0.97 #QF 0.97
#peak 2318 #SUP 0.96 #QF 0.24
#peak 2319 #SUP 0.91 #QF 0.91
#peak 2326 #SUP 0.44 #QF 0.44
#peak 2335 #SUP 0.96 #QF 0.96
#peak 2337 #SUP 0.95 #QF 0.95
#peak 2340 #SUP 0.84 #QF 0.84
#peak 2342 #SUP 0.92 #QF 0.92
#peak 2345 #SUP 0.96 #QF 0.96
#peak 2352 #SUP 0.91 #QF 0.91
#peak 2353 #SUP 0.90 #QF 0.90
#peak 2357 #SUP 0.79 #QF 0.79
#peak 2358 #SUP 0.86 #QF 0.86
#peak 2363 #SUP 0.94 #QF 0.94
#peak 2373 #SUP 0.72 #QF 0.55
#peak 2373 #SUP 0.72 #QF 0.55
#peak 2381 #SUP 0.99 #QF 0.99
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131LYS H 131LYS HG3 4.68
127 TRP HH2 131LYS HG3 4.32
131LYS HG3 132VALH 4.05
156 VAL QG1 157PHE H  4.26
160 GLY HA3 161 LEU HA 5.20
161 LEU HA 162 VAL HA 5.50
161 LEU HA 188 THR QG2 4.09
75TYR HE1l 161LEU HA 4.86
75TYR HE1 161LEU HG 4.88
75TYR HE1 161LEU QD2 4.64
162 VAL QG2 164GLU HA 5.46
163 THR HB 164 GLU HG2 5.50
167 ALA HA 189 PHE HD1 5.12
167 ALA HA 170ALA H 4.64
162 VAL QG1 167 ALA HA  4.67
162 VAL QG2 167 ALA HA  3.92
162 VAL QG1 167 ALA QB 4.66
167 ALA QB 168 LYS HB3 4.03
162 VAL HB 167 ALA QB 3.81
164 GLU HA 167 ALA QB 3.15
162 VAL HA 167 ALA QB 5.16
169 ALA HA 172 ASP HB2 3.34
169 ALA HA 172 ASP HB3 3.75
169ALA HA 173ILEH  4.26
174 ALA QB 175SER H  3.91
167 ALA HA 170 ALA QB  3.69
91SER H 92ALA QB 5.32
174 ALA QB 177VAL H 4.89
57ALAH 98ALA QB 4.59

176 ARG HA 176 ARG HD2 4.63

176 ARG HB3 177VAL H 4.43
183 VAL HA 183 VAL QG2 3.55
189 PHE HA 190ILE HA 4.40
163 THR HA 190ILE HA 4.65
190 ILE HA 191LYS HA 4.48
162 VAL QG2 190ILE QG2 5.50
189 PHE HA 190ILE QG2 5.48
161LEU HA 190ILE HG12 5.00
64 ILE QD1 98ALA H 5.50
191LYS HB2 192GLY H  5.50
191LYS HB3 192GLY H  5.50
163 THR HB 192 GLY HA3 4.19
163 THR HA 192 GLY HA3 5.50
195GLU HA 195GLU HG2 3.84
195 GLU HG2 196 HIS HA 5.01
195 GLU HG3 196 HIS HA 5.01
52VAL HA 55ASN H 4.16
53 ARG HB2 53 ARG HD2 3.88
53 ARG HB3 53 ARG HD2 3.88
66 LYS HA 66LYS HG3 3.73
20ILE HA 20ILE HG12 3.71
20ILE HA 21 ALA QB 3.86
51GLU HA 51GLU HG3 3.98
65LYS HA 65LYS HE2 5.50
65LYS HA  65LYS HE3 5.50
70ILE HA 70ILE HG13 4.19
70ILE HA 70ILE HG12 4.21
72 VAL HA 72VAL QG1 3.34
72 VAL HA 72VAL QG2 3.34
92 ALA QB 96 GLN HG2 3.97
92ALA QB 95LYS H 477
92ALA QB 93ARG H 3.87
171ALA QB 172ASP H 433
92ALA QB 96GLN H 5.23
122 ALA QB 124ASN H  5.50
117ILE HB 117ILE QD1 4.10
141LEU HA 141LEU QD2 3.30

146 ASN HB3 147 VAL QG2 5.50

161 LEU HA 188 THR HA 5.07
161 LEU HA 161LEU HG 3.59
183 VAL HA 183 VAL QG1 3.55

#peak 2382 #SUP 0.95 #QF 0.95
#peak 2383 #SUP 0.80 #QF 0.80
#peak 2385 #SUP 0.80 #QF 0.80
#peak 2386 #SUP 0.99 #QF 0.99
#peak 2398 #SUP 0.99 #QF 0.60
#peak 2398 #SUP 0.99 #QF 0.60
#peak 2401 #SUP 0.62 #QF 0.62
#peak 2402 #SUP 0.90 #QF 0.90
#peak 2415 #SUP 0.95 #QF 0.95
#peak 2417 #SUP 0.83 #QF 0.83
#peak 2420 #SUP 0.95 #QF 0.95
#peak 2431 #SUP 0.99 #QF 0.99
#peak 2453 #SUP 0.93 #QF 0.93
#peak 2455 #SUP 0.90 #QF 0.90
#peak 2457 #SUP 0.95 #QF 0.95
#peak 2458 #SUP 0.93 #QF 0.93
#peak 2460 #SUP 0.98 #QF 0.98
#peak 2461 #SUP 0.26 #QF 0.26
#peak 2462 #SUP 0.91 #QF 0.91
#peak 2465 #SUP 0.91 #QF 0.91
#peak 2468 #SUP 0.93 #QF 0.93
#peak 2474 #SUP 0.87 #QF 0.87
#peak 2475 #SUP 0.96 #QF 0.96
#peak 2477 #SUP 0.96 #QF 0.96
#peak 2483 #SUP 0.97 #QF 0.97
#peak 2487 #SUP 0.82 #QF 0.82
#peak 2489 #SUP 0.67 #QF 0.36
#peak 2493 #SUP 0.65 #QF 0.65
#peak 2494 #SUP 0.33 #QF 0.33
#peak 2495 #SUP 0.92 #QF 0.92
#peak 2505 #SUP 0.98 #QF 0.46
#peak 2519 #SUP 1.00
#peak 2527 #SUP 0.97 #QF 0.97
#peak 2528 #SUP 1.00
#peak 2529 #SUP 0.91 #QF 0.91
#peak 2531 #SUP 0.69 #QF 0.69
#peak 2532 #SUP 0.94 #QF 0.94
#peak 2535 #SUP 0.96 #QF 0.96
#peak 2539 #SUP 0.62 #QF 0.62
#peak 2545 #SUP 0.79 #QF 0.55
#peak 2545 #SUP 0.79 #QF 0.55
#peak 2546 #SUP 0.67 #QF 0.67
#peak 2547 #SUP 0.86 #QF 0.81
#peak 2568 #SUP 0.95 #QF 0.95
#peak 2570 #SUP 0.88 #QF 0.88
#peak 2571 #SUP 0.95 #QF 0.95
#peak 2600 #SUP 0.98 #QF 0.98
#peak 2602 #SUP 0.89 #QF 0.89
#peak 2603 #SUP 0.91 #QF 0.91
#peak 2607 #SUP 0.66 #QF 0.66
#peak 2611 #SUP 0.75 #QF 0.75
#peak 2612 #SUP 0.90 #QF 0.90
#peak 2735 #SUP 0.96 #QF 0.96
#peak 2769 #SUP 0.88 #QF 0.28
#peak 2769 #SUP 0.88 #QF 0.28
#peak 2790 #SUP 0.97 #QF 0.97
#peak 2793 #SUP 0.77 #QF 0.77
#peak 2802 #SUP 0.97 #QF 0.97
#peak 2803 #SUP 0.95 #QF 0.95
#peak 2848 #SUP 0.60 #QF 0.60
#peak 2850 #SUP 0.76 #QF 0.76
#peak 2851 #SUP 0.98 #QF 0.96
#peak 2851 #SUP 0.98 #QF 0.96
#peak 2852 #SUP 0.95 #QF 0.87
#peak 2852 #SUP 0.95 #QF 0.87
#peak 2899 #SUP 1.00 #QF 0.99
#peak 2979 #SUP 0.80 #QF 0.80
#peak 2987 #SUP 0.89 #QF 0.70
#peak 3009 #SUP 0.99 #QF 0.99
#peak 3011 #SUP 0.99 #QF 0.91
#peak 3067 #SUP 0.99 #QF 0.99
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156 VAL H 183 VAL QG1 5.38
183 VAL QG1 184THR H  4.27
185THR HA 185THR QG2 3.29
190 ILE HA 190 ILE HG13 3.38
79 VAL HA  79VAL QG1 3.62
79 VAL HA 79VAL QG2 3.62
90 LEU HB2 S0LEU QD1 3.14
90 LEU HB2 S0LEU QD2 3.84
90 LEU HB3 90LEU Qb1 3.12
90 LEU HB3 90LEU QD2 3.70
52 VAL QG1 55ASN HB3 4.45
70ILE QG2 91SER HA 3.98
20ILE QG2 21ALA HA 414
25VAL H 25VAL QG1 5.26
25VAL H 25VAL QG2 5.26
131LYS HB2 131LYS HE2 4.82
40SER HA 41VAL HA 463
45VAL HB 103 GLY HA3 3.97
52 VAL QG2 53ARG H 3.93
51GLU HB3 52VAL QG2 4.28
78 LYS HE2 79VAL H 4.63
70ILE QG2 95LYSH 5.17
78 LYS HE2 108 TYR HE1 4.03
129 THR QG2 150 THR HA  3.85
74 ALA HA  75TYR HA 4.69
50LEU HA 52VALH 4.86
74ALA QB 75TYR HA 431
140 ASP HB2 141LEU QD2 5.50
140 ASP HB3 141LEU QD2 5.50
141 LEU QD2 165ARG HD2 4.30
141 LEU QD2 165ARG HD3 4.30
90LEU HA 93 ARG H 4.40
90LEU HA 94ALAH 4.80
122 ALA HA 125ASP HB2 4.16
161 LEU HA 162 VAL QG2 4.66
161 LEU HA 162 VAL QG1 4.86
159 MET HA 186 ALA QB 4.18
83GLY H 111ILE QG2 4.62
84GLN H 111ILE QG2 4.98
61 ASP HB2 64ILE QG2 3.55
61 ASP HB3 64ILE QG2 4.06
64 ILE HA 64 ILE QG2 3.13
58 LEU HA 64ILE QG2 3.47
64 ILE QG2 94 ALA HA 4.58
64ILE H 64ILE QG2 4.26
64 ILE QG2 94ALA H 524
173 ILE QG2 174 ALA HA  3.82
1731ILE H 173 ILE QG2 4.07
1731ILE QG2 174ALA H 4.30
135GLN H 173 ILE QG2 5.50
1731LE QG2 175SER H  5.50
75TYR HE1 160 GLY HA2 5.10
75TYR HD1 160 GLY HA2 5.09
93 ARG H 93 ARG HD3 4.99
93 ARG HD3 94ALAH 550
73THR HB 80LEU HB2 5.31
80 LEU HB2 82VAL QG1 5.32
80 LEU HB3 82 VAL QG1 5.02
53ARG H 53 ARG HD3 4.88
53 ARG HD3 54VAL H 5.09
131LYS HB2 131LYS HE3 4.82
132 VAL HA 132VAL QG1 3.21
131LYS HG2 132VAL HA  3.59
63 GLN HG2 90LEU QD1 4.24
63 GLN HG2 90LEU QD2 3.51
64 ILE HA 90 LEU HB3 4.26
82 VAL QG1 111ILE HA 5.50
78 LYS HA  78LYS HD2 5.16
95LYS HA 95LYS HD3 4.96
78 LYS HD3 108 TYR HD1 4.94
151 THR HA 155GLU H 4.93

#peak 3068 #SUP 0.78 #QF 0.78
#peak 3069 #SUP 0.77 #QF 0.77
#peak 3081 #SUP 0.99 #QF 0.99
#peak 3108 #SUP 0.93 #QF 0.93
#peak 3202 #SUP 1.00 #QF 0.97
#peak 3202 #SUP 1.00 #QF 0.97
#peak 3210 #SUP 0.98 #QF 0.98
#peak 3211 #SUP 1.00
#peak 3216 #SUP 0.98 #QF 0.98
#peak 3217 #SUP 1.00
#peak 3247 #SUP 0.97 #QF 0.97
#peak 3250 #SUP 0.65 #QF 0.65
#peak 3258 #SUP 0.55 #QF 0.55
#peak 3265 #SUP 0.77 #QF 0.38
#peak 3265 #SUP 0.77 #QF 0.38
#peak 3274 #SUP 0.98 #QF 0.98
#peak 3278 #SUP 0.49 #QF 0.49
#peak 3283 #SUP 0.95 #QF 0.95
#peak 3285 #SUP 1.00
#peak 3287 #SUP 0.88 #QF 0.88
#peak 3290 #SUP 0.99 #QF 0.99
#peak 3294 #SUP 0.51 #QF 0.51
#peak 3312 #SUP 0.80 #QF 0.80
#peak 3328 #SUP 0.54 #QF 0.54
#peak 3340 #SUP 0.93 #QF 0.93
#peak 3343 #SUP 0.62 #QF 0.62
#peak 3360 #SUP 0.86 #QF 0.86
#peak 3363 #SUP 0.89 #QF 0.30
#peak 3363 #SUP 0.89 #QF 0.30
#peak 3364 #SUP 0.83 #QF 0.73
#peak 3364 #SUP 0.83 #QF 0.73
#peak 3372 #SUP 0.77 #QF 0.62
#peak 3372 #SUP 0.77 #QF 0.62
#peak 3399 #SUP 0.90 #QF 0.90
#peak 3406 #SUP 0.96 #QF 0.96
#peak 3407 #SUP 0.96 #QF 0.96
#peak 3412 #SUP 0.94 #QF 0.94
#peak 3427 #SUP 0.92 #QF 0.92
#peak 3428 #SUP 0.87 #QF 0.87
#peak 3434 #SUP 0.84 #QF 0.84
#peak 3436 #SUP 1.00
#peak 3437 #SUP 0.98 #QF 0.98
#peak 3439 #SUP 0.49 #QF 0.49
#peak 3440 #SUP 0.75 #QF 0.75
#peak 3441 #SUP 0.80 #QF 0.80
#peak 3442 #SUP 0.92 #QF 0.92
#peak 3448 #SUP 0.88 #QF 0.88
#peak 3450 #SUP 0.95 #QF 0.75
#peak 3450 #SUP 0.95 #QF 0.75
#peak 3451 #SUP 0.76 #QF 0.41
#peak 3451 #SUP 0.76 #QF 0.41
#peak 3467 #SUP 0.74 #QF 0.57
#peak 3468 #SUP 0.85 #QF 0.74
#peak 3472 #SUP 0.99 #QF 0.95
#peak 3472 #SUP 0.99 #QF 0.95
#peak 3478 #SUP 0.98 #QF 0.98
#peak 3481 #SUP 0.99 #QF 0.99
#peak 3482 #SUP 0.99 #QF 0.99
#peak 3484 #SUP 0.94 #QF 0.94
#peak 3485 #SUP 0.80 #QF 0.80
#peak 3491 #SUP 0.93 #QF 0.93
#tpeak 3507 #SUP 0.83 #QF 0.83
#peak 3508 #SUP 1.00 #QF 0.51
#peak 3511 #SUP 0.99 #QF 0.99
#peak 3512 #SUP 0.99 #QF 0.99
#peak 3520 #SUP 0.66 #QF 0.66
#peak 3528 #SUP 0.97 #QF 0.97
#peak 3529 #SUP 0.89 #QF 0.89
#peak 3531 #SUP 0.99 #QF 0.99
#tpeak 3534 #SUP 0.32 #QF 0.32
#peak 3537 #SUP 0.79 #QF 0.79

