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Abstract

Outer membrae proteins (OMPs) of Gramegative bacteria travel from their site of

synthesis in the cytoplasracrosgshe inner membrane anthroughthe periplasm to

the outer membrane (OMprior to their folding to afunctional form. To protect

OMPs from misfoldingroaggregation while traversing the periplasm a network of
chaperones are employedThe OMPs must then reach th® & & S y-bakrdl f |
assembly machinery (BAMpmplex, which is involved imserting OMPs into the

OM. This process occurs in the absenceloémical energy ase periplasm is devoid

of ATPand in a highly dynamic environmentda G KS Wi SIF1&8Q ha | ff264

(<600 Da) to enter from the extracellular milieu.

The majomperiplasmiachaperone for OMPs, SurA, is known to interact witluaber

of substrates anthias been crosslinked the BAM complexn viva SurA is composed

of four domains, an MNerminal domain, two peptidyprolyl isomerase (PPlase)
domains and a short-@rminal helical domairn this work wildtype E.coliSurAand

QurA truncationvariantslackng one (DP2) or both (NCt)of the PPlase domairtsave

been studied Using microscale thermophoresis, light scattering, native mass
spectrometry and other biophysical techniques how each domain is involved in OMP

binding, chapeoningand delivery to BAM is investigated

Theresultsdemonstratethat SurA bindsinfolded OMPSOmpA and OmpB A 1 K > a
affinity, agreeing with previous finding¥he core domain (SurA®t) is sufficient for

this interaction, but the addition of theMase domains leads to a tighter binding.
Light scattering experiments shows that SurA WT can prevent aggregattiontafo

model OMPs, but the removal of the PPlase domains reduces the chaperoning ability
for the larger, more aggregatigprone OMP, OmpT.These observatiors
demonstratethat the acquisition of the PPlase domains is advantageous for both
OMP binding and chaperoning. An interaction between SurA and the BAM complex

is also observed for the first tima vitro. Overall, the results reveal new insights into



how SurAbinds and chaperones OMBsfore delivering them to the BAM complex
for folding in the OM.

Vi
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Chapter 1Introduction

1.1 Protein Folding and Proteostasis

Ly GKS mMohppnQad !yFAyaSy RAZO2OSNBR (KI G

dilution of denaturant, and that the only requirement to reach to correct folded state
is the amino acid sequendeSince that seminal work, the importance of molecular
chaperones in aiding the folding of proteins in the crowded cellular environment has
become apparent®. Chaperones are essential proteins found in all kingdoms of life
which facilitate protein folding of nascent polypep&l prevent selassociation of
aggregatiomprone sequences and promote degradation of genetically mutated or

irreversibly misfolded proteing’?2

Although some nascent polypeptides can fold spontaneo8islihe majority of
proteins require the aid of chaperones however the chaperone network can become
overloaded in the case of various cellular stresses and this problem is exaceripated b
the crowded cellular environmenf. Understanling the mechanisms of chaperane

is critical to defining the proteostasis network and how this network can break down
during cellular stress, genetic conditions and in ageiff Protein misfolding
diseases disrupt cellular proteostasis and evade chaperone control to form
amorphous aggregates or amyloid fibitfs'4. Enhancing chaperone activity under
these conditions may aid in slowinget progression of multiple human diseases such
Fa ! f1 KSAYSND®ELahdfargeting cNdperoyies tvhyich dre essential for

oncoprotein activation is currently under investigation for new cancer therapeutics
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Controlling proteostasis of various cellular compartneeist a challenggo both
eukaryotic celland Gramnegative bacterig®23. The sorting of proteins into their
native cellular compartments and the atylof the targeted polypeptideso reach

their functional statein these different cellular environmentsequires specific

ayt



chaperone network?+2¢, These networks often have homologous proteins between
kingdoms, such as Hsp70 in the cytoplasm of eukaryotes and DnaK in cytoplasm of
bacteria Figurel.l), and these pathways aid in the folding of most polypemide
which energe from the ribosome. However, certain substrates or cellular
compartments have evolved specialised chaperones such as those involved in

disulphide bondormation ?’.
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Figurel.1 Cytoplasmic chaperone pathways in a) Bacteria b) Archaea c) EukRipasome
associated chaperones are found in all kingdoms of life Trigger factor (TF) in bacteria and
nascentchainassociated complex (NAC) in archaea and eukaryoteshwhiind to the
nascent polypptide and may lead to folding. Fasrger or more complex proteinfeat

shock proteins (Hsp) Hsp70 in eukaryotes and DnaK in bacteria along with the Hsp40 family
co-chaperones and nucleotide exchange factors aid in folding. Archaea which lack an Hsp
system use prefoldin (PFD). Clients can then either be passed to Hsp8@aryotesfor
proteins often found in signalling pathwaps to a chaperonin system (TriC in eukaryotes,
Thermosome in archaea and GroEL/ES in bacteria). Percentages represent average protein
flux through each chaperonémage reproduced from Kiwet al. 20132,

An example of specialised chaperones within cellular compartments is the periplasm
of Gramnegative bacteria which is thepacebetween the inner and the outer
membranes of this class of bacteria. Proteins which require folding into the outer
membrane or their function are synthesised in the cytoplasm then must be
transferred across the inner membrane, across the periplasm and finally to the outer
membrane all the while being protected from misfolding or aggregation by

chaperones.



1.2 Gramnegative bactea

The binding, chaperoning and deliverybabarrel outer membrane proteins (OMPS)
by chaperones in the periplasm of Grarmagative bacteria is investigated in this
thesis. In 2017, the world health organisation published a list of twelve infectious
bacteria for which new antbiotic treatments are urgently neededblel.1) ?°. Nine

of these strains were Gramegative including all infections in the critical egory.
Gramnegative infection®ften are harder to treat as these bacteria are surrounded
by two membranes forming a barrier to most current antibiotics which act within the

cytoplasm or periplasm to disrupt essential processes and can cause cell death.