366



131LYS HD2 132VALH 5.16
131LYS HD3 132VALH 534
64ILE H 66LYS HE2 5.50
64ILE H 66LYS HE3 5.50

66 LYS HE3 67GLU HG2 3.33
62 GLU HA 65LYS HE2 4.03
62 GLU HA 65LYS HE3 4.03
148 LYS HB2 148LYS HD3 4.22
148 LYS HB2 148LYS HD2 4.22
148 LYS HB3 148LYS HD3 4.22
161 LEU HA 190ILE HG13 5.00
172 ASP HB2 173ILE HA 5.14
172 ASP HB3 173 ILE HA 4.62
176 ARG HA 176 ARG HD3 4.06
176 ARG HD2 177VAL H  4.56
173ILE H 176 ARG HD2 5.50
176 ARG HD3 177VAL H 4,53
173 ILE HA 176 ARG HD3 4.03
173 ILE QG2 176 ARG HD3 4.25
176 ARG HB2 176 ARG HD2 4.15
176 ARG HB3 176 ARG HD2 4.15
132 VAL HA 135GLN HG3 4.31
131LYS HD2 132 VAL HA 5.50
131LYS HA 132VAL HA 4.86
51GLU HB2 52VAL QG2 4.28
53 ARG HA 53 ARG HD2 4.06
53 ARG HA 53 ARG HD3 4.06
52 VAL QG1 53 ARG HA 3.57
50LEU HA 50LEU HG 3.72
137LEU HA 137 LEU HG 3.61
63 GLN HA 63 GLN HG2 3.68
117 ILE QD1 121 GLU HB2 4.41
48 GLY HA2 51GLU HB2 4.70
54 VAL HA 98ALA QB 3.61
61 ASP HA 64ILE QG2 5.50
59SER H 64ILE QG2 5.50

64 ILE QG2 68ALA H 5.50
79VAL H 106 GLU HB3 5.00
79VAL H 106 GLU HB2 5.00
78 LYS HA 106 GLU HG3 5.09
36 THR HB 37 ASP HA  4.80
52 VAL HB 53 ARG HA 4.49
54 VAL HA  55ASN HA 5.01
55ASN HA 72VAL HB 3.65
55ASN HA 58LEU H 419
63 GLN HG2 66LYS HE2 5.50
63 GLN HG2 66LYS HE3 5.50
63 GLN HG2 64ILE HA 4.81
63 GLN HG2 90LEU HA 4.89
64 ILE HA' 90 LEU HB2 3.90
67 GLU HA 67 GLU HG3 4.01
66 LYS HG3 67 GLU HG3 3.95
89 GLU HG3 90LEU HA 4.08
70ILE QG2 71ASN H 3.84
77 GLY HA2 105 ASN HB2 5.50
169 ALA HA 173ILE QD1 3.68
129 THR HA 132VAL H 4.50
129 THR HA 132 VAL QG2 3.83
127 TRP HH2 131LYS HD2 4.75
127 TRP HH2 131LYS HD3 4.55
131LYS HB3 131LYS HE2 4.82
131LYS HB3 131LYS HE3 4.82
131LYS HG3 135GLN HG3 4.34
135GLN H 135GLN HG2 4.26
141LEU HA 141LEU HG 3.25
124 ASN HB3 128ILE QD1 3.93
147 VAL HB 162 VAL QG1 4.57
148 LYS HA 148 LYS HE2 4.68
148 LYS HA 148LYS HE3 4.68
78 LYS HE3 79VAL H 4.63
75TYR H 78LYS HD3 5.39

#peak 3538 #SUP 0.89 #QF 0.89
#peak 3539 #SUP 0.94 #QF 0.94

#peak 3551 #SUP 0.52 #QF 0.31
#peak 3551 #SUP 0.52 #QF 0.31

#peak 3555 #SUP 0.82 #QF 0.82
#peak 3557 #SUP 0.83 #QF 0.68
#peak 3557 #SUP 0.83 #QF 0.68
#peak 3648 #SUP 0.84 #QF 0.84
#peak 3649 #SUP 0.93 #QF 0.93
#peak 3657 #SUP 0.99 #QF 0.99
#peak 3676 #SUP 0.90 #QF 0.90
#peak 3685 #SUP 0.98 #QF 0.98
#peak 3687 #SUP 0.98 #QF 0.98
#peak 3693 #SUP 0.93 #QF 0.93
#peak 3694 #SUP 0.97 #QF 0.97
#peak 3695 #SUP 0.92 #QF 0.92
#peak 3698 #SUP 0.95 #QF 0.95
#peak 3699 #SUP 0.97 #QF 0.97
#peak 3706 #SUP 0.91 #QF 0.91

#peak 3711 #SUP 0.91 #QF 0.91
#peak 3714 #SUP 0.99 #QF 0.99

#peak 3747 #SUP 0.93 #QF 0.93
#peak 3750 #SUP 0.89 #QF 0.57
#peak 3751 #SUP 0.92 #QF 0.92
#peak 3757 #SUP 0.92 #QF 0.92
#peak 3760 #SUP 1.00
#peak 3761 #SUP 0.83 #QF 0.83
#peak 3763 #SUP 0.88 #QF 0.88

#peak 3772 #SUP 0.93 #QF 0.50
#peak 3783 #SUP 0.84 #QF 0.84
#peak 3785 #SUP 0.86 #QF 0.86

#peak 3790 #SUP 0.92 #QF 0.27

#peak 3804 #SUP 0.84 #QF 0.84
#peak 3817 #SUP 0.75 #QF 0.50
#peak 3822 #SUP 1.00

#peak 3823 #SUP 0.92 #QF 0.29
#peak 3823 #SUP 0.92 #QF 0.29

#peak 3839 #SUP 0.78 #QF 0.78
#peak 3840 #SUP 0.54 #QF 0.54

#peak 3848 #SUP 1.00 #QF 0.64
#peak 3861 #SUP 0.71 #QF 0.71
#peak 3866 #SUP 0.95 #QF 0.95
#peak 3873 #SUP 0.63 #QF 0.63
#peak 3874 #SUP 0.20 #QF 0.20
#peak 3877 #SUP 0.93 #QF 0.93

#peak 3881 #SUP 0.80 #QF 0.63

#peak 3881 #SUP 0.80 #QF 0.63
#peak 3882 #SUP 0.89 #QF 0.89

#peak 3883 #SUP 0.76 #QF 0.76
#peak 3891 #SUP 0.96 #QF 0.96

#peak 3895 #SUP 0.99 #QF 0.99

#peak 3898 #SUP 0.99 #QF 0.99

#peak 3920 #SUP 0.50 #QF 0.50
#peak 3935 #SUP 0.99 #QF 0.99

#peak 3942 #SUP 0.93 #QF 0.65
#peak 3944 #SUP 0.48 #QF 0.48
#peak 3948 #SUP 0.92 #QF 0.92

#peak 3949 #SUP 0.75 #QF 0.68
#peak 3967 #SUP 0.89 #QF 0.89
#peak 3968 #SUP 0.96 #QF 0.96
#peak 3971 #SUP 0.88 #QF 0.88
#peak 3974 #SUP 0.27 #QF 0.27

#peak 3981 #SUP 0.97 #QF 0.94
#peak 3996 #SUP 0.98 #QF 0.98
#peak 4003 #SUP 0.84 #QF 0.84
#peak 4006 #SUP 0.82 #QF 0.82
#peak 4016 #SUP 0.97 #QF 0.97
#peak 4017 #SUP 0.98 #QF 0.93
#peak 4017 #SUP 0.98 #QF 0.93

#peak 4060 #SUP 0.95 #QF 0.95
#peak 4085 #SUP 0.89 #QF 0.29
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78LYS HD3 79VAL H  5.50
80LEU HG 82VAL QG1 4.02
80LEU H 80LEU HG 5.10
70ILE HA 83 GLY HA2 4.91
128 ILE HB 129 THR HA 4.52
72 VAL HA 81LEU HG 4.89
81LEU HG 109ASN HA 5.39
156 VAL HA 156 VAL QG1 3.55
93 ARG HA 93 ARG HG2 3.78
64 ILE QD1 93 ARG HD3 4.06
95LYS HA 95LYS HD2 4.96
131LYS HA 131LYS HG2 3.74
134 SER HB3 135GLN H  4.69
134 SER HB3 135 GLN HG2 4.48
135GLN HA 135GLN HG2 3.12
142 VAL HA 166 GLU HG2 3.90
141 LEU HB2 141LEU QD1 3.34
54VAL H 54VAL QG2 3.92
148 LYS HA 148LYS HD2 4.09
148LYS HA 148LYS HD3 4.09
149 VAL HA 149VAL QG2 3.24
156 VAL H 156 VAL QG2 3.96
166 GLU HA 166 GLU HG2 3.70
166 GLU HA 169 ALA QB 3.39
166 GLU HB2 167 ALA QB 5.50
181LYS HA 181LYS HG2 4.06
181LYS HA 181LYS HG3 4.06
53ARG H 53 ARG HD2 4.88
170 ALA HA 1731ILE HB 4.32
173ILE HB 174 ALA HA 491
63 GLN HB2 90LEU QD2 3.17
151 THR HA 156 VAL QG2 4.54
82 VAL QG1 150THR HB 5.50
85SER H 111ILE HB 5.26
1111ILE HB 112ARG H  5.50
81LEU H 109 ASN HA 5.50
49THR HA 49THR QG2 3.21
27THR H 27THR QG2 4.81
46 ASP HB2 49THR QG2 4.38
47 ASP HB2 48 GLY HA3 5.31
48 GLY HA2 51GLU HB3 4.70
48 GLY HA2 52VAL QG2 5.10
49THR HB 52VAL HB 5.43
49THR QG2 52VALH 4.94
68 ALA QB 90 LEU HB3 4.48
51GLU HA 52VAL QG2 5.11
51GLU HA 73THR HA 5.50
49THR HA 53 ARG HD2 4.54
53 ARG HD2 54VAL H 5.09
132 VAL H 132VAL QG2 3.78
58 LEU HA 58LEU HG 3.94
62 GLU HG3 63 GLN HA 3.83
63 GLN HA 66 LYS HD3 3.58
63 GLN HG3 66LYS HE2 5.50
63 GLN HG3 66LYS HE3 5.50
64 ILE HA 68 ALA HA 5.12
64 ILE QG2 68 ALA HA 5.28
58 LEU HA 64ILE QD1 3.53
191LYS H 191LYS HE2 5.50
191LYS H 191LYS HE3 5.50
67 GLU HG3 90LEU QD1 3.76
67 GLU HG3 90LEU QD2 4.41
70ILE HA 70ILE QD1 3.64
71ASN HB2 82VALH 501
73THR HB 79 VAL HA 5.50
73THR HB 82 VAL QG1 5.38
74ALA QB 75TYR HB3 4.74
74ALA QB 75TYR HB2 5.50
162 VAL QG2 188 THR HA 5.50
188 THR HA 189 PHE HA 4.70
135GLN HA 138THR QG2 3.49

#peak 4085 #SUP 0.89 #QF 0.29
#peak 4090 #SUP 0.96 #QF 0.96
#peak 4092 #SUP 0.96 #QF 0.96
#peak 4110 #SUP 0.87 #QF 0.87
#peak 4112 #SUP 0.96 #QF 0.96
#peak 4125 #SUP 0.94 #QF 0.42
#peak 4125 #SUP 0.94 #QF 0.42
#tpeak 4137 #SUP 0.93 #QF 0.93
#peak 4147 #SUP 0.96 #QF 0.96
#peak 4169 #SUP 0.81 #QF 0.81
#peak 4176 #SUP 0.94 #QF 0.94
#peak 4192 #SUP 0.95 #QF 0.95
#peak 4207 #SUP 0.82 #QF 0.56
#peak 4208 #SUP 0.83 #QF 0.83
#peak 4209 #SUP 0.84 #QF 0.84
#peak 4212 #SUP 0.95 #QF 0.95
#peak 4213 #SUP 1.00
#peak 4217 #SUP 0.51 #QF 0.51
#peak 4223 #SUP 0.96 #QF 0.96
#peak 4224 #SUP 0.99 #QF 0.99
#peak 4238 #SUP 0.97 #QF 0.97
#peak 4242 #SUP 0.98 #QF 0.98
#peak 4255 #SUP 0.90 #QF 0.90
#peak 4257 #SUP 0.65 #QF 0.65
#peak 4265 #SUP 0.95 #QF 0.91
#peak 4275 #SUP 0.93 #QF 0.93
#peak 4280 #SUP 0.94 #QF 0.94
#peak 4285 #SUP 0.98 #QF 0.98
#peak 4288 #SUP 0.52 #QF 0.32
#peak 4288 #SUP 0.52 #QF 0.32
#peak 4289 #SUP 0.93 #QF 0.93
#peak 4298 #SUP 0.98 #QF 0.98
#peak 4325 #SUP 0.96 #QF 0.96