Priority Species Gram positive of negative
Critical Acinetobacter baumannii Gramnegative
Critical Pseudomonas aeruginosa Gramnegative
Critical Enterobacteriaceae Gramnegative
High Enterococcus faecium Grampositive
High Staphylococcus aureus Grampositive
High Helicobacter pylori Gramnegative
High Campylobactespp. Gramnegative
High Salmonellae Gramnegative
High Neisseria gonorrhoeae Gramnegative
Medium Streptococcus pneumoniae | Grampositive
Medium Haemophilus influenza Gramnegative
Medium Shigellaspp. Gramnegative

Tablel.1 List of bacterial infections which require new antibiotic treatment published by
the world health organisation (WHOY.

The inner most membran&nown as the inner membrane (IM) of Graragative
surounds the cytoplasm and is a symmetrical phospholipid bilayeéerms of the
lipids it is comprised @fmainly comprised ophosphatidylethanolamingPE) and
phosphatidylglycerol (PG) lipids As lacteria lack intracellulanrganellesall of the
membraneassociated functionghich are homologusto the eukaryotic organelles
are performed in the IMThe outer membrane (OM), by contrast, is asymmetric with
the inner leaflet comprising of PE, PG and cardiolipin (CL), whitreasiter leaflet

is comprisé of glycolipids, principally lipopolysaccharide (LPSJFigurel.2). The



outer membrane is densely packed with membrane proteins with mass ratios of 5:1:1

for protein: phospholipid: LPS.

‘ Periplasm
DegP
Peptidoglycan
Spase SurA Skp
SecYEG M
SecA
Cytoplasm

SecB

Figurel.2 Schematic of theE. colienvelope.The mairproteins involved in OMP biogenesis
from the bacterial ribosome (dark green) via cytoplasmic chaperones Trigger Factor (TF)
(orange) andhe tetrameric SecB (yellow) OMPs are actively transloctiesligh the Sec
machinery (SecYEG) (purple) by the ATPas@ §yan). The signal sequence is\ate by

signal peptidase (SP3gséorange) and the nascent polypeptide bound by periplasmic
chaperones Skp (blue), SurA (green) or DegP (purple) before being folded into the OM by the
BAM complex (BamABCDE) as coloumdtigurel.9. Schematic not to scale.



1.3 The Periplasm

The periplasm or periplasmic space separates the inner and outer membranes of
Gramnegative bacteriaKigure1.3). The periplasm was discovered after studies
showing Grammegative bacteria which hare no defined membrane bound
organellescontain ribonucleases and phosphataséthout these enzymes causing
toxicity in the celP?. Further extraction experiments led to the conclusion that these
bacteria have a separate cellular compartmentiswas then confirmed by electron
microscopy imagingFigurel.3) 3334 Since this time, the periplasm has been shown

to be important in many functions such as protein oxidation, disulphide bond

formation, cell division, osmoregulation, as well as hadenzymes which would

disrupt cytoplasmic processés3>3’,

Figurel.3 E.colisectionelectron microscopy image?lasma membrane (PM), Peptidoglycan
layer (PG) and Outer membrane (OM) labelled on the image. Adapted from Matiaget al.

The periplasm separates the inner and outer membranes and contains a layer of
peptidoglycan necessary focellular integrity, by maintainng cell shapeand
orchestrating division63% The presence of this peptioglycan layer in the periplasm
has led to eme debate in the field as to how outer membrane and secreted proteins
traverse it. However, researademonstrating that outer membrane lipoproteins can
coordinate peptidoglycan synthesis through direct contaih the peptidoglycan,
indicates that at lest some préeins may fit through pores in this lay®r The volume
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of the periplasm was debated for many years but it has been shown toivaigze
and can occupy up to 20% of the total cell volume under certain condittoRecent
d0dzRASE KI @S &aKz2g¢y GKFGEZ . NI¥dzyQa f ALJ2LINE I
LISLIGAR23t @0Fy f I &S Mbichdetermindgs BeriplasnictwRi®Pdzt | NJ NIzt

which has been estimated in the range of ~¥6544to ~210 A%,

The OM allows free diffusion of molecules below 600 Da into the cell by transversing
the lumen of norspecific poring®48 This causes the periplasm to be highly dynamic
as its composition depends on the environment the bacteria are in. For example,
enterobacteria which cause human infectionsibgestion must survivéhe passage
through the highly acidic stomach (pH B3%) to colonise the intestines. The
periplasm is also devoid of ATPand is more viscous than the cytopladinThese
rapid changes and challenging environment within periplasm, may lead to unfolding
or aggregation of soluble proteins orMP during transport to the OM, and so

periplasmic chaperones are essential to survival for Gnagative bacterid®>C.

1.4 Outer Membrane Proteins (OMPS)

Outer membrane proteis (OMPspf Gramnegative bacteriaare integralb-barrel
membrane proteins that are involved in numerous functions sucthasuptake of
nutrients, release of waste materials, secretion of virulence factors, andaesesto
host defence systems®3L Membrane proteins in the outer membranes of
mitochondria and chloroplasts are also mostly comprised bebarrels 5.
Approximately 23% of gees in Granmegative bacteria encode-barrel OMPs*
which are grouped into six familigsorins, passive transporters, active transporters,
enzymes,defensins and structural protein®. Bacterial OMPs vary from-26
antiparallelb-strands and are always ah even numberKigurel.4). An exception to
this rule is the conserved eukaryotic protewoltagedependent anion channel
(VDAC), as the crystal structure of thidNddB f A y Rskrabdist. ©RPs map also

oligomerise, often intdrimers, to form large functional structures in the membrane.