#peak 4338 #SUP 0.98 #QF 0.89

#peak 4338 #SUP 0.98 #QF 0.89
#peak 4356 #SUP 0.99 #QF 0.98
#peak 4383 #SUP 0.69 #QF 0.69
#tpeak 4385 #SUP 0.94 #QF 0.94
#peak 4389 #SUP 1.00
#peak 4393 #SUP 0.98 #QF 0.80
#peak 4397 #SUP 0.79 #QF 0.79
#peak 4399 #SUP 0.96 #QF 0.77
#peak 4404 #SUP 0.98 #QF 0.98
#peak 4407 #SUP 0.66 #QF 0.66
#peak 4409 #SUP 0.97 #QF 0.97
#peak 4410 #SUP 0.53 #QF 0.53
#peak 4411 #SUP 0.94 #QF 0.94
#peak 4426 #SUP 0.79 #QF 0.79
#peak 4427 #SUP 1.00
#peak 4434 #SUP 0.97 #QF 0.97
#peak 4441 #SUP 0.96 #QF 0.96
#peak 4451 #SUP 0.86 #QF 0.86
#peak 4453 #SUP 0.93 #QF 0.89
#peak 4456 #SUP 0.77 #QF 0.49
#peak 4456 #SUP 0.77 #QF 0.49
#peak 4460 #SUP 0.78 #QF 0.78
#peak 4463 #SUP 0.99 #QF 0.99
#peak 4464 #SUP 0.49 #QF 0.49
#peak 4467 #SUP 0.82 #QF 0.32
#peak 4467 #SUP 0.82 #QF 0.32
#tpeak 4471 #SUP 0.76 #QF 0.76
#peak 4472 #SUP 0.78 #QF 0.78
#peak 4475 #SUP 0.96 #QF 0.96
#peak 4479 #SUP 0.97 #QF 0.97
#peak 4482 #SUP 0.82 #QF 0.82
#peak 4484 #SUP 0.97 #QF 0.97
#peak 4488 #SUP 0.58 #QF 0.58
#peak 4489 #SUP 0.76 #QF 0.76
#peak 4511 #SUP 0.98 #QF 0.98
#peak 4512 #SUP 0.92 #QF 0.92
#peak 4537 #SUP 0.79 #QF 0.79
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82VAL HB 83GLYH 5.04
81LEU H 82VAL QG2 5.25
82 VAL QG2 83 GLY HA2 4.44
86 PRO HB2 87 ASN HB2 5.49
87 ASN HB2 90LEU HB2 4.47
86 PRO HB2 87 ASN HB3 5.50
87 ASN HB3 89 GLU HB2 5.50
87 ASN HB3 88ALA QB 5.12
88 ALA QB 89 GLU HB3 4.63
91SER HB2 111ILE H 5.50
91SER HB3 94ALA H 5.50
162 VAL QG2 170ALA QB 4.59
162 VAL QG1 170ALA QB 4.5
96 GLN HA 96 GLN HG2 3.46
93 ARG HA 96 GLN HB2 4.11
93 ARG HA 96 GLN HG2 3.54
93 ARG HA 96 GLN HG3 3.13
94 ALA HA 96 GLN HG3 5.06
102 ASP HB3 103 GLY HA3 5.35
99 MET HA 102 ASP HB2 5.30
99 MET HA 102 ASP HB3 4.79
91 SER HB2 111ILE HB 4.64
91 SER HB2 111ILE QG2 3.47
82 VAL QG1 111ILE QG2 5.50
82 VAL HA 111ILE Qb1 4.35
70 ILE HG13 111ILE QG2 3.57
113 GLN HA 114 GLY HA2 4.91
113 GLN HA 114GLY HA3 4.91
117ILE QD1 121 GLU HB3 4.41
123 SER HB2 124 ASN HA 491
122 ALA HA 125ASP HB3 4.16
129 THR QG2 131LYSH 498
129 THR QG2 130THR HA  3.26
130THR QG2 132VAL H 434
129 THR HA 132VAL QG1 3.79
131LYS HA 135GLN HG2 5.04
135GLN H 135GLN HG3 4.20
140 ASP HA 141LEU HG 5.17
139 SER HB2 142 VAL HB 4.21
147 VAL QG2 162 VAL QG2 4.33
146 ASN HA 147 VAL HA 470
124 ASN HB2 128ILE QD1 3.93
149VAL H 149VAL QG2 3.79
150 THR HA 157PHE H  5.14
45VAL H 45VAL QG1 5.07
45VAL H 45VAL QG2 5.07
117 ILE QG2 121 GLU HG3 3.96
117 ILE QD1 121 GLU HG3 4.26
152GLU H 156 VAL HA  4.69
131LYS HG3 132 VAL HA 4.67
147 VAL HB 159 MET HA 475
75TYR HD1 160 GLY HA3 5.50
148 LYS H 160GLY HA3 5.10
160 GLY HA2 162 VAL QG1 5.50
147 VAL QG1 160 GLY HA2 5.26
147 VAL QG2 160 GLY HA2 5.26
160 GLY HA3 162 VAL QG1 4.79
160 GLY HA2 161LEU HG 5.50
147 VAL HB 160 GLY HA2 5.50
161 LEU HG 190ILE HA 4.79
161LEU QD1 162 VAL HA 5.14
147 VAL HB 162 VAL QG2 5.19
163 THR HA 189 PHE HA 5.00
142 VAL QG1 166 GLU HB2 5.50
142 VAL QG2 166 GLU HB2 5.50
142 VAL QG1 166 GLU HB3 5.50
142 VAL QG2 166 GLU HB3 5.50
166 GLU HA 166 GLU HG3 3.70
166 GLU HG2 167ALA H  5.33
166 GLU HG3 167ALA H  5.33
142 VAL HA 166 GLU HG3 3.90

#peak 4541 #SUP 0.98 #QF 0.98
#peak 4543 #SUP 0.86 #QF 0.86
#peak 4544 #SUP 0.69 #QF 0.69
#peak 4565 #SUP 0.88 #QF 0.22
#peak 4567 #SUP 0.56 #QF 0.56
#peak 4569 #SUP 0.95 #QF 0.84
#peak 4569 #SUP 0.95 #QF 0.84
#peak 4572 #SUP 0.87 #QF 0.87
#peak 4579 #SUP 0.22 #QF 0.22
#peak 4592 #SUP 0.66 #QF 0.66
#peak 4594 #SUP 0.93 #QF 0.41
#peak 4596 #SUP 0.93 #QF 0.93
#peak 4597 #SUP 0.85 #QF 0.85
#peak 4609 #SUP 0.95 #QF 0.95
#peak 4613 #SUP 0.98 #QF 0.98
#peak 4614 #SUP 0.97 #QF 0.97
#peak 4615 #SUP 0.94 #QF 0.94
#peak 4616 #SUP 0.96 #QF 0.96
#peak 4641 #SUP 0.89 #QF 0.89
#peak 4644 #SUP 0.85 #QF 0.85
#peak 4645 #SUP 0.77 #QF 0.77
#peak 4661 #SUP 1.00
#peak 4662 #SUP 0.99 #QF 0.99
#peak 4666 #SUP 0.84 #QF 0.84
#peak 4670 #SUP 0.94 #QF 0.94
#peak 4672 #SUP 0.68 #QF 0.68
#peak 4674 #SUP 0.94 #QF 0.94
#peak 4682 #SUP 0.94 #QF 0.94
#peak 4724 #SUP 0.96 #QF 0.48
#peak 4736 #SUP 0.82 #QF 0.82
#peak 4739 #SUP 0.89 #QF 0.89
#peak 4766 #SUP 0.96 #QF 0.96
#peak 4772 #SUP 0.81 #QF 0.81
#peak 4778 #SUP 0.28 #QF 0.28
#peak 4782 #SUP 0.79 #QF 0.79
#peak 4792 #SUP 0.54 #QF 0.54
#peak 4797 #SUP 1.00
#peak 4834 #SUP 0.93 #QF 0.93
#peak 4838 #SUP 0.76 #QF 0.76
#peak 4840 #SUP 0.84 #QF 0.84
#peak 4853 #SUP 0.86 #QF 0.86
#peak 4856 #SUP 0.76 #QF 0.76
#peak 4875 #SUP 0.91 #QF 0.91
#peak 4877 #SUP 0.92 #QF 0.92
#peak 4880 #SUP 1.00 #QF 0.67
#peak 4880 #SUP 1.00 #QF 0.67
#peak 4887 #SUP 0.70 #QF 0.27
#peak 4887 #SUP 0.70 #QF 0.27
#peak 4893 #SUP 0.65 #QF 0.65
#peak 4897 #SUP 0.78 #QF 0.78
#peak 4898 #SUP 0.21 #QF 0.21
#peak 4908 #SUP 0.67 #QF 0.67
#peak 4909 #SUP 0.94 #QF 0.91
#peak 4910 #SUP 0.98 #QF 0.98
#peak 4911 #SUP 0.93 #QF 0.93
#peak 4912 #SUP 0.98 #QF 0.98
#peak 4913 #SUP 0.91 #QF 0.91
#peak 4918 #SUP 0.42 #QF 0.42
#peak 4919 #SUP 0.97 #QF 0.34
#peak 4924 #SUP 0.88 #QF 0.88
#peak 4927 #SUP 0.99 #QF 0.99
#peak 4931 #SUP 0.67 #QF 0.67
#peak 4935 #SUP 0.81 #QF 0.81
#peak 4942 #SUP 0.91 #QF 0.55
#peak 4942 #SUP 0.91 #QF 0.55
#peak 4943 #SUP 0.91 #QF 0.39
#peak 4943 #SUP 0.91 #QF 0.39
#peak 4944 #SUP 0.98 #QF 0.98
#peak 4956 #SUP 0.93 #QF 0.93
#peak 4957 #SUP 1.00
#peak 4959 #SUP 0.99 #QF 0.99
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162 VAL QG2 166 GLU HG2 5.50
162 VAL QG2 166 GLU HG3 5.50
162 VAL QG1 166 GLU HG2 4.79
162 VAL QG1 166 GLU HG3 4.79
164 GLU HA 167 ALA HA
167 ALA HA 170 ALA HA
47 ASP HB3 48 GLY HA2

173 ILE HA
173 ILE HA
173 ILE HA
136 LEU H
173 ILE HB

173 ILE HG12
173 ILE HG13
174 ALA QB
173 ILE QG2
173 1LE Qb1

161 LEU HA 190 ILE HA
75TYR HE2 78LYS HE3

81LEU H

81 LEU HG

81LEU QD2 82VAL H
130 THR HA 133 ARG HD2 3.67
130 THR HA 133 ARG HD3 3.67
159 MET HA 159 MET HG2 4.25
159 MET HA 159 MET HG3 4.25
93 ARG HA 93 ARG HG3 3.78

165 ARG HA 165ARG HG2 4.03
165 ARG HA 165 ARG HG3 4.03
168 LYS HG2 170 ALA H

168 LYS HG3 170 ALA H

168 LYS HA 168 LYS HG2
168 LYS HA 168 LYS HG3
168 LYS HA 171 ALA QB
162 VAL HB 163 THR QG2 3.97

162 VAL QG1 163THR QG2 4.84
163 THR HB 164 GLU HG3 5.50
142 VAL HA 166 GLU HA
162 VAL QG1 166 GLU HA 5.41
166 GLU HB3 167 ALA QB 5.50
169 ALA HA 173 ILE HG12 4.15
169 ALA QB 171 ALA H
87 ASN HB3 90LEU H

171ALA H

172 ASP HB2

47 ASP HB2 49 THR H

64 ILE HA

90 LEU HA

5.50
5.50
5.09
3.72
3.99

5.17
5.50
3.77
5.32
4.89
5.08
5.09

5.07
5.07
4.03
4.03
4.03

4.64

4.76
5.12
5.50
5.50
4.68

59 SER HA 65LYS HD2 3.83
89 GLU HG2 90LEU HG
89 GLU HG3 90LEU HG

4.26
4.40

20ILE HB 21 ALA H 3.98
21ALAH 22ALA QB 3.96
20ILE QG2 21ALAH 354
20ILE HG13 21ALAH 493
33LYS HB2 34ALAH 474
69 ARG HB2 70ILEH 5.36
38 PRO HB2 39ARG H  4.07
39 ARG HB2 40SER H 4.49
48GLY H 49THR QG2 4.58
135GLN H 138 THR QG2 4.48
51GLU H 51GLU HB2 3.90
49THR QG2 51GLU H 4.76
51GLU H 52VAL QG2 5.12
52VALH 53ARG H 3.65
51GLU HB3 52VALH 3.72
54VALH 54VAL HB 3.66
55ASN H 56SER HB3 5.36
55ASN HB2 56SER H  3.88
55ASN HB3 56SER H  3.53
56 SER H 57ALA QB 4.46
52 VAL QG1 56SER H 4.18
57ALAH 58LEUH 3.86
55ASN HA 59SER H 4.24
57ALA QB 60LYS H 4.68
63GLN H 63 GLN HG2 3.59
63GLN H 66LYS HD3 4.16
62 GLU HG2 63GLN H  3.98
65LYS H 65LYS HD2 4.85

#peak 4960 #SUP 0.96 #QF 0.96

#peak 4961 #SUP 1.00

#peak 4962 #SUP 0.98 #QF 0.98

#peak 4963 #SUP 1.00

#peak 4964 #SUP 0.93 #QF 0.85
#peak 4964 #SUP 0.93 #QF 0.85
#peak 4969 #SUP 0.56 #QF 0.56
#peak 4970 #SUP 0.98 #QF 0.98
#peak 4974 #SUP 0.97 #QF 0.97
#peak 4975 #SUP 0.94 #QF 0.94
#peak 4980 #SUP 0.46 #QF 0.46
#peak 4990 #SUP 0.99 #QF 0.99
#peak 5020 #SUP 0.94 #QF 0.94
#peak 5073 #SUP 0.99 #QF 0.99

#peak 5089 #SUP 0.86 #QF 0.86

#peak 5091 #SUP 0.94 #QF 0.94
#peak 5106 #SUP 0.47 #QF 0.21
#peak 5106 #SUP 0.47 #QF 0.21

#peak 5145 #SUP 0.88 #QF 0.74
#peak 5145 #SUP 0.88 #QF 0.74

#peak 5148 #SUP 0.51 #QF 0.24

#peak 5148 #SUP 0.51 #QF 0.24
#peak 5149 #SUP 0.84 #QF 0.84

#peak 5171 #SUP 0.96 #QF 0.96
#peak 5172 #SUP 0.91 #QF 0.91
#peak 5191 #SUP 0.99 #QF 0.99
#peak 5192 #SUP 0.85 #QF 0.76
#peak 5192 #SUP 0.85 #QF 0.76
#peak 5195 #SUP 0.47 #QF 0.47

#peak 5198 #SUP 0.98 #QF 0.98

#peak 5203 #SUP 0.90 #QF 0.90
#peak 5208 #SUP 0.96 #QF 0.96

#peak 5209 #SUP 1.00

#peak 5211 #SUP 0.90 #QF 0.90

#peak 5214 #SUP 0.75 #QF 0.75
#peak 5216 #SUP 0.82 #QF 0.82
#peak 5219 #SUP 0.94 #QF 0.52
#peak 5219 #SUP 0.94 #QF 0.52
#peak 5220 #SUP 0.94 #QF 0.94

#peak 5268 #SUP 0.76 #QF 0.76

#peak 5273 #SUP 0.89 #QF 0.81
#peak 5275 #SUP 0.78 #QF 0.43
#peak 5275 #SUP 0.78 #QF 0.43

#peak 5#SUP 0.76 #QF 0.76
#peak 7 #SUP 0.29 #QF 0.29
#peak 8 #SUP 0.69 #QF 0.69

#peak 9 #SUP 0.56 #QF 0.56

#peak 34 #SUP 0.97 #QF 0.91
#peak 34 #SUP 0.97 #QF 0.91

#peak 56 #SUP 0.84 #QF 0.84
#peak 65#SUP 0.75 #QF 0.75
#peak 109 #SUP 0.75 #QF 0.75
#peak 112 #SUP 0.68 #QF 0.68
#peak 118 #SUP 0.91 #QF 0.91
#peak 120 #SUP 0.85 #QF 0.36
#peak 120 #SUP 0.85 #QF 0.36

#peak 122 #SUP 0.98 #QF 0.98

#peak 125 #SUP 0.75 #QF 0.75

#peak 133 #SUP 0.90 #QF 0.90

#peak 138 #SUP 0.82 #QF 0.82
#peak 145 #SUP 0.85 #QF 0.85
#peak 146 #SUP 0.78 #QF 0.78

#peak 147 #SUP 0.72 #QF 0.72

#peak 148 #SUP 0.71 #QF 0.71

#peak 151 #SUP 0.95 #QF 0.95

#peak 159 #SUP 0.85 #QF 0.85

#peak 178 #SUP 0.97 #QF 0.95

#peak 204 #SUP 0.64 #QF 0.64
#peak 207 #SUP 0.53 #QF 0.53
#peak 208 #SUP 0.77 #QF 0.77

#peak 215 #SUP 0.73 #QF 0.30
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65LYS H 65LYS HD3 5.11
66LYS H 67GLU HG2 4.72
68ALA H 69ARG H 4,55
150THR H 151THR H  4.42
69ARG H 70ILEH 413
70ILEH 71ASN H 4.45

87 ASN 90LEU QD1 3.83
87 ASN 90LEU QD2 4.97
87ASN HA 89GLU H 3.83
87 ASN HB3 89GLU H 3.74
89GLU H O90LEU HG 4.25
90LEU H 92ALAH 445

88 ALA HA 91SER H 3.83
91SER H 93ARG H 463
94ALAH 95LYSH 3.79
95LYSH 96GLN H 3.86

93 ARG HA 95LYS H 457
91SER HA 95LYS H 4.46
95LYS H 95LYS HB2 4.14
94ALA QB 95LYSH 354
64ILE QD1 95LYSH 454
93 ARG HA 96GLN H  3.87
94 ALA QB 96GLN H  5.02
97ILEH 98ALAH 3.59
98ALAH 99MET H 3.66
98ALAH 100GLY H 4.17
94 ALA HA 98ALAH 410
96 GLN HB2 98ALA H 5.03
101VAL H 102ASP H 4.39
101 VAL HB 102ASP H  4.60
103GLY H 104 ALA QB 4.25
105ASN HB2 106 GLU H  4.19
105ASN HB3 106 GLU H  4.19
104 ALA HA 106 GLU H 4.01
112ARG H 113GLN H 441
1111LE QG2 112ARG H  3.69
117ILE H 117 ILE QG2 3.53
118 GLY H 119LEU H  4.22
155GLU H 156VAL H 534
126 THR H 128ILEH  4.64
127TRP H 128ILEH  3.53
124 ASN HA 127TRP H 3.84
127TRP H 128ILE QD1 4.38
125ASP HA 128ILE H 4.11
127 TRP HB3 128ILE H 4.03
127 TRP HB2 128ILE H 4.17
128ILE H 128ILE HB 3.75
128ILE H 151THR QG2 4.64
128ILE H 128ILE QG2 3.81
129THR H 132VAL QG1 4.37
129THR H 151THR QG2 4.11
128 ILE HB 129THR H  4.03
129THR H 151THR HB 4.21
127TRP H 129THR H  4.49
129THR H 130THR H  3.72
131LYSH 132VALH 4.18
131LYS HB3 132VALH 438
132VALH 133ARG H 4.28
133ARG H 134SER H  3.89
132 VAL QG1 133ARG H 3.84
133ARG H 149VAL QG1 4.48
132 VAL QG2 134SER H  4.28
133 ARG HA 136LEU H  4.00
136 LEU H 137LEU H  3.77
135GLN H 136LEU H  3.53

71ASN H 82VAL QG2 3.80
74ALAH 74ALA QB 383
76GLIN H 77GLYH 4.5
76 GLN HB3 77GLY H 4.84
87ASN H 88ALAH 448
86 PRO HB2 87ASN H  3.62

H

H

#peak 215 #SUP 0.73 #QF 0.30
#peak 220 #SUP 0.62 #QF 0.62
#peak 228 #SUP 0.91 #QF 0.91
#peak 237 #SUP 0.90 #QF 0.90
#peak 238 #SUP 0.83 #QF 0.83
#peak 252 #SUP 0.97 #QF 0.97
#peak 255 #SUP 0.72 #QF 0.72
#peak 259 #SUP 0.87 #QF 0.87
#peak 269 #SUP 0.76 #QF 0.76
#peak 274 #SUP 0.96 #QF 0.95
#peak 290 #SUP 0.67 #QF 0.67
#peak 297 #SUP 0.61 #QF 0.61
#peak 298 #SUP 0.80 #QF 0.80
#peak 299 #SUP 0.68 #QF 0.68
#peak 310 #SUP 0.97 #QF 0.97
#peak 311 #SUP 0.90 #QF 0.90
#peak 315#SUP 0.63 #QF 0.63
#peak 318 #SUP 0.61 #QF 0.61
#peak 323 #SUP 0.26 #QF 0.26
#peak 329 #SUP 0.90 #QF 0.90
#peak 333 #SUP 0.61 #QF 0.61
#peak 340 #SUP 0.96 #QF 0.96
#peak 341#SUP 0.84 #QF 0.84
#peak 342 #SUP 0.91 #QF 0.91
#peak 343 #SUP 0.94 #QF 0.94
#peak 344 #SUP 0.92 #QF 0.92
#peak 345 #SUP 0.95 #QF 0.95
#peak 347 #SUP 0.94 #QF 0.94
#peak 351 #SUP 0.91 #QF 0.44
#peak 356 #SUP 0.88 #QF 0.88
#peak 357 #SUP 0.87 #QF 0.87
#peak 358 #SUP 0.97 #QF 0.97
#peak 359 #SUP 0.85 #QF 0.85
#peak 362 #SUP 0.96 #QF 0.96
#peak 384 #SUP 0.77 #QF 0.77
#peak 388 #SUP 0.84 #QF 0.84
#peak 398 #SUP 0.50 #QF 0.50
#peak 408 #SUP 0.92 #QF 0.66
#peak 408 #SUP 0.92 #QF 0.66
#peak 409 #SUP 0.68 #QF 0.68
#peak 410 #SUP 0.89 #QF 0.89
#peak 414 #SUP 0.82 #QF 0.82
#peak 433 #SUP 0.66 #QF 0.66
#peak 437 #SUP 0.75 #QF 0.75
#peak 475#SUP 1.00 #QF 0.98
#peak 484 #SUP 0.96 #QF 0.96
#peak 485 #SUP 0.99 #QF 0.99
#peak 486 #SUP 0.93 #QF 0.93
#peak 491 #SUP 0.86 #QF 0.86
#peak 493 #SUP 0.98 #QF 0.74
#peak 494 #SUP 0.93 #QF 0.93
#peak 496 #SUP 0.96 #QF 0.96
#peak 497 #SUP 0.90 #QF 0.90
#peak 499 #SUP 0.89 #QF 0.89
#peak 501 #SUP 0.93 #QF 0.93
#peak 503 #SUP 0.90 #QF 0.90
#peak 504 #SUP 0.93 #QF 0.93
#peak 507 #SUP 0.89 #QF 0.89
#peak 510 #SUP 0.93 #QF 0.93
#peak 514 #SUP 0.85 #QF 0.85
#peak 515 #SUP 0.93 #QF 0.93
#peak 525#SUP 0.90 #QF 0.90
#peak 529 #SUP 0.97 #QF 0.97
#peak 530 #SUP 0.75 #QF 0.75
#peak 531 #SUP 0.99 #QF 0.99
#peak 533 #SUP 0.83 #QF 0.83
#peak 534 #SUP 0.53 #QF 0.53
#peak 535#SUP 0.72 #QF 0.72
#peak 548 #SUP 0.49 #QF 0.49
#peak 549 #SUP 0.88 #QF 0.88
#peak 550 #SUP 0.69 #QF 0.69

371



137LEU H 138THR H  3.65
137LEU HA 138THR H  3.56
137LEU HA 139SER H  3.72
140ASP H 141LEU HG 4.36
139SER H 140ASP H  4.68
140ASP H 141LEU H  3.77
141LEU HG 142VALH 453
141LEUH 142VALH 3.73
146 ASN HB3 147VAL H 4.16
146 ASN HB2 147VAL H  3.99
150 THR HB 151 THR H  4.57
151THR H 151 THR HB 3.77
71ASN H 72VALH 470
151 THR QG2 154GLY H 4.13
161LEU H 162 VAL QG1 4.21
161LEU H 161LEU HB2 3.88
161LEU H 161LEU HB3 3.88
164GLU H 165ARG H  3.66
163THR HA 164GLU H 3.54
163THR HA 165ARG H  4.80
167ALAH 168LYSH 3.71
170ALA H 171ALAH 3.54
173ILE QG2 177VAL H 4.12
174 ALA HA 177VAL H  3.80
177VAL H 178SER H  4.58
177 VAL HB 178 SER H  4.50
179GLY H 180VAL H 3.61
178 SER HA 180VAL H 3.84
189 PHE H 189 PHE HB3 3.77
189PHE H 190ILEH  4.65
189 PHE HB2 190ILE H 4.42
189 PHE HB3 190ILE H 4.42
189 PHE H 189 PHE HB2 3.77
144SER H 145SER H  3.60
70ILE HB 71ASN H 431
70ILE HG13 71ASN H 4.83
102ASP H 104ALA H 438
147 VAL HB 148LYS H 437
62GLU H 64ILEH 4.27
61ASP HB3 62GLU H 4.20
62GLU H 65LYS HD3 4.59
62GLU H 65LYS HG2 4.86
62GLU H 65LYS HG3 5.16
33LYS HB3 34ALAH 474
69 ARG HB3 70ILEH 5.36
149VAL H 149VAL HB 3.97
187PHE H 188THR H  4.85
185THR HB 187PHE H  4.99
49THR HA 52VALH 3.82
65LYS HA 68ALA H 3.85
64ILE HA 68ALA H 455
68 ALA H 70ILE QD1 5.17
54 VAL HB 55ASN H  3.95
165ARG H 165ARG HD2 5.16
165ARG H 165ARG HD3 5.16
163 THR QG2 165ARG H  3.58
61ASP HA 63GLN H 431
125ASP HB2 126 THR H  4.20
67GLU H 90LEU QD1 3.94
142VAL H 143LYSH 470
46 ASP HA 48GLY H 433
48GLY H 49THR HB 5.12
185THR QG2 186 ALA H  4.36
125ASP H 127TRP H  4.21
124 ASN H 127TRP H  5.09
149VAL H 149VAL QG1 3.79
37ASP H 38PRO HD2 5.50
37ASP H 38PRO HD3 5.50
36 THR QG2 37ASP H  4.27
80LEU HB2 81LEU H 4.9
57ALA H 60LYS HB3 5.25

#peak 559 #SUP 0.95 #QF 0.95
#peak 562 #SUP 0.97 #QF 0.97
#peak 578 #SUP 0.62 #QF 0.62
#peak 589 #SUP 0.73 #QF 0.73
#peak 591 #SUP 0.93 #QF 0.93
#peak 592 #SUP 0.86 #QF 0.86
#peak 603 #SUP 0.91 #QF 0.91
#peak 606 #SUP 0.74 #QF 0.74
#peak 617 #SUP 0.74 #QF 0.74
#peak 618 #SUP 0.78 #QF 0.78
#peak 632 #SUP 0.76 #QF 0.76
#peak 633 #SUP 0.64 #QF 0.64
#peak 639 #SUP 0.92 #QF 0.92
#peak 644 #SUP 0.31 #QF 0.31
#peak 653 #SUP 0.91 #QF 0.91
#peak 656 #SUP 0.97 #QF 0.97
#peak 657 #SUP 0.95 #QF 0.95
#peak 660 #SUP 0.88 #QF 0.88
#peak 661#SUP 0.96 #QF 0.96
#peak 671 #SUP 0.82 #QF 0.82
#peak 684 #SUP 0.60 #QF 0.60
#peak 693 #SUP 0.91 #QF 0.91
#peak 706 #SUP 0.71 #QF 0.71
#peak 707 #SUP 0.65 #QF 0.65
#peak 710 #SUP 0.72 #QF 0.72
#peak 714 #SUP 0.69 #QF 0.69
#peak 716 #SUP 0.66 #QF 0.66
#peak 727 #SUP 0.37 #QF 0.37
#peak 745 #SUP 0.91 #QF 0.91
#peak 752 #SUP 0.96 #QF 0.96
#peak 755#SUP 0.76 #QF 0.76
#peak 756 #SUP 0.88 #QF 0.88
#peak 792 #SUP 0.84 #QF 0.84
#peak 804 #SUP 0.93 #QF 0.93
#peak 815#SUP 0.95 #QF 0.95
#peak 816 #SUP 0.95 #QF 0.95
#peak 818 #SUP 0.76 #QF 0.76
#peak 821 #SUP 0.95 #QF 0.95

#peak 830 #SUP 0.56 #QF 0.56

#peak 831 #SUP 0.80 #QF 0.80
#peak 832 #SUP 0.79 #QF 0.79
#peak 833 #SUP 0.89 #QF 0.41
#peak 833 #SUP 0.89 #QF 0.41
#peak 834 #SUP 0.77 #QF 0.66
#peak 834 #SUP 0.77 #QF 0.66
#peak 839 #SUP 0.49 #QF 0.49
#peak 840 #SUP 0.93 #QF 0.93
#peak 845 #SUP 0.44 #QF 0.44
#peak 846 #SUP 0.94 #QF 0.94
#peak 848 #SUP 0.60 #QF 0.60
#peak 849 #SUP 0.88 #QF 0.88
#peak 852 #SUP 0.83 #QF 0.83
#peak 861 #SUP 0.92 #QF 0.92

#peak 862 #SUP 0.66 #QF 0.47
#peak 862 #SUP 0.66 #QF 0.47
#peak 863 #SUP 0.41 #QF 0.41

#peak 867 #SUP 0.81 #QF 0.81
#peak 869 #SUP 0.82 #QF 0.82
#peak 881#SUP 0.31 #QF 0.31

#peak 886 #SUP 0.89 #QF 0.89

#peak 888 #SUP 0.64 #QF 0.64

#peak 890 #SUP 0.57 #QF 0.57
#peak 918 #SUP 0.71 #QF 0.71

#peak 1047 #SUP 0.82 #QF 0.82
#peak 1048 #SUP 0.73 #QF 0.73

#peak 1058 #SUP 0.75 #QF 0.75

#peak 1078 #SUP 0.94 #QF 0.79
#peak 1078 #SUP 0.94 #QF 0.79
#peak 1082 #SUP 0.87 #QF 0.44
#peak 1083 #SUP 0.43 #QF 0.43
#peak 1114 #SUP 0.78 #QF 0.78
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20ILE H 21ALA QB
127 TRP HA 131LYS H