l f 6K2dzAAK (GKS RAAGAYIdzA & KA yoaArrelFtBely adzd® 2 F 0 K &
contain large domains either in the periplasm, on the outer surface of the cell or held

within the barrelack y 3 a | WL dzZ3Q G6KAOK FNB 2F4GSy
Although the importance of these OMRBsknown, how they are translocated through

the cell and inserted into the membrane remains to be fully elucidated.
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Figurel.4 Crystal structures of Grarlegative OMPs between 8 and 26 strands showing
diverse architectures. OmpX (PDB: 2MJ8) PagP (PDB:3GP%)tOmpA (PDB:1QJR)
OmpW (PDB:2F1V)OmpT (PDB:1L78)EspP (PDB: 2Q0®)OmpLA (PDB: 1QB5%0mpG
(PDB: 2IWV)J, FadL (PDB:1T#1,)OmpF trimer (PDB:10P¥)BamA (PDB:4K3B)LamB
trimer (PDB:1MAF), FhuA (PDB:1BY¥%)FimB (PB: 30HNY, (LptD PDB: 4Q38) Taken
from Schiffrin et al. 207,



1.5 Outer membrane protein translocation

Outer membrane proteins (OMPSs) are translated by the bacterial ribosomes within
the cytoplasm and so face a long journey from their site of synthesis to their native
environment in the outer membrand-{gurel.2). This journey requires a network of
various chaperones, along with the SecYEG transporter, and although the main
proteins in this networkhave been identified, and their crystal structures solved
(Figure1.5 and Sectionl.8) %72 the exact interactions and mechanisms of these

chaperones that aid OMP assembly remain to be discovered.

Figure 1.5 OMP transport across the pathway OMPs are actively transported into the
periplasm by the Se€G complex utilisinghe ATP hydrolysifunction ofSecA (PDB: 3DI'8)
In the periplasm unfolded OMPs are bound by chaperones SurA (PDB:*15¥p (PDB:
1U2MY)° before interaction with the BAM complex (PDB : 5[0) folding into the OM.



After the transcription and translation of OMP genes, the first contact with molecular
chaperones occurs as the nascent protein emerges from the ribosome exit tunnel
(Figurel.2). Trigger factor (TF) has been shown to be an important OMP chaperone
in the cytoplasn?*7>76and known to interact with the L23 subunit of the bacterial
ribosome’’. The crystal structure of trigger factor bound in a 1:1 stoichiometry to the
pn{ oFOGSNARIf NRO242YS NBOSIfa AGa Y2RS
R NJ 3Rgyir€l.6)38 which sits over the exit tunnel allowing itst&minal domain,
known to contain the chaperone activityy, to interact with nascent substrates.
Recent studies havshown that TF exists in thellcem a monomerdimer equilibrium

in the absence of substrates, with a & dimerisation of 2.5vM. The higher local
affinity to substrateghan to other TF monomersauses dimedissociatiorf®8% TF

has multiple hydrophobic binding sites acratsssurface that have been shown to
keep alkaline phosphatase A (PhoA) in an unfolded and extended confornf&tion
This antiaggregation mechanism is ubiquitous for the large range of substrates that
TF is known to interact i, including OMPs which contain many hydrophobic
residues and nomative interactions between these residues must be minimised to

prevent protein misfolding.

Figure 1.6 Structure of Trigger Factor guarding nascent polypeptides emerging from the
Ribosome exit tunnel. a) 50S ribosome (beige) slice to observe the exit tunnel and the
position of the Trigger Factor (TF) molecule in relation to the ribosome and modellezhhasc
chain in magenta. b) Zoom of a) with domains of TF labelled; tail or ribosome binding domain
(RBD) in redhead or PPlase domain in yellamd arms 1 and 2 make up the substrate
binding domain (SBD) in green and blue. Adapted fFembitz et al20048,
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Although TF has been implicated in OMP biogenesis, it also aids in the folding of many
cytoplasmic proteins. By contrast, a second pjasmic chaperone SecB works solely

on proteins which require export from the cytoplasth SecB is homo-tetrameric
chaperone of 69 kDa which interacts with nosative precursor proteins
(preproteins), which contain#&rminal signal peptide®. All baterial secretory and

outer membrane proteins contain a signal peptide which is3@0amino acids in

length and contains a drminal domain of 18 positively charged amino acids,
followed by a 416 amino acid helical hydrophobic segment andtar@inal sgnal
peptidase 1 (SPase 1) cleavage %if&. SecB does not recognise the signal peptide

8, instead recognising basic and aromatic mdtifeut still selectively interacts with
pre-proteins, preventing their aggregaticf®. Like TF, SecB has also been shown to
interact with substrates emerging from the ribosome but only to proteins of over 150
amino xids®”°% NMR studies showed that SecB binds substrates using hydrophobic
grooves that run around the outer rim of the tetramer and can accommodate up to
Hpn AYGSNI OGAYy 3 NBEMRRGEEL7)FATaKSecBlbSIrate 2 F ndnp
complex then interacts with &8A which is situated either in the cytoplasm or in
association with the SecYEG complex. SecA is the ATPase motor which provides the
energy for protein translocation through the inner membrane via the SecYEG
translocon’484°1 SecB is not essential f&: coliviability °> and so there must be
another pathway for OMPs to reach SecYEG, most likely using another chaperone

such as TF, however this has not been well studied.

11



Figurel.7 PhoA wraps around the SecB structure which prevents its aggregati(®?DB
5JTL® SecB in cartoon model, each monomer shown in light green, dark green, light blue
and dark blue, PhoA in red.

The SecYEG complex is conserved across all domains of life and is essential for protein
transport®. In Gramnegative bacteria the $¥EG complex is situated in the inner
membrane and recognises the signal peptide of OMPs, periplasmic and secreted
proteins 391 SecY is a channel comprised of 10 transmembrane helices and is
associated with SecE, that is responsible for stabilising Sec$eadwhich aids the
interaction between SecA and Se(Mgure 1.8a) . The current mechanism of
translocation via &YEG involves twway communication between the twbelix

finger of SecA that is held across the entrance of the SecY channel and the nucleotide
binding region. As the unfolded protein is diffusing forward and backwards within the
channe] bulky side chais cause structural perturbations of the twlix finger

which signals for nucleotide exchange and the binding of ATP. Binding of the ATP to
SecA then causes conformational changes which are transduced through the
structure causing an opening of the chahrallowing the bulky side chato pass.