4.35
4.32

131LYS H 131LYS HB2 4.15
130THR QG2 131LYSH  3.85
23ALAH 24VALH 423
120GLY H 122ALA H 4.38
122ALAH 124ASN H 4,55
154GLY H 155GLU H 411
152GLU H 155GLU H  4.05
151THR QG2 155GLU H  3.72
149VAL H 150THR H 4.6
69 ARG H 70ILE HG13 3.87
89GLU H 92ALAH 4.90
78LYS H 78LYS HD3 4.43
191LYS HA 194LEU H 3.79
49THR HA 53ARG H  3.99
77GLY H 78LYSH 3.92
75TYRH 78LYSH 440
121GLU HA 125ASP H  4.39
76 GLN HB2 78LYSH 3.66
87 ASN HB2 89GLU H  3.59
163THR H 167ALAH 451
165ARG HA 167ALA H 470
96 GLN HB2 97ILEH 3.63
162 VAL QG2 167ALA H  3.80
54VALH 55ASN H 358
53ARG H 54VALH 3.79
53 ARG HB2 54VALH 421
53 ARG HB3 54VALH 421
171ALAH 174ALAH 497
131LYS HG2 132VALH  3.90
172ASP H 173ILEH  3.67
90LEU H 93ARG H 4.82
159 MET H 159 MET HG2 5.50
159 MET H 159 MET HG3 5.50
30VALH 31GLY H 4.02
159 MET HA 187PHE H  4.53
51GLUH 52VALH 357
186 ALA H 187PHE H 4.10
37ASP HA 39ARG H 4.42
66LYS HA 68ALA H 4.80
39ARG H 39ARG HD2 5.50
39ARG H 39ARG HD3 5.50
167ALA H 170ALAH 5.03
170ALA H 173ILEH  5.50
55ASN H 98ALA QB 4.65
65LYS H 68ALAH 4.49
169ALA QB 172ASP H 4.80
96GLN H 97ILEH 4.09
94ALAH 96GLNH 453
96GLN H 98 ALA QB 4.77
171ALAH 172ASP H 3.73
63GLN H 66LYSH 474
49THR HA 51GLU H 497
63GLN H 65LYS HG3 4.77
130THR H 131LYSH  3.58
127TRP H 130THR H  4.96
126 THR QG2 130THR H  4.26
95LYS H 111ILE Qb1 5.50
65LYSH 67GLU H 4.00
126 THR H 151 THR QG2 5.02
126 THR H 128ILE Qb1 5.04
162 VAL H 162 VAL QG2 3.98
125ASP HB3 126 THR H  4.20
137LEU H 139SER H 4.46
32THR H 32THR HB 3.84
32THR H 32THR QG2 4.04
145SER H 146 ASN H  3.76
52 VAL HA 56SER H  4.08
66 LYS HG2 67GLU H  4.06
72VALH 82VALH 5.01

#peak 1118 #SUP 0.76 #QF 0.76
#peak 1134 #SUP 0.66 #QF 0.66
#peak 1136 #SUP 0.91 #QF 0.91

#peak 1137 #SUP 0.86 #QF 0.86

#peak 1211 #SUP 0.69 #QF 0.69
#peak 1255 #SUP 0.71 #QF 0.71
#peak 1258 #SUP 0.66 #QF 0.66
#peak 1262 #SUP 0.46 #QF 0.46
#peak 1263 #SUP 0.69 #QF 0.69

#peak 1265 #SUP 0.63 #QF 0.63
#peak 1269 #SUP 0.99 #QF 0.99
#peak 1273 #SUP 0.88 #QF 0.88

#peak 1276 #SUP 0.74 #QF 0.74

#peak 1313 #SUP 0.67 #QF 0.67
#peak 1318 #SUP 0.27 #QF 0.27
#peak 1323 #SUP 0.83 #QF 0.83

#peak 1334 #SUP 0.84 #QF 0.84

#peak 1337 #SUP 0.41 #QF 0.41
#peak 1355 #SUP 0.54 #QF 0.54
#peak 1363 #SUP 0.44 #QF 0.44
#peak 1394 #SUP 0.96 #QF 0.96
#peak 1401 #SUP 0.69 #QF 0.69
#peak 1407 #SUP 0.30 #QF 0.30
#peak 1409 #SUP 0.87 #QF 0.87

#peak 1411 #SUP 0.75 #QF 0.75

#peak 1417 #SUP 0.84 #QF 0.84

#peak 1418 #SUP 0.86 #QF 0.86
#peak 1427 #SUP 0.82 #QF 0.82
#peak 1428 #SUP 0.87 #QF 0.87
#peak 1435 #SUP 0.44 #QF 0.44
#peak 1445 #SUP 0.98 #QF 0.82

#peak 1454 #SUP 0.48 #QF 0.48

#peak 1462 #SUP 0.41 #QF 0.41

#peak 1473 #SUP 0.81 #QF 0.61

#peak 1473 #SUP 0.81 #QF 0.61
#peak 1511 #SUP 0.26 #QF 0.26

#peak 1520 #SUP 0.82 #QF 0.82

#peak 1524 #SUP 0.92 #QF 0.92
#peak 1534 #SUP 0.61 #QF 0.61
#peak 1538 #SUP 0.55 #QF 0.55

#peak 1539 #SUP 0.62 #QF 0.62
#peak 1540 #SUP 0.51 #QF 0.34
#peak 1540 #SUP 0.51 #QF 0.34
#peak 1546 #SUP 0.97 #QF 0.95

#peak 1546 #SUP 0.97 #QF 0.95
#peak 1552 #SUP 0.59 #QF 0.59

#peak 1558 #SUP 0.74 #QF 0.74
#peak 1596 #SUP 0.62 #QF 0.62

#peak 1597 #SUP 0.48 #QF 0.48

#peak 1598 #SUP 0.51 #QF 0.51
#peak 1611 #SUP 0.61 #QF 0.61
#peak 1612 #SUP 0.87 #QF 0.87

#peak 1634 #SUP 0.87 #QF 0.87
#peak 1637 #SUP 0.80 #QF 0.80
#peak 1657 #SUP 0.42 #QF 0.42
#peak 1664 #SUP 0.86 #QF 0.86
#peak 1665 #SUP 0.75 #QF 0.75

#peak 1667 #SUP 0.33 #QF 0.33

#peak 1668 #SUP 0.86 #QF 0.69

#peak 1704 #SUP 0.31 #QF 0.31

#peak 1737 #SUP 0.95 #QF 0.95
#peak 1738 #SUP 0.88 #QF 0.88

#peak 1740 #SUP 1.00

#peak 1749 #SUP 0.86 #QF 0.86
#peak 1771 #SUP 0.94 #QF 0.94
#peak 1776 #SUP 0.82 #QF 0.82
#peak 1786 #SUP 0.82 #QF 0.82
#peak 1788 #SUP 0.46 #QF 0.46

#peak 1802 #SUP 0.85 #QF 0.85
#peak 1880 #SUP 0.57 #QF 0.57

#peak 1954 #SUP 0.56 #QF 0.56



82VALH 110GLU H 4.68
27THR H 28ALAH 511
134SER H 136LEU H 4.16
130THR HA 134SER H 4.17
36 THR H 37ASP HA 5.03
89GLU H 91SERH 4.40
90LEU HG 91SER H 4.01
90 LEU HB3 91SER H  3.88
91SER H 94ALAH 536
87ASN H 87 ASN HB2 4.01
87ASN H 87 ASN HB3 3.94
99MET H 99 MET HG3 4.09
162 VAL HB 163THR H  3.97
162 VAL QG1 163THR H  3.77
162 VAL QG2 163THR H  4.20
163THR H 190ILE QG2 3.97
148LYS H 149VALH 465
55ASN H 56SER HB2 5.36
56 SER H 58LEU H 432
58LEUH 60LYSH 431

61 ASP HB3 63GLN H  4.40
62GLU H 65LYSH 528
130THR H 133 ARG H  5.50
150THR H 157PHE H 4.33
69ARG H 84GLN H 436
100GLY H 104ALA QB 4.71
126 THR H 127 TRP HB3 4.66
133 ARG H 134 SER HB2 5.50
133 ARG H 134 SER HB3 5.50
137LEU H 138THR QG2 4.32
136 LEU H 138THR H 4.28
164GLU H 190ILE QG2 4.98
176 ARG HB2 177VAL H 4.43
162 VAL QG2 188THR H  4.82
78LYS HA 106 GLU H  4.57
163THR HA 190ILE H  4.40
20ILE H 20ILE QG2 4.04
30VAL QG1 31GLY H 4.87
30VAL QG2 31GLY H 4.87
46 ASP H 49THR QG2 3.57
47ASP H 49THR H 481
54VAL H 55ASN HB2 5.20
54VALH 98ALA QB 4.65
53 ARG HG3 54VALH 4.97
55ASN H 56SER HA  5.50
57ALAH 59SERH 451
57ALAH 60LYSH 493

54 VAL HA 57ALA H 3.92
57ALA H 60LYS HB2 5.25
57ALA QB 61ASP H 455
59SER H 61ASP H 4.65
62GLU HA 65LYS H 3.54
62GLU HA 66LYSH 4.26
64ILEH 66LYSH 4.12
65LYS HE2 66LYS H 535
65LYS HE3 66LYS H 535
68 ALA H 86PRO HD2 5.50
68 ALA H 86PRO HD3 5.50
73THR QG2 74ALAH 3.80
75TYR H 79VAL HA 4.42
76 GLN H 76 GLN HG2 4.69
76 GLN H 76 GLN HG3 4.69
76 GLN HB2 77GLY H 4.22
71ASN H 82VALH 439
82VALH 82VAL QG1 4.02
84GLN H 85SER H 4.06
69ARG H 85SER H  4.65
87ASN H S0LEU HB2 4.30
88ALAH 89GLUH 3.87
87 ASN HB2 88ALAH 4.20
87ASN HB3 88ALAH 375

#peak 1963 #SUP 0.60 #QF 0.60

#peak 1996 #SUP 0.84 #QF 0.77

#peak 1997 #SUP 0.51 #QF 0.51
#peak 2008 #SUP 0.89 #QF 0.38
#peak 2040 #SUP 0.95 #QF 0.95

#peak 2078 #SUP 0.56 #QF 0.56

#peak 2087 #SUP 0.62 #QF 0.62
#peak 2089 #SUP 0.65 #QF 0.65

#peak 2098 #SUP 1.00 #QF 0.98

#peak 2116 #SUP 0.97 #QF 0.97
#peak 2117 #SUP 0.84 #QF 0.84
#peak 2200 #SUP 0.91 #QF 0.91
#peak 2288 #SUP 0.52 #QF 0.52
#peak 2297 #SUP 0.92 #QF 0.92
#peak 2298 #SUP 0.80 #QF 0.80
#peak 2299 #SUP 0.96 #QF 0.96
#peak 2324 #SUP 0.75 #QF 0.75
#peak 2334 #SUP 0.85 #QF 0.85

#peak 2335 #SUP 0.87 #QF 0.87
#peak 2341 #SUP 0.95 #QF 0.95

#peak 2346 #SUP 0.81 #QF 0.81

#peak 2351 #SUP 0.73 #QF 0.59

#peak 2351 #SUP 0.73 #QF 0.59
#peak 2352 #SUP 0.82 #QF 0.82
#peak 2353 #SUP 0.58 #QF 0.58
#peak 2377 #SUP 0.92 #QF 0.92
#peak 2386 #SUP 0.71 #QF 0.71
#peak 2403 #SUP 0.82 #QF 0.40
#peak 2403 #SUP 0.82 #QF 0.40
#peak 2406 #SUP 0.96 #QF 0.96
#peak 2407 #SUP 0.84 #QF 0.84
#peak 2433 #SUP 0.94 #QF 0.94

#peak 2442 #SUP 0.92 #QF 0.92
#peak 2449 #SUP 0.90 #QF 0.90

#peak 2629 #SUP 0.98 #QF 0.53
#peak 2650 #SUP 0.88 #QF 0.88
#peak 2681 #SUP 0.92 #QF 0.92
#peak 2700 #SUP 0.98 #QF 0.94
#peak 2700 #SUP 0.98 #QF 0.94
#peak 2746 #SUP 0.64 #QF 0.64
#peak 2761 #SUP 0.70 #QF 0.70
#peak 2786 #SUP 0.79 #QF 0.79
#peak 2789 #SUP 0.66 #QF 0.66
#peak 2790 #SUP 0.56 #QF 0.56
#peak 2793 #SUP 0.81 #QF 0.81
#peak 2799 #SUP 0.99 #QF 0.99
#peak 2801 #SUP 0.99 #QF 0.99
#peak 2804 #SUP 0.72 #QF 0.72
#peak 2806 #SUP 0.72 #QF 0.72
#peak 2813 #SUP 0.71 #QF 0.71
#peak 2815 #SUP 0.90 #QF 0.90
#peak 2837 #SUP 0.62 #QF 0.62
#peak 2844 #SUP 0.69 #QF 0.69

#peak 2847 #SUP 0.50 #QF 0.50

#peak 2848 #SUP 0.81 #QF 0.36
#peak 2848 #SUP 0.81 #QF 0.36
#peak 2852 #SUP 0.92 #QF 0.80
#peak 2852 #SUP 0.92 #QF 0.80
#peak 2875 #SUP 0.76 #QF 0.76
#peak 2884 #SUP 0.94 #QF 0.94
#peak 2894 #SUP 0.63 #QF 0.63
#peak 2895 #SUP 0.95 #QF 0.86
#peak 2898 #SUP 0.84 #QF 0.84
#peak 2912 #SUP 0.72 #QF 0.72
#peak 2923 #SUP 0.80 #QF 0.80
#peak 2933 #SUP 0.73 #QF 0.73
#peak 2939 #SUP 0.81 #QF 0.81
#peak 2958 #SUP 0.49 #QF 0.49
#peak 2961 #SUP 0.81 #QF 0.81
#peak 2967 #SUP 0.80 #QF 0.80
#peak 2968 #SUP 0.77 #QF 0.77
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88ALA H 89GLU HG2 4.83
87ASN H 89GLUH 538
89GLU HG2 90LEU H  4.09
89GLU HG3 90LEU H 4.22
90LEU HB2 91SER H 3.64
90LEU QD1 91SER H 4.44
90LEU HB2 92ALA H 497
92ALAH 94ALA QB 4.72
92ALA H 111ILE QD1 4.28
93 ARG H 93 ARG HD2 4.99
89GLU HB2 93 ARG H 4.94
95LYS H 95LYS HB3 4.14
96GLN H 98ALAH 444
95LYS HA 98ALAH 443
99MET H 100GLY H 3.79
97ILEH 100GLY H 4.98

98 ALA QB 100GLY H  4.46
104 ALAH 105ASN H 4.58
101 VAL HA 104ALA H 432
102 ASP HB3 104ALA H  4.09
105ASN H 106 GLU H  3.79
113GLN HA 115GLN H  5.10
122 ALA QB 126 THR H  5.34
117ILE H 118GLY H 433
118 GLY H 121 GLU HG2 4.67
118 GLY H 121 GLU HG3 4.67
118GLY H 122 ALA QB 5.09
58LEUH 59SERH 3.73
120GLY H 122 ALA QB 4.92
120GLY H 123SER H  4.86
70ILE HG13 85SER H  4.98
127TRP H 128ILE HB 5.20
133 ARG H 133 ARG HB3 3.68
133 ARG H 133 ARG HB2 3.68
132 VAL QG2 133ARG H  3.68
133 ARG H 149VAL QG2 4.48
135GLN HG3 136LEU H 471
136 LEU H 138THR QG2 4.57
140 ASP H 141LEU QD1 4.48
140 ASP HA 142VAL H 5.16
142 VAL H 142VAL HB 4.06
142 VAL HB 143LYS H 4.45
39 ARG HB3 40SER H  4.49
146 ASN H 146 ASN HB3 4.07
146 ASN H 146 ASN HB2 4.01
147VAL H 148LYSH 4.50
148LYS H 159MET H 3.84
129 THR QG2 150 THR H  4.90
153 ASN HA 155GLU H 4.73
124 ASN H 128ILE QD1 4.89
150 THR QG2 158 LEU H  5.25
161LEU H 162VALH 4.65
162VAL H 167 ALA QB 4.65
162 VAL H 188THR QG2 4.97
163THR HB 165ARG H 4.73
164 GLU HA 167ALA H 3.80
162 VAL HB 167ALA H  4.07
167ALA H 170ALA QB 4.60
166 GLU HA 169ALA H 3.90
169ALA H 172ASP H 4.92
168 LYS HA 170ALA H 4.75
166 GLU HA 170ALA H  4.06
170 ALA H 173ILE HG12 5.11
170ALA H 172ASP H  4.38
169 ALA HA 172ASP H 3.91
172 ASP H 172 ASP HB2 3.56
173 ILE HG12 174ALA H 443
23ALA QB 24VALH 377
186 ALA QB 187PHE H  3.90
161LEU H 188THR H 5.15
183VAL H 183VAL HB 3.83