After ATP hydrolysis the channel constricts and the process is rep@atgael.8b)

93,94 This mechanism prevents the backsliding of proteins back into the cytoplasm
while restricting the unwanted transport of water or ions across the inner membrane.

Inner membrane proteins have an alternate signal sequence to that of OMPs which

12



directs SecY tdaterally opento create an opening of its helical transmembrane
domains and allow their folding into the membrafe Once OMPs are in the
periplasm the signal sequence is cleaved by SPase 1 which contains aystniae
catalytic pair within its hydrophobic cleft and the mature protein must then navigate
the periplasm with the use of AdiRrdependent periplasmic chaperones to reach the

BAM comptex for folding and insertion into the ONFigure1.2) °:°7.

Figure 1.8 SecYEG structure and mechanisaj. Crystal structure of SecY (green) SecE
(pruple) and SecG (blue) bound to SecA (purple) (PDB: 3Dbla)k lines indicate the
position of the membrane. b) Mechanistic cycle of SecYEG (red), SecA (blue) with 2 helix
finger labelled and substrate (green). After initiation the substrates can diffuse forward and
backward in the SecYEG lumen (i) until itlecked by a bulky side chain (ii), this induces
nucleotide exchange in SecA (iii) which leads to opening of the lumen (iv). ATP hydrolysis
causes closure of the lumen (v) trapping the bulky side chain on the periplasmic side (vi) this
cycle continues untithe full chain emerges through théhannel and the signal sequence
cleaved. Adapted from Allest al. 3,

1.6 The BAM complex

Theb-barrel assembly machinery (BAM) complex has been of much interest since
BamA, the core component of the BAM complex, was shown to be involved in OMP
biogenesig®. It has been shown that OMPs can fold spontaneously into detergent
micelles or certain synthetic lipid bilayers when diluted outiehaturantin vitro %

100 however in a complex cellular environment this process requires assistance by
the BAM complexn vivo. The BAM complex is ubiquitous across all Gnagative

bacteria as well as having homologs in mitochondria and chloropfagtd102

13



Bacterial strains lacking the BAM complex are-mi@ble, further demonstrating its

importance®.

The BAM complex fror&. coli(Figure1l.9) comprises BamA which itself is a- 16
stranded b-barrel within the OM that has five -iderminal polypeptide transport
associated (POTRA) domains that protrude into the periplasm and are thought to
interact with unfolded OMPs prior to their folding into the membraff&'®3 BamA

has four associated lipoproteins, Bar&Bwhich are arranged around the periplasmic
portion of BamA':1%4 Geneticknockout studies have shown that BamA aBdamD

are the only essential components of the complex. Deletion of the other components

however, display varying OMP assembly or growth defééts

Figure1.9 The BAM complex) (PDB: 5LJ33 CryoEM structure of the full 5 domain BAM

02 Y LX S E dbarret and POTRA domains) in blue, BamB in dark green, BamC in light

pink, BamD in light green and BamE in dark pink b) BamA (PDB: B8H0@) mc & (i NI y Ra
which form the lateral gate of the barrel in blue.
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The mechanism of BAM complex associated OMP insertion is not fully understood,

but through experimental evidenc&°7:195197 multiple models have been proposed.

Firstly, recent molecular dynamicsnsulations have shown a thinning of lipids on one

side of the BamA barrét-°"and the rate enhancement of OMP folding by BamA was

shown to be greater in thicker lipids of a carbon chain length of 14 compared to 12

97 Destabilisation of the lipids by the BAM complex may reduce the energy barrier

for OMP folding in the nmmabrane, passively creating a localised area for easier

insertion of OMPs into the membran@igure 1.10a). Secondly, the incomplete

hydrogen bonding network of the §itand lasb-4 G4 NI Yy R4 2ifmc 0 YHY R MK S
observation that crostinking these strands is letha vivo!%’, suggests a lateral

opening of the BamA barrel and templating of the folding OMP ¢timtoexposedd-
AGNFYRa 2F . FY! 0ST2NB (GKS (rigueln).dRa Q 2F
direct evidence of either of these mechanisms has been found, howéweher

biochemical and structural evidence will be required to answer the questions that

remain.
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a b
BamA-assisted BamA-budding

- % g L

Barrel-elongation
Figure1.10 Proposed mechanisms of BAM mediated OMP folding and insertion into the
OM. a) BAMassisted, OMPs interact with the POTRA domains and BAM disrupts the local
lipids forming an area of easier insertion for OMPs. b) Baodding, OMPs template on the
i -strands of the BamA lateral gate before the barrel closure buds the OMP from BAM. c)
BarelSf 2y Al A2y ® hatd AYGSNIOG 6A0GK GKS thew! R2)

2¥ .l Y! Bteahts” Myt periplasm and the OMP is then inserted into the
membrane. Image adapted from Schiffrin et al. 2617

1.7 Protein Folding of Bacterial Proteins

1.7.1 Cytoplasmic Protein Folding

Soluble proteins within the cytoplasm of prokaryotic and eukaryotis deltl via a
network of chaperonesonserved from bacteria tman Figurel.1) 1%8.1%that assist

in the folding and prevention of aggregation throughout their lifetime. | will briefly
discuss the folding of soluble proteins in the tx of cytoplasmic bacterial proteins.
TF interacting with the ribosome protects nascent chains from degradation or
aggregation and once the polypeptide is translated either it will fold with the aid of
TF aloné'® or it will be passed to DnaK (the bacterial homologue of HsENAK

has been observed to have redundancyiwTF as bacterial strains lackieigher of

the chaperones alone show no apparent foldinded¢s when cultured at 37 °C,

suggesting that DnaK can also bind to nascent chains in the absence of TF. DnaK
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classically, however, acts by binding and releasing its substrate via cycddsPo
hydrolysist't112p ¢ KA & A & I O KfachrdDBa (00Hsp46 iy ¢ukafydtes)O 2
which accelerates ATi®ydrolysis, while the nucleotide exchangetfar GrpE induces

ADP release and ATP bindingtfu cycle to begin ane\{fFigurel.11) 113 DnaK bids

sites on substrates thatre approximately seven residues long and @nta
hydrophobic central regiowA G K I FFA Yy A G A BY4Thestibstiatg oormsi 2 p > a
hydrogen bonds and hydrophobic packing interast with the chaperoné® Once a

protein has reached its native stataffinity for the chaperone decreases, as the
hydrophobic amino acids required fohaperonebinding are buried upon foldinand

the substrate is released.

{1 substrate

ATP hydrolysi:
b G substrate binding

undocked (ADP-bound) docked (ATP-bound)

Figure1.11 Structures and chaperone cycle of Hsp70 (Dndcleotide binding domain
(NBD) in blue and Substrate binding domain (SDB) in green with the lid ifitved.elbw

arrow highlights AT¥hduced Lid dissociation from the SBDBonformational changes
observed upon ATP binding and hydrolysis allow binding and release of substrates. Adapted
from Zhuralevaet al. 2015

If further assistance is needed for folding to the native state, proteins can be passed
to chaperonins>'15 These cagéke structures comprise two rings and can be split
into two groupst®. In bacteria GroEL is a group 1 chaperonin whiebpewates with
GroES as its dactor ''’. The second group, is found in archaea and eukaryotes and
do not require cechaperones, since the functionality of the-cbaperone function is

included within theprotein sequence. Whe unbound to a substrate GroEL has
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exposed hydrophobic patches within the central cavity of the chaperone which bind
hydrophobic amino acids on the surface of Awattive proteins. The substrate is then
sequestered into the centre of the cage by multiplentaxts within the cylinder
(Figurel.12) 8% hy OS GKS & dzo ad NI G S -chaperooe2 @mER,> | ¢t
bind to form the cage structure which protects it from the crowded cellular
environment °, Recent studies have shown that GroEL can interact directly with
substrate folding intermediates and allow them to explore extended conformations

not observed for the substrate in free solutidff. With multiple rounds of ATP

binding to thecisandtransringsand hydrolysis, GroEL/ES aids the folding and release

of ~10% of all soluble bacterial prateh E. coli'2.

a) = + b)
GroES f;w/j)‘ljg{i

B % 0
N i

Non-productive
intermediate

Segmental
release

Incompletely Native

folded®

Figurel.12 Structure and mechanism of GroE&) Crystal structure of GroEiroES complex
(PDB: 1AOMY, rings labelledcis and trans, GroES in blue. b) Mechanism of GroEL
chaperonin proteins are transferred from DnaK/J (1) Adépendent domain movement of

the apical GroEL domains (2), GroES is recruited and encapsulates the substrate (3).
Substratesare then either folded (4) and released (5), or go through the cycle again (6).
Adapted from Hartl 20162

1.7.2 Protein Folding in the Bacterial Periplasm

There are over 300 proteins present in the periplasm of Gnagative bacterid?.
Chaperones are required to assist folding of periplasm resident soluble proteins,
along with prevention of aggregation of OMP3 The chaperones which furioh in

the periplasm must havedistinct mechanism of action from the cytoplasic
chaperones which cycle ATP for binding and release of substrates to aid folding, as

there is no ATP present in the peripla$h
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Soluble periplasmic proteins undergo the same translocation as OMRReeMEG
%and they also undergsignal peptide cleavage via SPas&.1The subsequent
folding of water soluble periplasmic proteins however, has not been well studied. The
main chaperones for such proteins in the periplasm are'8jgnd HdeA/HdeB?®
which are stress chapenes that are either at low concentrations under nstnessed
conditions or are only activated under certain stressHowever, as the periplagm

so dynamic is it not known to what extent these chaperones are required.

1.7.2.1Spy

Spy was first discoved as a molecular chaperone by iarvivoassay that linked
protein stability to antibiotic resistanc&“. WhenE.coliwaschallengel to stabili®

the bacteriatest protein,Immunity protein 7 kn7), the bacteria massively
overproducesSpy, which increases the steashate levels othe unstable proten
mutants up to 70€fold 124 Spy is a nomssential chaperone under both normal and
stress condition326. The Spy chaperone itself is a tightly bound dimer of kinked
hairpinf A1 S Y2y 2 YS N& sheliSds Pdareldld) H#’KThefdindzNJ b
interface is of antiparallel orientation resulting in a novel cradle shape, not seen
before in any class of chaperot. Since its dicovery, Spy has been found to be
implicated in protectinde.coliwhen challenged with a wide range of stresses such
as tannin, ethanol, butanol or excess metal idt1$29 Kwonet al. solved the crystal
structure of Spy and subsequently proposed a model of its binding to an unfolded
substrate!?’. On the concave surface of the cradle structure of Spy there are
hydrophobic patches which could bind the exposed hydrophobic residues on the
surface of unfolded proteins, thereby protecting it from irreversible oidihg or
binding to other unfolded proteins which may lead to aggregatf@rFurther

studies by Quaet al.support the hypothesis that the two hydrophobic patches in
Spy are involved in client bindifigigure1.13b) 2’. Mutants of Spy with increased
chaperone activity were found to mainly increase the hydrophobic nature of the
concave surface near the proposed binding regions. These mutants were also found
to be less thermodynamically stable and bamcreased flexibility, suggesting that

more flexible chaperones have increased activity as they are able carry out their
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function by undergoing conformational changes upon substrate bindfg
Structural analysis of the Spiyn7 complexX3° demonstrated that Spy binds to
locally frustrated regions of ImFrustration occurs when amino acids in a folded
structure are in close proximity and are ualbo minimise the free energy
between them. Spy also destabiligeartially folded stateso aid in thesearch of

the native client structure.