#peak 2969 #SUP 0.50 #QF 0.50

#peak 2971 #SUP 1.00

#peak 2983 #SUP 0.61 #QF 0.38
#peak 2983 #SUP 0.61 #QF 0.38
#peak 3000 #SUP 0.49 #QF 0.49
#peak 3001 #SUP 0.66 #QF 0.66
#peak 3010 #SUP 0.77 #QF 0.77
#peak 3012 #SUP 0.72 #QF 0.72
#peak 3014 #SUP 0.68 #QF 0.68
#peak 3022 #SUP 0.97 #QF 0.97
#peak 3024 #SUP 0.76 #QF 0.76

#peak 3031 #SUP 0.78 #QF 0.78
#peak 3047 #SUP 0.89 #QF 0.89
#peak 3049 #SUP 0.78 #QF 0.78

#peak 3054 #SUP 0.83 #QF 0.83

#peak 3058 #SUP 0.71 #QF 0.71

#peak 3064 #SUP 0.92 #QF 0.92

#peak 3078 #SUP 0.86 #QF 0.86

#peak 3079 #SUP 0.46 #QF 0.46
#peak 3080 #SUP 0.80 #QF 0.80
#peak 3086 #SUP 0.64 #QF 0.64
#peak 3103 #SUP 0.84 #QF 0.84
#peak 3108 #SUP 0.56 #QF 0.56

#peak 3113 #SUP 0.91 #QF 0.91

#peak 3115 #SUP 0.80 #QF 0.80
#peak 3116 #SUP 0.91 #QF 0.91
#peak 3120 #SUP 0.72 #QF 0.72

#peak 3122 #SUP 0.90 #QF 0.90

#peak 3131 #SUP 0.76 #QF 0.76
#peak 3142 #SUP 0.89 #QF 0.89
#peak 3146 #SUP 0.48 #QF 0.48
#peak 3156 #SUP 0.95 #QF 0.95
#peak 3181 #SUP 0.97 #QF 0.97
#peak 3182 #SUP 0.65 #QF 0.65
#peak 3185 #SUP 0.97 #QF 0.97
#peak 3186 #SUP 0.66 #QF 0.66
#peak 3199 #SUP 0.94 #QF 0.94
#peak 3200 #SUP 0.87 #QF 0.87
#peak 3220 #SUP 0.72 #QF 0.72
#peak 3226 #SUP 0.71 #QF 0.71
#peak 3228 #SUP 0.86 #QF 0.86
#peak 3235 #SUP 0.85 #QF 0.85
#peak 3257 #SUP 0.88 #QF 0.88
#peak 3261 #SUP 0.93 #QF 0.93
#peak 3262 #SUP 0.95 #QF 0.95
#peak 3281 #SUP 0.71 #QF 0.71
#peak 3282 #SUP 0.94 #QF 0.94
#peak 3303 #SUP 0.97 #QF 0.97
#peak 3311 #SUP 0.36 #QF 0.36
#peak 3320 #SUP 0.93 #QF 0.93
#peak 3331 #SUP 0.67 #QF 0.67
#peak 3351 #SUP 0.56 #QF 0.56
#peak 3368 #SUP 0.84 #QF 0.78
#peak 3368 #SUP 0.84 #QF 0.78
#peak 3387 #SUP 0.80 #QF 0.80
#peak 3397 #SUP 0.64 #QF 0.64
#peak 3400 #SUP 0.71 #QF 0.71
#peak 3404 #SUP 0.88 #QF 0.88
#peak 3414 #SUP 0.80 #QF 0.80
#peak 3418 #SUP 0.87 #QF 0.87
#peak 3420 #SUP 0.89 #QF 0.89
#peak 3421 #SUP 0.93 #QF 0.93
#peak 3424 #SUP 0.49 #QF 0.49
#peak 3428 #SUP 0.94 #QF 0.94
#peak 3443 #SUP 0.80 #QF 0.80
#peak 3445 #SUP 0.71 #QF 0.71
#peak 3462 #SUP 0.46 #QF 0.46
#peak 3508 #SUP 0.52 #QF 0.52
#peak 3510 #SUP 0.55 #QF 0.55
#peak 3512 #SUP 0.47 #QF 0.47
#peak 3518 #SUP 0.30 #QF 0.30
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191LYS HA 193GLY H  3.87
156 VAL H 183 VAL QG2 5.38
81LEU QD1 110GLU H  5.50
81LEU QD2 110GLU H  5.50
87ASN H 9S0LEU H 462
168 LYS HA 171ALA H 4.28
128ILE QG2 131LYSH 4.73
33LYSH 34ALAH 481
20ILE HG12 21ALAH 493
51GLU H 51GLU HB3 3.90
51GLUH 74ALA QB 3.87
52VALH 55ASN H 4.88
51GLU HB2 52VALH 3.72
52VAL HB 53ARG H 3.79
61 ASP HB2 64ILE H  3.80
66LYSH 68ALAH 4.00
69ARG H 70ILE Qb1 3.63
72VAL QG2 73THR H 4.16
93ARG H 94 ALA HA 5.50
94ALAH 97ILEH 498
95LYS HB3 96GLN H  4.54
95LYS HB2 96GLN H 4.54
93 ARG HA 97ILEH 430
110GLU H 1111ILE QD1 4.39
114GLY H 115GLN H  3.77
130THR H 132VALH 4385
132VALH 134SERH 5.3
129THR QG2 133ARG H 4.43
139SER HA 141LEU H  4.59
170 ALA HA 173ILEH  4.33
189 PHE H 189 PHE HD2 3.60
189 PHE HD1 190ILE H 4.13
164 GLU HA 189 PHE HD1 3.51
127 TRP HD1 128ILE HA 4.72
127TRP H 127 TRP HD1 4.64
127 TRP HD1 128ILE H  4.65
75TYR HD2 78LYS HD2 3.47
75TYR HD1 188 THR QG2 4.60
75TYR HD1 161LEU HG 4.63
75TYR H 75TYR HD2 4.54
75TYR HE1 161LEU H  3.98
75TYR HE1 162VAL H 5.50
75TYR HE2 78LYS HD2 3.63
75TYR HE1l 188 THR QG2 4.28
127 TRP HH2 131LYS HA  5.02
75TYR HB2 75TYR HE1 5.26
75TYR HB2 75TYR HD1 3.65
78 LYS HD2 108 TYR HD1 5.06
80 LEU HB2 108 TYR HD1 4.89
188 THR HA 189 PHE HD1 5.50
188 THR HA 189 PHE HD2 5.50
167 ALA H 189 PHE HD1 4.75
168LYS H 189 PHE HD1 5.24
75TYR HE1 188THR H  5.01
75TYR HE1 160GLY H  5.25
75TYR HE2 160GLY H  5.50
20ILE HA  20ILE QG1 3.22
20ILE QG2 20ILE QG1 3.03
24VAL H 24VAL QQG 4.20
25VAL QQG 26GLY QA 3.4
29 ALA HA 30VAL QQG 3.37
30VAL QQG 31GLY H 4.08
33LYSH 33LYSQE 5.34
33LYS QB 33LYS QE 3.88
33LYS QB 34ALAH 4.04
36 THR H 37ASP QB 4.83
36 THR HA 37ASP QB 4.88
37ASP H 38PRO QD 4.76
37ASP QB 38PRO HA 4.76
37ASP QB 38 PRO HB2 5.34
37ASP QB 38PRO QG 3.98

#peak 3535 #SUP 0.56 #QF 0.56
#peak 3617 #SUP 0.74 #QF 0.74
#peak 3673 #SUP 0.84 #QF 0.57
#peak 3673 #SUP 0.84 #QF 0.57

#peak 3841 #SUP 0.90 #QF 0.90
#peak 3865 #SUP 0.32 #QF 0.32
#peak 4019 #SUP 0.75 #QF 0.75

#peak 4028 #SUP 0.78 #QF 0.44

#peak 4038 #SUP 0.88 #QF 0.88
#peak 4059 #SUP 0.96 #QF 0.96

#peak 4060 #SUP 0.94 #QF 0.94

#peak 4061 #SUP 0.87 #QF 0.87
#peak 4065 #SUP 0.94 #QF 0.94
#peak 4068 #SUP 1.00

#peak 4079 #SUP 0.72 #QF 0.72

#peak 4081 #SUP 0.74 #QF 0.74

#peak 4083 #SUP 0.76 #QF 0.76

#peak 4086 #SUP 0.94 #QF 0.94

#peak 4120 #SUP 0.78 #QF 0.78

#peak 4124 #SUP 0.94 #QF 0.94
#peak 4129 #SUP 0.75 #QF 0.75
#peak 4130 #SUP 0.96 #QF 0.92
#peak 4131 #SUP 0.35 #QF 0.35

#peak 4151 #SUP 0.95 #QF 0.95

#peak 4171 #SUP 0.72 #QF 0.72

#peak 4189 #SUP 0.91 #QF 0.61

#peak 4189 #SUP 0.91 #QF 0.61
#peak 4191 #SUP 0.91 #QF 0.91

#peak 4197 #SUP 0.82 #QF 0.82

#peak 4232 #SUP 0.61 #QF 0.61
#peak 3 #SUP 0.69 #QF 0.69

#peak 4 #SUP 0.71 #QF 0.71

#peak 6#SUP 0.87 #QF 0.87

#peak 18 #SUP 0.95 #QF 0.95
#peak 22 #SUP 0.56 #QF 0.56

#peak 23 #SUP 0.81 #QF 0.81
#peak 34 #SUP 0.89 #QF 0.89
#peak 36 #SUP 0.87 #QF 0.87
#peak 37 #SUP 0.84 #QF 0.84

#peak 39 #SUP 0.47 #QF 0.47

#peak 49 #SUP 0.90 #QF 0.90

#peak 50 #SUP 0.98 #QF 0.98
#peak 52 #SUP 0.95 #QF 0.95
#peak 54 #SUP 0.81 #QF 0.81
#peak 76 #SUP 0.70 #QF 0.70
#peak 97 #SUP 0.99 #QF 0.96
#peak 105 #SUP 0.98 #QF 0.96
#peak 107 #SUP 0.97 #QF 0.69
#peak 109 #SUP 0.58 #QF 0.58
#peak 130 #SUP 0.65 #QF 0.21
#peak 130 #SUP 0.65 #QF 0.21
#peak 133 #SUP 0.91 #QF 0.91
#peak 135#SUP 0.81 #QF 0.81

#peak 152 #SUP 0.85 #QF 0.85

#peak 153 #SUP 0.93 #QF 0.82

#peak 153 #SUP 0.93 #QF 0.82

#peak 1420

#peak 210

#peak 227
#peak 247
#peak 10

#peak 2700

#peak 4467
#peak 3596
#peak 834

#peak 2712

#peak 232

#peak 1078

#peak 1777
#peak 3276

#peak 1249
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37 ASP
37 ASP
37 ASP
39 ARG
39 ARG
39 ARG
40 SER
40 SER
41 VAL
41 VAL
45 VAL
45 VAL
45 VAL
45 VAL
45 VAL
45 VAL
46 ASP
46 ASP
46 ASP
46 ASP
46 ASP
48 GLY
49 THR
49 THR
49 THR
50 LEU
50 LEU
50 LEU
50 LEU
50 LEU
50 LEU
50 LEU
50 LEU
50 LEU
50 LEU
50 LEU
51 GLU
51GLU
51GLU
51GLU
51GLU
51GLU
51 GLU
51 GLU
51 GLU
51 GLU
51GLU
51 GLU
51GLU
51GLU
51GLU
51 GLU
51 GLU
52 VAL
53 ARG
53 ARG
53 ARG
53 ARG
53 ARG
53 ARG
53 ARG
53 ARG
54 VAL
54 VAL
54 VAL
54 VAL
54 VAL
54 VAL
54 VAL
54 VAL

QB 38PRO QD 3.15
QB 39ARG H 3.97
QB 40SER H 4.39
HA 39ARG QD 3.27
QB 39ARG QDb 3.33
QB 40SER H  3.68

H 41VAL QQG 4.51
QB 41VAL QQG 3.96
QQG 44GLN QB 3.55
QQG 44GLN QG 4.17
H 45VAL QQG 4.35
HB 50LEU Q@D 3.71
QQG 46ASP QB 5.07
QQG 47ASP H 4.49
QQG 103 GLY HA2 3.87
QQG 103 GLY HA3 3.38
H S50LEU QQD 4.35
QB 48GLY H 3.84
QB 49THR H 3.78
QB 49THR HB  3.40
QB 49THR QG2 3.66
HA2 51GLU QB 3.96
HA 53 ARG QD 3.76
HB 50LEU QQD 4.66
QG2 53ARG QD 4.13
H 50LEU QB 3.54
HA 50LEU Q@D 3.34
QB 74ALA QB 3.11
QB 104 ALA QB 4.97
QQD 51GLU H 4.44
QQD 102 ASP HB2 4.73
QQD 102 ASP HB3 4.49
Q0D 103GLY H 4.84
QQD 103 GLY HA2 4.78
QQD 103 GLY HA3 3.89
QQD 104 ALA HA 3.48
H 51GLU QB 3.36
H 51GLU QG 3.78
H 54VAL QQG 4.06
HA 51GLU QG 3.24
HA 54VAL QQG 3.15
HA  72VAL QQG 4.63
QB 52VALH 3.26
QB 52VAL QG2 3.59
QB 54VAL QQG 4.46
QB 72VAL QQG 4.83
QB 74ALA QB 4.16
QG 54VAL QQG 441
QG 72VAL QQG 3.67
QG 73THR HA 3.62
QG 73THR QG2 5.13
QG 74ALAH 435
QG 74ALA QB 3.13
H 54VAL QQG 4.05
H 54VAL QQG 3.99
HA 53ARG QD 3.54
QB 53ARG QDb 2.88
QB 54VALH 347
QB 54VAL QQG 4.33
QB 55ASN H  5.30
QD 102 ASP HB2 4.58
QD 102 ASP HB3 5.13
H 54VAL QQG 3.12
HA 54VAL QQG 3.13
HA 72VAL QQG 4.28
HB 81LEU QQD 4.20
QQG 55ASN H 4.12
QQG 55ASN HB2 3.83
QQG 55ASN HB3 4.53
QQG 56SER H 4.34