Figurel.13The homodimeric concave structure of SpfPDB3OEQ) aMonomers coloured
in blue and greenb) Hydrophobic residues in orange on grey SurA surface structure
proposed binding sites from Qua al.*?labelled as P1 and P2

Kinetic analysis of protein folding of Im7 in the presence of Spy demonstrated that
Spy allows folding of the substrate while remaining hatio the chaperoné3! (See

also Appendix where this publication is reproduce@ihese results propose a
potentially widespread mechanism whereby AmBependent chaperones can assist

in protein refdding opposed to just buffering proteins against aggregation as has

been shown previously for SecB andf3$
1.7.2.2 HdeA/HdeB

HdeA and HdB are general chaperonesthe periplasm oE. colthat protect a range
of substrates as shown using the model progainodanese, malate ehydrogenase
and alcohol dehydmgenase!®2 However, thesechaperones are owlactivatedunder

acidstress!33, Under nonstress conditions HdéAddeBdimerises and is inactive as
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a chaperondFigurel.14) 134 Once exposed to acitieé complex dissociates into two
active monomers that can bind to the exposed hydrophobic amino acids of unfolded
periplasmic proteing3>13¢ Although HdeA and HdeB are structural homologtiesy
contain only 1% sequence identity,ifferences in their amino acid sequences leads

to their differing functions'3>137 HdeA monomerises and prevents aggregation of
substrates between pH 1 and 3, whereas HdeB has only minimal activity at pH 3, with
maximal acidprotective activity at pH 4. While mth chaperones reversibly
dissociate below pH 3, HdeB remains as a functional, flexible dimer that can bind a
range of unfolded substrates at pH#. HdeA and HdeB act synergisticall§inoli

G2 LINRPGSOG GKS ol Ol S N@ndadingfdtiBgYiranisit tiidugh3 S 2 F  f
the acidic human stomach for examptépt could unfold periplasmic proteins and

lead to cell death.

Chain B

Figurel.14 HdeA homodimer (PDB1DJ8Y*° The dimer is present under neutral conditi®
and when exposed to acistress dissociates to bind its substrates

Currently it is also not known whether the periplasmi@ater soluble proteins
emerging from the Sec translocon need the assistanaghaperones to reach their
nativethree-dimensionakonformation andvhichchaperonesif any, aranvolvedin

folding specific clients
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1.8 Periplasmic Chaperones of Outer Membrane Proteins (OMPSs)

1.8.1 Skp

Skp (Seventeen kilodalton protein) is a chaperone found within the periplasm of
Gramnegative bacteria that has been shown to bind and prevent aggregation of
OMPs!3139 In addition to acting on OMPs Skp has also been showngmve the

yield of recombinant soluble proteirt4°and to prevent the ggregation of lysozyme
independenty of ATP”. Genetic analysis has shown thatEncoli, Skp is non
essential for cell growth and survival and a proteomic approach discovered that
deletionof Skp has neignificanimpact on thelevels ofOMPs within the cels. This
demonstrates the redundancy of the periplasmic chaperone network which has been
suggested in multiple studie¥*?44 as cellular conditions such as stress may

determine which pathway is more prevalent.

The crystal structure of Skp, determined in 2004 showed that the chaperone
NEaSYyofsSa I GNAYSNRO weStfteTaAakKQs gKAOK Aa
strl Y R SHarrel which mediates trimerisatioand helical tentacles which extend
unidirectionally from the core, forming the walls of a caviBigire 1.15). This

architecture is very similar to that of prefoldin, an AiRdependent cytoplasmic

chaperone found in eukaryotes and archaéa Although prefoldin is a hexamer

O2y Gl AYyAy 3 H h | yhsheaets formiaghe odry, vlied comparkdi K G K S

to Skp it appears to be a dimer ofmers.
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Figurel.15Crystal structure of Sk(PDB: 1U2M§. a) B.ch monomer is individually coloured

b) Skp electropositiveand electronegative surfaces are highlighted in blue and red,
respectively. Electrostatic surface representatioizskT/e to +2 kT/e) were generated using
the APBS plugin for PyM&L

The tips of the Skp helices are enriched in conserved positive lysine and arginine
residues, making the chaperone highly basic (pl ¥Hue1.15b). The tips are
thought to interact with unfolded OMPs, which have pl values commonly around 6
and may also interact with BAM complex proteins or directly with the outer
membrane (OM) which has an overall negative chdfgaVithin the cavityof Skp

there is aneven distribution of hydsphobic residues along the inner face of the
tentacles(Figurel.15b) 7 and this surface has been crosslinked to Oritpwitro 47,

NMR studies have also suggested that unfolded OMP substrates are sequestered
within the cavity®814% vy R G KIF G {1L) K2t Ra GUKS hat AY

state to protect it from aggregatiot®.

Skp binds a broad range of OMP substrd#&$°NJ y 3 A y 3 T MiRaMds,yet { 2
despite the size difference, the stoichiometry of binding originally proposed to be 1:1
151 Schiffrinet al. observed using native mass spectrometry and fluorescence folding
assays that for OMPs &f10 b-stands a 2:1 Skp:OMP complean be formed®. As

the extended OMPs cannot be contained witthe cavity of a single Skp trimer, two
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trimers were proposedo form a parallelside-by-side conformation to enlarge the
cavity space in which to accommodate large unfolded OffAigsirel.16). The affinity

of Skp for OMPs has been measured intla@omolar rangé®! and equimolar Skp
concentrationsprevents OMP folding into liposome# the absence of BANE,
However, it is not yet understood if or how Skp releases OMPs for folding into the
membrane; and if Skp has any interaction with the BAM complex or del®dei’s

directly to the OM instead.
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1:1 Skp:OMP 2:1 Skp:OMP
side-by-side parallel

Figurel.16 Proposed models of SkPMP interaction.a) Skp interaction of OMPs below 10
i -strands wih astoichiometry of 1:1. b) SKminding larger OMPs with a 2:1 stoichiometry to
encapsulate the larger substrate surfackdapted from B. Schiffrin et al. 2016

1.8.2 FkpA

FkpA is a dual functional periplasmic chaperone as it also contains an active peptide
prolyl isomerase (PPlase) domé&ih FkpAwas originally discovered asperiplasmic
homologue of the macrophage infectivitpi@ntiator (MIP) proteirwhich is a FK506
binding protein'®3. FK50&binding proteins (FKBP) are a structural family of proteins
which exhibit PPke activity, FK506 binds these proteins and inhibits the catalytic

activity by mimicking the transition state of prolitr@ns-cisisomerisationt>2.

ClLY Aa y24 SaaSydAlft yR | RStSGAR2Yy 2F G°¢
stress responsewhich is caused by excess unfolded proteins in the perip(asess
responses discussed in Sectibf) 154 However, overexpression of FkpA can reduce
"Elevels in strains of bacteria that hawefects in LPS production or protein
disulphide isomerases®. Although the chaperone activity of FkpA appears
redundant to SurA at growth temperatures of 37 °C it appears to become more
important during heat shock (44 °€%. Under heat shockmskpysurAstrains are
lethal, but overexpression of FkpA can rescue growth and yield similar levels of folded
OMP levels as wiltype strains'*2 FkpA is expressed at similar levels at 37 °C and 44
°C however at the higher temperature it binds to OmpC with higher affinity (23.2
3.5mM at 37 °C and 12.4 3.7 M at 44 °¢ and also is more efficient at preventing
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aggregation of OmpF2 These data suggest thBkpA is involved in OMP biogenesis
and mainly acts upgn heat shock when proteins are more likely to aggregate and
other chaperones may be saturated by folding defects in the proteoneevésole.
Further analysis found that FKpA can also prevent protein aggregation of MalE31, a
folding deficient mutant of mabse binding protein, showing FkpA calso

chaperone water soluble periplasmic protet§d

The crystal structure of FkpRigurel.17) shows a symmetricatshaped homodimer
with each 29 kDa monomer containing two domains. Théerwhinal domain
comprises of three-helices which are involved in dimerisation and th&eninal
domain contains the FKBP activity. Analysis of the domains in isolation shows that the
N-terminal domain is in a monomatimer equilibrium and retains chaperone
activity, whereas the @&rminal domain remains monomeric, retaining PPlase
activity 1>2 This shows that the chaperone and catalytic activities reside inthadN

G terminal domains, respectively. Multiple crystal structures show ther@inus is
different conformationst>?in accordance with NMBtudies showing that the linker
and Gterminal domain are highly dynami€®. These dynamicare reduced upon
binding of asubstrate RNase A -frotein) to the hydrophobic residues lining the
inside of the V structure. This is likely to position theaB®Idomain in the correct

orientation for catalysis>®.

Figure1.17 Crystal structure of the symmetrical FkpA dime(PDB 1Q6UY N-terminal
chaperone domain in green andt€minal FKBPPlase domains in blue
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1.8.3 DegP

DegP is a periplasmic chaperamkich also haserineprotease functionthat actson
unfolded proteins within the cellular envelop®®. DegP is upregulated in the
presence of excess unfolded proteins in the periplasm during heat sticakd
temperature provides the switch which determineshether DegP acts as a
chaperone or proteas€’. Above 37 °C DegP is required as a protaasds essential
for bacterial survival at elevated temperatur€$1°% Below 28 °C DegP is found to

prevent protén aggregation and no degradation activity is obseri?éd®®

Each monomer of DegP is 47 kDa and contains a protease domain and two PDZ
domains which bind substratgfigure1.18a) 1. The PDZ domains which gain their

name from the protein invhich they were originallgiscoveredpost synaptic density

protein) and are often found in signalling proteins to interact with downstream
partners.The monomerspack together by interactions between protease domains

into trimers, shieldinghe active site from bindingnd degrading native proteins

under nonstress conditions®. The trimers can either remain in thitate or go onto

form hexamers by dimeristion of two trimeric units that invohsesvo-d G NI y'RS R |
AaKSSG FTNRY SIOK Y2y 2YS Nd-INR O NGzRM WigaseNIdh i A2y
1.18b) 159, These protegftically-inactive stable hexamers and trimers have the ability

to bind unfolded substrates which is thought to trigger the assembly of active
polyhedral 12 or 24ner cage structure®®. It is thought that the disassembly of the
aiGloftS KSEIFYSNI 200dzNA o0& | WLINRihiSdng lj dzZ 1 S Q
NEIA2Yy Ol dzaSa GKS & SdhesS ifdhk tefitre dzyhe giheRA y 3 2 F
trimer interface!®®. The unfoldedwater solubleperiplasmic protein or OM can be
degradedwithin the cage structured®y the now inward facing protease domains,

while restrictingthe access of native proteinassising cell survival. The formation of

the polyhedral cage structures are seen at permissible temperatures assxklliag

heat shock!®, although they are most likely to remain inactive without a bound

substrate to prevent wanton proteolyst&’.
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a) DegP monomer b) DegP hexamer

Protease
Domian

Figure1.18 DegP Protease Structur@) DegP monomer (PDB: 1K¥9protease domain in
blue, PDZ1 in yellow and PDZ2 in red. b) DegP hex&b&: 30T)P°the hexamer structure
(each monomer coloured individually) which binds to substrates before forming larger
structures.