54VAL QQG 72VAL HB 4.47

#peak 1255
#peak 1592
#peak 3255

#peak 2688

#peak 2853
#peak 3257

#peak 877

#peak 1766

#peak 1486
#peak 1281

#peak 4880

#peak 1290

#peak 4388

#peak 1274

#peak 9
#peak 2030

#peak 837
t#peak 892
#peak 2769
#peak 1312

#peak 262

#peak 3804

#tpeak 4426

#peak 2208

#peak 256
#peak 1159

#peak 3777
#peak 1704

#peak 380

#peak 2777

#peak 2024
#peak 2025
#tpeak 396
#peak 2027
#peak 2031
#peak 2034
#peak 4059

#peak 119

#peak 2776

#peak 2735

#peak 1755

#peak 1334
#peak 125

#peak 3287

#peak 1157

#peak 1157
#peak 1702

#peak 1344
#peak 4417

#peak 1669

#peak 1684
#peak 260

#peak 1703
#peak 1532

#peak 1331

#peak 3761

#peak 2603
#peak 1427

#peak 1120
#peak 4073

#peak 372

#peak 371

#tpeak 4217

#peak 3815

#peak 3826

#peak 1991

#peak 427

#peak 1367

#peak 1370
#peak 149
#peak 1655
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54 VAL QQG 81LEU QaD 3.28
54VAL QQG 98ALA H 4.56
55ASN H 56SER QB 4.64
55ASN H 58LEU QB 5.18
55ASN HA 58LEU QB 3.72
55ASN HA 58LEU QQb 4.01
55ASN HA 72VAL QQG 3.36
55ASN HB2 72VAL QQG 4.53
55ASN HB3 56SER QB 4.39
55ASN HB3 58LEU QB 5.26
55ASN HB3 72VAL QQG 4.99
56 SER QB 57 ALA QB 4.03
57ALAH 60LYS QB 4.46
57ALAH 60LYS QD 5.19

57 ALA HA 60LYS QB 3.53
57ALA HA 60LYS QD 3.22
57 ALA HA 60LYS QE 4.60

57 ALA QB
57 ALA QB
58 LEU H
58 LEU H
58 LEU QB
58 LEU QB

60LYS QB  3.58
60LYS QD 3.67
58 LEU QQD 4.19
72VAL QQG 4.89
60LYS H 5.01
72VAL QQG 3.92

58 LEU QQD 59SER H  4.18
58LEU QQD 60LYS H 5.01
60LYS H 60LYS QD 4.77
60LYS HA 60LYS QE 4.35
60LYS QB 60LYS QE 3.49
62 GLU HA 65LYS QE 3.42
63 GLN HA 66LYS QB 4.02
63 GLN HG2 64ILE QG1 3.90
63 GLN HG3 64ILE QG1 4.02
64ILE H 64ILE QG1 3.64
64 ILE HA 64 ILE QG1 3.40

64 ILE QG2
64 ILE QD1
64 ILE QD1
65LYS QB
65 LYS QE
65 LYS QE
66 LYS QB
66 LYS QB
66 LYS QB
68 ALA H

68 ALA HA
68 ALA HA
68 ALA QB
69 ARG H

70 ILE QG2

64ILE QG1 3.19
93 ARG OB 4.99
93 ARG QD 3.19
65LYS QE 3.97

66LYS H 4.64

66LYS QB  4.56

66 LYS HD2 3.56
66 LYS HD3 3.41
66 LYS HE3 4.89
86 PRO QD 4.75
69 ARG QB  4.88
86PRO QD 3.89
86 PRO QD 3.26
69 ARG QB 3.39
71ASN QB  4.42

70ILE HG13 91SER QB 4.35

71 ASN HA
71ASN QB
71ASN QB
71ASN QB
72VAL H

72 VAL HA
72 VAL HA
72 VAL HA
72 VAL HB

72VAL QQG 4.01
72VALH 4.26
82VALH 435
82 VAL QG1 5.25
81LEU Q@D 4.72
72VAL QQG 2.88
81LEU QB 4.11
81LEU Q@D 4.58
81LEU Q@D 4.26

72VAL QQG 73THR H  3.26
72VAL QQG 74ALAH 461
72VAL QQG 81LEU QB 3.99
73THR H 80LEU QQD 4.40
73THR H 81LEU Q@D 3.95
73THR HA 80LEU Q0D 5.39
73THR HB 80LEU QQD 3.38
73THR HB 81LEU QQD 4.76
73THR QG2 80LEU Q@D 3.56
74ALAH 79VAL QQG 5.28
74 ALA HA 79VAL QQG 3.91
75TYR H 79VAL QQG 4.38

#peak 4294
#peak 3050
#peak 138
#peak 4074
#peak 3875
#peak 1408
#peak 3252
#peak 1368
#peak 1356
#peak 3288
#peak 1370
#peak 4038
#peak 1114
#peak 2472
#peak 1385
#peak 1386
#peak 1383
#peak 1436
#peak 1922
#peak 2418
#peak 319
#peak 178
#peak 1397
#peak 1872
#peak 866
#peak 1445
#peak 2746
#peak 1574
#peak 3557
#peak 1515
#peak 3880
#peak 1477
#peak 2832
#peak 3521
#peak 3435
#peak 4943
#peak 1949
#peak 3198
#peak 2848
#peak 2772
#peak 1527
#peak 1527
#peak 2773
#peak 2852
#peak 1561
#peak 1556
#peak 302
#peak 248
#peak 1613
#peak 4038
#peak 3665
#peak 786
#peak 4479
#peak 2199
#peak 789
#peak 2803
#peak 1654
#peak 637
#peak 3902
#peak 1752
#peak 2876
#peak 4158
#peak 4529
#peak 794
#peak 4531
#peak 1681
#peak 3376
#peak 330
#peak 2876
#peak 1693
#peak 2889
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75TYR HA 76 GLN QG  3.85
75TYR HB2 76GLN QG 4.17
75TYR HB3 76GLN QG 4.64
75TYR HD1 76GLN QG 3.54
75TYR HE1 76GLN QG 3.51
75TYR HE1 161LEU QB 3.62
75TYR HE1 161LEU QQD 3.74
75TYR HE2 78LYS QE 4.18
75TYR HD2 78LYS QE 4.84
76 GLIN H 76GLN QG 3.87
76 GLN QG 77GLY H 5.12
76 GLN QG 78LYS H 534
77 GLY QA 105ASN QB 4.26
78LYS H 78LYS QE 5.04
78LYS HA  78LYS QE 3.97
78 LYS HA 106 GLU QB  4.29
78LYS HA 106 GLU QG 4.34
78LYS QE 79VALH 4.03
78LYS QE 79VAL HA 4.17
78LYS QE 106 GLU QB 4.21
78LYS QE 106 GLU QG 4.76
78 LYS QE 108 TYR HD1 3.58
79VAL H 79VAL QQG 3.42
79 VAL HA 79VAL QQG 3.14
79VAL QQG 80LEU H  3.60
79 VAL QQG 99 MET QG 3.35
80LEU H 80LEU QQD 4.20
80LEU HA 80LEU QQD 4.05
80LEU Q0D 81LEU H 4.64
80LEU QQD 82VAL QG1 3.22
80LEU QQD 108 TYR HD1 5.44
81LEU H 81LEU QQD 3.63
81LEU HA 81LEU QQD 3.62
81LEU QB 82VALH 4.29
81LEU QB 109 ASN HA 4.65
81LEU QB 111ILE QD1 4.55
81LEU Q0D 82VALH 4.10
81LEU Q@D 82VAL QG1 5.17
81LEU QQD 95LYSH 4.17
81LEU QQD 95LYS HA 3.61
81LEU QQD 95LYS QB 3.89
81LEU QQD 98ALAH 524
81LEU QQD 98ALA QB 3.13
81LEU Q0D 99 MET H 4.54
81LEU QQD 109 ASN HA  4.98
81LEU QQD 109ASN QB 4.25
85SER H 91SER QB 4.45
86PRO QD 87ASN H  3.49
86 PRO QD 90LEU Qb1 4.10
89 GLU HG3 93 ARG QD 4.26
90 LEU QD2 93 ARG QD 3.89
91SER QB 92ALA H 3.79
91SER QB 93 ARG H 5.34
91SER QB 95LYSH 534
91SER QB 111ILEH 4.83
91SER QB 111ILE HB  4.07
91SER QB 111ILE QD1 2.86
93ARG H 93ARG QG 5.25
93 ARG HA 93 ARG QG 331
93 ARG HA 93 ARG QD 4381
93 ARG QB 96 GLN HG3 4.21
93ARG QG 94ALAH 435
93 ARG QG 94 ALA HA 3.79
93ARG QG 95LYS H 5.16
93ARG QD 94ALAH 4383
93 ARG QD 94ALA HA 5.10
93 ARG QD 94ALA QB 4.57
95LYSH 95LYS QB 3.55
95LYSH 95LYS QD 4.50
95LYS HA 95LYS Qb 4.27
95LYS QB 95LYS Qb 291

#peak 576
#peak 1729
#peak 1730
#peak 35
#peak 1735
#peak 53
#peak 2417
#tpeak 5073
#peak 5075
#peak 2895
#tpeak 274
#peak 1738
#peak 83
#peak 4059
#peak 3228
#peak 3834
#peak 1038
#peak 3290
#peak 344
#peak 4649
#peak 3851
#peak 144
#tpeak 1753
#peak 3202
#peak 4433
#peak 1756
#peak 1187
#peak 1189
#peak 4528
#peak 1193
#peak 3351
#peak 664
#peak 3425
#peak 3955
#peak 5081
#peak 877
#peak 665
#peak 3375
#peak 3034
#peak 3302
#peak 631
#peak 3345
#peak 633
#peak 3344
#peak 637
#peak 4353
#peak 1896
#peak 296
#peak 3917
#peak 583
#peak 1869
#peak 3008
#peak 4594
#peak 2017
#peak 2016
#peak 4661
#peak 2318
#peak 1170
#peak 4147
#peak 4145
#peak 4617
#peak 1171
#peak 1913
#peak 3032
#peak 1943
#peak 1940
#peak 1948
#peak 343
#peak 4174
#peak 3531
#peak 4606
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95LYS QB
95LYS QB
95LYS QB
95LYS QD
95LYS QD
95LYS QE
98 ALA QB
98 ALA QB
99 MET H
99 MET H
99 MET QB
99 MET QG
99 MET QG

101 VAL QQG 102 ASP HB2 4.18
101 VAL QQG 102 ASP HB3 4.94

95LYS QE  4.01
96GLN H 3.81
109ASN QB  3.72
96GLN H  4.02
109 ASN HA 534
96 GLN HA 4.34
99 MET QB  4.20
99 MET QG  3.82
99 MET QB  3.50
99 MET QG  3.58
104 ALA QB  3.77
104 ALA HA 534
104 ALA QB 3.98

101 VAL QQG 103GLY H  3.97

104 ALA HA
105 ASN QB
105 ASN QB
105 ASN QB
106 GLU H

106 GLU QB
106 GLU QB
106 GLU QG
113 GLN HA
113 GLN QB
113 GLN QG
113 GLN QG
113 GLN QG
114 GLY QA
114 GLY QA
117 ILE HB

117 ILE QG2
117 ILE QG2
117 ILE QG2
117 ILE QD1
117 ILE QD1
117 ILE QD1
118 GLY H

118 GLY QA
118 GLY QA
118 GLY QA
118 GLY QA
118 GLY QA
118 GLY QA
118 GLY QA

105ASN QB 5.34
106 GLU H  3.65
106 GLU OB 4.21
106 GLU QG  3.56
106 GLU QB  3.56
108 TYR HD1 5.17
108 TYR HE1 3.53
108 TYR HE1 4.13
114GLY QA  4.26
114GLY QA 5.18
114GLY H 4.84
114GLY QA 3.40
115GLN H  3.80
115GLN QB  5.18
115 GLN HG2 4.66
1216GLU QG 4.88
121GLU OB 4.20
1216LU QG 3.21
153ASN QB  4.37
121GLU QB 3.84
121GLU QG 3.47
153ASN QB  4.86
121GLU QG 3.91
119LEU HG 4.39
119LEU QQD 4.16
120GLY H 475
121 GLU @B  5.05
121GLU QG 3.87
122ALA H  4.18
122 ALA QB 4.25

119LEU QQD 120GLY H  4.35

120 GLY QA
121GLU H

121 GLU HA
121 GLU QB
121 GLU QB
121 GLU QG
121 GLU QG
121 GLU QG
121 GLU QG
122 ALA HA
122 ALA QB
123 SER H

123 SER H

123 SER QB
123 SER QB
124 ASN QB
124 ASN QB
124 ASN QB
124 ASN QB
124 ASN QB
124 ASN QB
125 ASP H

125 ASP QB
125 ASP QB

123SER H  4.19
121GLU QG 3.72
124 ASN QB  3.69
122 ALA QB  5.34
153 ASN HA  3.72
122ALAH  4.02
122 ALA QB 3.26
123SER H  4.67
153 ASN HA  4.47
125ASP QB 3.42
125ASP QB  4.04
124 ASN QB 4.96
125ASP QB 4.76
124 ASN HA  4.22
124 ASN OB 4.96
125ASP H  3.63
125 ASP HA  5.00
127TRP H  5.34
127 TRP HB2 5.34
128ILE H 4.88
128ILE QD1 3.43
125ASP QB 3.54
126 THR H  3.42
127TRP H  5.34

#peak 4607
#peak 4129
#peak 3641
#peak 1620
#peak 4175
#peak 4183
#peak 1976
#tpeak 75
#peak 368
#peak 77
#tpeak 379
#peak 1985
#peak 1981
#peak 2023
#peak 79
#peak 395
#peak 3942
#peak 408
#peak 2041
#peak 81
#peak 854
#peak 107
#peak 68
#peak 1041
#peak 4674
#peak 2067
#peak 2061
#peak 90
#peak 3105
#peak 2067
#peak 2097
#peak 2101
#peak 3790
#peak 2108
#peak 2105
#peak 4724
#peak 595
#peak 1011
#peak 3116
#peak 2121
#peak 5264
#peak 3126
#peak 4706
#peak 4727
#peak 463
#peak 2134
#peak 3132
#peak 3145
#peak 459
#peak 2150
#peak 4721
#peak 488
#peak 1260
#peak 2847
#peak 1905
#peak 489
#peak 3399
#peak 2131
#peak 883
#peak 882
#peak 4736
#peak 4436
#peak 481
#peak 3318
#peak 2389
#peak 3317
#peak 3548
#peak 4006
#peak 482
#peak 869
#peak 2389
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125ASP QB 128ILE QD1 4.60
125ASP QB 151 THR HB  3.69
125ASP QB 151 THR QG2 3.57
127 TRP HD1 131LYS QE 4.62
127 TRP HZ2 131LYS QE 3.90
127 TRP HH2 131LYS QE 4.13
128ILE H 131LYS QE 4.68
128 ILE HA 131LYS QB 3.93
128 ILE HA 131LYS QE 3.47
128 ILE QG2 131LYS QE 4.42
129 THR HA 149VAL QQG 3.45
129 THR HA 156 VAL QQG 4.24
129 THR QG2 133 ARG QD 3.08
130THR H 149VAL QQG 4.81
130 THR HA 133 ARG QB 3.45
130 THR HA 133 ARG QD 3.19
131LYS H 131LYS QB 3.49
131LYS H 131LYS QE 4.27
131LYS QB 131LYS HD3 3.13
131LYS QB 131LYS QE 3.28
131LYS QB 132VAL HA 534
131LYS QB 132VAL QG1 4.16
131LYS QB 135GLN HG3 5.34
131LYS HG2 131LYS QE 3.18
131LYS QE 132VAL QG1 4.95
132 VAL HA 135GLN QB 3.84
133ARG H 133ARG QB 3.21
133 ARG H 149VAL QQG 3.83

133 ARG HA
133 ARG QB
133 ARG QB
133 ARG QD

137LEU QQD 3.82
133ARG QD 3.28
134SER H  3.51

137LEU QQD 4.99

134SER H 137LEU QQD 4.66
135GLN QB 138THR H 5.34
136 LEU H 137LEU QQD 4.96
137LEU H 137LEU QB 3.43
137LEU H 142VAL QQG 4.55
137 LEU HA 142 VAL QQG 3.58
137LEU QB 138THR H  3.53
137LEU QB 138THR QG2 3.89
139SER QB 140ASP H 4.14
139SER QB 141LEU H 434
139SER QB 142VAL H 433
139SER QB 142 VAL HB 3.47
139SER QB 142 VAL QQG 2.88
140ASP QB 141LEU H 3.83
140 ASP QB 141LEU QD1 4.12
140 ASP QB 141LEU QD2 4.79
141LEU H 165ARG QB 5.34
141LEU QB 141LEU QD2 3.09
141LEU QB 142VALH 3.73
141LEU QB 142 VAL HA 4.12
141 LEU QD1 165ARG QB 3.14
141LEU QD1 165ARG QD 3.32
141LEU QD2 165ARG QD 3.63
142VAL H 165ARG QB 5.34
142 VAL HA 166 GLU QB 4.10
142 VAL HA 166GLU QG 3.35
142 VAL QQG 146 ASN HB3 5.38
142 VAL QQG 162 VAL QG1 4.11
142 VAL QQG 162 VAL QG2 5.24
142 VAL QQG 166GLU QB 4.12
142 VAL QQG 166GLU QG 3.36
143LYS H 166GLU QG 4.27
146 ASN HA 147 VAL QQG 4.29
146 ASN HB2 147 VAL QQG 4.33
146 ASN HB3 147 VAL QQG 4.21
147 VAL HA 148LYS QB 5.16
147 VAL HA 159 MET QB 5.34
147 VAL QQG 148LYS H  3.26
147 VAL QQG 148LYS QB 4.31

#tpeak 594
#peak 1034
#peak 1302
#peak 952
#peak 951
#peak 953
#peak 954
#peak 2162
#tpeak 18
#peak 4480
#peak 743
#peak 3949
#peak 712
#peak 3167
#peak 271
#peak 5106
#peak 1136
#peak 3493
#peak 3984
#peak 3274
#peak 3750
#peak 1109
#peak 126
#peak 21
#peak 950
#peak 3749
#peak 3181
#peak 534
#peak 2263
#peak 5105
#peak 2014
#peak 2259
#peak 2019
#peak 3211
#peak 3201
#peak 555
#peak 558
#peak 478
#peak 571
#peak 2252
#peak 588
#peak 3222
#peak 2413
#peak 4838
#peak 4817
#peak 596
#peak 2291
#peak 3363
#peak 2224
#peak 132
#peak 602
#peak 2304
#peak 2292
#peak 2290
#peak 3364
#peak 2223
#peak 2303
#peak 4212
#peak 2987
#peak 484
#peak 4845
#tpeak 4942
#peak 473
#peak 3236
#peak 455
#peak 4857
#peak 986
#peak 460
#peak 2100
#peak 471
#peak 3652
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147 VAL QQG 159 MET H  3.56
147 VAL QQG 160GLY HA3 3.84
147VAL QQG 161LEU H  4.45
147 VAL QQG 162 VAL QG1 3.90
147 VAL QQG 162 VAL QG2 3.63
147 VAL QQG 187 PHE QB 4.39
148LYS H 148LYS QB 3.68
148LYS HA 148LYS QG 3.71
148LYS HA 148LYS Qb 3.27
148 LYS HA 148LYS QE 3.98
148LYS HA 149VAL QQG 3.72
148 LYS HA 159 MET QB 5.34
148 LYS QB 148LYS QD 3.15
148LYS QB 148LYS QE 3.42
148LYS QB 149VAL H  4.22
148LYS QB 159 MET H  4.51
148LYS QB 159 MET QB  4.02
148LYS QB 159 MET QG 4.76
148LYS QG 149VALH 478
148LYS QD 149VAL H  4.27
148 LYS QE 159 MET H 5.34
148 LYS QE 159 MET QB 4.56
149 VAL QQG 150THR H  3.61
149 VAL QQG 150 THR HA  3.41
149VAL QQG 151THR H 441
149VAL QQG 157PHE H 544
150 THR H 156 VAL QQG 3.72
150 THR HA 156 VAL QQG 4.19
150 THR QG2 156 VAL QQG 4.04
151THR H 156 VAL QQG 3.94
151 THR HA 156 VAL QQG 3.91
152GLU H 156 VAL QQG 5.41
153 ASN QB 155GLU H  4.35
154 GLY QA 181LYS QG 3.72
154 GLY QA 181LYS QE 4.30
156 VAL H 156 VAL QQG 3.41
156 VAL H 183 VAL QQG 4.51
156 VAL HA 156 VAL QQG 3.05
156 VAL QQG 157PHE H  3.32
159 MET H 159 MET QG 4.79
159 MET H 187 PHE QB 4.79
159 MET HA 159 MET QG  3.50
159 MET HA 187PHE QB 4.96
159 MET QB 186 ALA QB 4.45
159 MET QG 186 ALA QB  3.63
160 GLY HA2 161LEU QB 5.34
161LEU H 161LEU QB 3.38
161LEU H 161LEU QQD 4.44
161 LEU HA 190ILE QG1 4.38
161LEU QB 161LEU QQD 2.69
161LEU QB 190ILE HA 4.94
161LEU QB 190ILE HB  4.99
161LEU QB 190ILE QG1 3.63
161LEU QQD 162VAL H 3.54
161LEU QQD 162 VAL HA 3.92
161 LEU QQD 162 VAL QG1 4.60
161LEU QQD 162 VAL QG2 4.17
161LEU QQD 188THR H  3.71
161 LEU QQD 188 THR HA  4.50
161LEU QQD 189 PHE H  3.86
161LEU QQD 189 PHE HA 3.98
161LEU QQD 189 PHE HD1 5.01
161LEU QQD 190ILE HA  3.35
162 VAL H 190ILE QG1 4.00
162 VAL HA 166 GLU QB 4.46
162 VAL HA 190ILE QG1 4.04
162 VAL QG1 166 GLU QB  3.42
162 VAL QG2 166 GLU QB 4.12
162 VAL QG2 187PHE QB 3.32
163THR H 166GLU QB 3.81
163 THR HA 164GLU QG 4.75

#tpeak 470
#peak 465
#peak 3361
#peak 2997
#peak 2337
#peak 433
#peak 819
#peak 4222
#peak 4223
#peak 4017
#peak 4876
#peak 2100
#peak 3649
#peak 1063
#peak 626
#peak 1489
#peak 3650
#peak 3651
#peak 340
#peak 1115
#peak 939
#peak 2394
#peak 738
#peak 2338
#peak 2327
#peak 741
#peak 3401
#peak 4878
#peak 2366
#peak 636
#peak 4298
#peak 4219
#peak 1242
#peak 4281
#peak 4889
#peak 486
#peak 3617
#tpeak 2137
#tpeak 314
#peak 1473
#peak 1528
#peak 5145
#peak 747
#peak 4905
#peak 522
#peak 4919
#peak 656
#peak 3359
#peak 2535
#peak 3018
#peak 2407
#peak 2530
#peak 5022
#peak 3366
#peak 1409
#peak 1414
#peak 1415
#peak 741
#peak 1408
#peak 1189
#peak 2419
#peak 2416
#tpeak 151
#peak 3369
#peak 4262
#peak 189
#peak 725
#peak 1124
#peak 822
#peak 2293
#peak 2432
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163 THR HA 190ILE QG1 5.34
163 THR HA 193GLY QA 5.34
163 THR HB 165ARG QB 5.34
163 THR QG2 166 GLU QG 4.13
164GLU H 164GLU QG 3.53
164 GLU HA 164GLU QG 3.71
164 GLU QB 167ALA H 5.34
164 GLU QG 165ARG H 4.01
164GLU QG 167ALAH 534
164 GLU QG 193GLY QA 3.76
165ARG H 165ARG QD 4.37
165 ARG HA 165ARG QG 3.37
165ARG QB 167ALA H 5.04
166 GLU H 166GLU QG 4.57
166 GLU QB 167 ALA H  3.47
166 GLU QB 167 ALA QB  4.63
166 GLU QB 169 ALA QB 5.34
166 GLU QG 167ALA H 457
167 ALA QB 187PHE QB 4.07
168LYS H 168LYS QG 3.61
168 LYS HA 168LYS QG 3.50
168LYS QG 169ALA H 3.72
173 ILE HA 176 ARG QB  4.37
174ALA H 177VAL QQG 4.41
174 ALA H 183VAL QQG 5.44
175SER H 183 VAL QQG 5.18
176 ARG H 176 ARG QG 4.55
176 ARG HA 176 ARG QG 3.51
176 ARG QB 176 ARG HD2 3.63
176 ARG QB 176 ARG HD3 3.01
176 ARG HD3 177 VAL QQG 4.57
177VAL H 177VAL QQG 3.11
177VAL QQG 178SER H  4.24
181LYS HA 181LYS QG 3.50
181LYS HA 181LYS QE 4.74
181LYS QB 181LYS QE 4.43
181LYS QG 182ARG H  5.10
183VAL QQG 184THR H  3.49
183 VAL QQG 185THR HA  4.54
183 VAL QQG 185THR HB  4.53
187PHE QB 188THR H  4.13
189PHE H 189PHE QB 3.25
189 PHE HA 190ILE QG1 4.90
189PHE QB 190ILE H 3.62
190ILE H 190ILE QG1 4.17
191LYS QB 193GLY H  4.52
194LEU H 194LEU QQD 4.25
194LEU H 195GLU QB 4.42
194 LEU HA 194 LEU Q@D 3.57
194 LEU HA 195GLU QB 4.34
194 LEU HA 195GLU QG 4.53
194 LEU QB 195GLU HA 4.99
195GLU HA 196 HIS QB  4.88
195GLU QG 196 HIS HA  4.24
195GLU QG 196 HIS QB  4.70
196 HIS QB 197HIS H  4.39

#peak 1167
#peak 2547
#peak 2222
#peak 5196
#peak 665
#peak 3045
#peak 1481
#peak 1618
#peak 2435
#peak 5202
#peak 862
#peak 5149
#peak 1789
#peak 1360
#peak 3402
#peak 5211
#peak 4265
#peak 4956
#peak 2463
#peak 682
#peak 5192
#peak 1397
#peak 5228
#peak 2002
#peak 5006
#peak 5005
#tpeak 2606
#peak 178
#peak 3711
#peak 3702

#peak 3705

#peak 2000
#peak 3246
#peak 4275
#peak 3240
#peak 4116
#peak 3494
#peak 512
#peak 3082
#peak 1025
#peak 740
#peak 745
#peak 2536
#peak 755
#peak 1159
#peak 3537
#peak 2301
#peak 1304
#peak 3143
#peak 2560
#peak 2569
#peak 5030
#peak 1433
#peak 2570
#peak 3896
#peak 1141
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APPENDIX IV

List of residues that gave a ">’N HSQC resonance signal after exchange in

120

A28
V30
K33
T36
D37
R39
V41

Q44
V45
D47
T49
E51

V52
R53
V54
N55
S56
A57
L58
S59
D61
Q63
164

K65
AG8
R69
N71
V72
T73
A74
Y75
K78
V79
L80
L81

V82
G83
Q84
S85
E89
A92
R93
A94
K95
Q96

DO
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197
A98
M99
G100
V101
A104
E106
Y108
E110
1111
R112
Q113
L119
A122
N124
D125
1128
T129
T130
K131
V132
R133
S134
Q135
L136
L137
L141
S144
N146
K148
V149
T150
G154
E155
V156
F157
L158
M159
T163
R165
E166
A167
K168
A169
A170
A171
D172
1173
A174
S175
R176
V177

385



V180
T184
F189
K191
L194
E195
H196
H197

386



Appendix V List of Hydrogen bonds used to determine the structure of YraP

'l
assign
0.50
assign
0.50

'3
assign
0.50
assign
0.50

15
assign
0.50
assign
0.50

'8
assign
0.50
assign
0.50

12
assign
0.50
assign
0.50

110
assign
0.50
assign
0.50

111
assign
0.50
assign
0.50

112
assign
0.50
assign
0.50

113
assign
0.50
assign
0.50

114
assign
0.50
assign
0.50

115
assign
0.50

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

51

51

53

53

55

55

57

57

65

65

68

68

84

84

82

82

80

80

78

78

75

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

HN

HN

HN

HN

HN

HN

HN

HN

HN

HN

HN

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

47

47

49

49

51

51

53

53

61

61

64

64

69

69

71

71

73

73

75

75

78

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

387



assign
0.50

190
assign
0.50
assign
0.50

116
assign
0.50
assign
0.50

118
assign
0.50
assign
0.50

146
assign
0.50
assign
0.50

120
assign
0.50
assign
0.50

199
assign
0.50
assign
0.50

121
assign
0.50
assign
0.50

122
assign
0.50
assign
0.50

123
assign
0.50
assign
0.50

125
assign
0.50
assign
0.50

126
assign
0.50
assign
0.50

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

75

73

73

71

71

93

93

96

96

97

97

98

98

100

100

128

128

129

129

132

132

133

133

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

HN

HN

HN

HN

HN

HN

HN

HN

HN

HN

HN

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

78

80

80

82

82

89

89

92

92

93

93

94

94

96

96

124

124

125

125

128

128

129

129

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00
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127
assign
0.50
assign
0.50

130
assign
0.50
assign
0.50

131
assign
0.50
assign
0.50

132
assign
0.50
assign
0.50

133
assign
0.50
assign
0.50

134
assign
0.50
assign
0.50

135
assign
0.50
assign
0.50

136
assign
0.50
assign
0.50

137
assign
0.50
assign
0.50

138
assign
0.50
assign
0.50

139
assign
0.50
assign
0.50

140

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

134

134

137

137

159

159

157

157

184

184

150

150

148

148

158

158

169

169

170

170

172

172

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

HN

HN

HN

HN

HN

HN

HN

HN

HN

HN

HN

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

130

130

133

133

148

148

150

150

156

156

157

157

159

159

184

184

165

165

166

166

168

168

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

and

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

name

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00
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assign
0.50
assign
0.50

141
assign
0.50
assign
0.50

142
assign
0.50
assign
0.50

143
assign
0.50
assign
0.50

144
assign
0.50
assign
0.50

145
assign
0.50
assign
0.50

146
assign
0.50
assign
0.50

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

173

173

110

110

108

108

112

112

184

184

182

182

186

186

and

and

and

and

and

and

and

and

and

and

and

and

and

and

name

name

name

name

name

name

name

name

name

name

name

name

name

name

HN

HN

HN

HN

HN

HN

HN

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

residue

169

169

81

81

79

79

83

83

156

156

154

154

158

158

and name O

and name O

and

and

and

and

and

and
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and

and

and

name

name

name

name

name

name

name

name

name

name

name

name

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00
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