1.8.4 SurA

SurA was discovered due to its role in bacterial survival during stationary #Ra%e

which gave rise to the name survival protein A or SurA. Sequence analysis of SurA
from E. colidentified two domains with homology to the peptide pybisomerase
(PPlase) parvuljlanked by a long Xerminal region and short-&rminal regiorf®.
Comparisons of the ability of SurA to aid in the folding of OMPs compared to soluble
periplasmic proteins established SurA as specifically involved in OMP biog€fesis

although it can prevent the aggregation of water soluble protéts

In vivg deletion of the SurA gene does not affect bacterial growfhbut instead

leads to: reduction of OM density’?, accumulation of unfolded proteins in the
periplasm causingdzLIJNE 3 dzf | { ¥ str¢ss @gpondé® Seduced antibiotic
resistance'®” and increased sensitivity tbydrophobic agents (e.g. SDS/EDTA and
rifampicin)8 Although SurA is not essential, deletion of both SurA and Skp or SurA
and DegP as double deletions are lethal. By contdedetion of Skp and DegP is not
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lethal %1% This suggests the SurA is the major OMP chaperone within the periplasm

and that Skp and DegP may function in an alternative redundant pathway. A recent
singlemolecule Forster resonance energy transfer (smFREf)dy @mparing the

ability of SurA and Skp to disaggregate OmpC showed that Skp, but not SurA, could

allow OmpC to reform monomeric speci®d As SurA is at a higher concentration

within the cellthan{ { LJ 6T ®H >a I YR H4ie authorsiproNdSel LIS Ol A O ¢
that SurA deals with the OMP biogenesis under-stvassed conditions, while Skp is

required under stress conditions wherisknownto be overexpressed®.

Although SurA is the major OMP chaperone in the perip)asmproteomics study
which examined the effect of SurA deletion, only eight proteins (out of 64 studied, 23
2T 6 KA OBarrah GMNZS were found to display reducddlded levelst’. The
proteins affected include porif@mpA, OmpF and Lamds well as FadL, OmpX, FecA,
FhuA and LptD. However, of these protein with reduced expressioy FhuA and
LptD cannot be explained by decreased mRNA |é¥IBepletion of SurA in a Skp
null mutant strain diminished the levels of almost all OMPs meastfedurther
implying that in the absence of a single periplasmic chaperone, redundant pathways

can rescue any function required for OMP biogenesis.

The crystal structure of %8, determined in 2002° showed an asymmetrical
dumbbell shape in which the -dé¢rminal domain, the first PPlase domain (P1), and
the Gterminal domain form the core of the molecule and the second PPlase domain
(P2) is a satellite domain which is approximatelyA3®om the core Eigurel.19).
AlthoughE. coliSurA contains two structural PPlase domains, only P2 displays PPlase
activity %> as P1 lacks the catalytic residues found in P& ather pavulin
homologues $ection1.10. Mutations in these catalytic residues within the P2
domain prevent proline isomerisation but have no effect on SurA chaperone function
165 Within the core of SurA an extended crevice was suggested to be a peptide

binding channel and so an original hypothesis on the mechanism of SurA is that the
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core domain is involved in binding OMPs @hdperone activity while the P2 domain

is responsible for PPlase activi#y.

The 33 residue C terminal domain is mainly helical with a $hsiitand (Figurel.20)
which forms an antiparalldd-sheet with a hairpin in the f&rminal domain thought

to stabilise the core of Surk™. Deletion of between 2 and 20 residues from the C
termina domain showed that removing only four amino acids increased susceptibly
of bacterial strains to novobicin and that removal of 20 amino acids had the same
effect as adeletion of full lengthSurA'’%, The sequence of the-t€rminal domain
however, appears to be less importantissan accommodate mansariedmutations

without compromising SurAinction72,

The sirface featureof SurA show that hydrophobic and electrostatics are at multiple
locations across Surk&igurel.19). This suggests that SurA interacts with substrates
using many small binding regions opposed to a singular binding site. This has been
shown for both TF and SecB previously, as long unfolded substrates wrap around the

chaperones in order to prevent the aggegipn 828 (Figurel1.19).
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Figurel.19 SurA physiological propertiesa) Cartoon of SurA domains coloured aBigure
1.20(PDB: 1M5¥yb) Hydrophobic residues in orange and as spheres on grey SurA structure
c) SurA kctropositive and electronegative surfaces are highlighted in blue and red,
respectively. Electrostatic surfacepresentations-@ kT/e to +2 kT/e) were generated using
the APBS plugin for PyM&L

To examine the roles of the different domains withuwrS domain deletions were
created of all combinations such as the removal of P1 (BBd4, removal of P2 (SurA
DP2), removal of both PPlase domains (Sw@tINFigurel.20b). These experiments
AK2gSR GKI G Ay aFadidithis rédduded abriost 16 VT {evkNDys
plasmids containing SurBP1, SurADP2 and SurA {€t, but not by the PPlase
domains alae %, In vitroassays have shown th&urA NCtis sufficient to prevent
the aggregation othe thermally denatured water soluble protein citric syatte, and
both SurA NCtand SurADP2were shown to have greater chaperone activity than
SurA WT towards this protelf®. It is interesting to note thaBurA is highly conserved
across protobacterid’3and while theE.coliSurA contains two PPlase domains other
homologues have been found with onlyn® PPlase domain, often with higher
sequence similarity to P2 than P1 (d4gemophilus influenzaer no PPlase domains
(e.g.Brucella ce)i'’% So understanding the functions of these domains will thus
elucidate the requirement or lack of PPlase domains observed across bacterial

species.
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Figurel.20ATRindependent periplasmic chaperone Sug) Crystal structure (PDB: 1M5Y)
domains coloured N terminal domain in blue, PPlase domain 1 (P1) in green, PPlase domain
2 (P2) in yellow and the C terminal domain in red. Boxed zoom ofteerinusb-strand. b)

The constructs of SurA usatthis study, domains coloured as in a and black emgwicate
domain deletions.

SurA WT and SurBP2 were found to interact preferentially with peptides which

contain multiple aromatic (Ar) residues, in particular those which contain aaA&r

motif 175176 which is common at the-@rminus of OMP sequencé®. The affinities

of SurA WT and Sui?P2 binding to peptides is betweeaMn >a YR 0S0 4SSy
5.1 nM for full length OMPs (OmpF and Omp@G) whereas binding toeduced
carboxymethylated lactaloumi(RCMLA), a representative water soluble unfolded

protein, had reduced binding (33L1 mM and38° 11 nM for Sura WT and Sui2P2
respectively)}’”. Upon binding of SurAOMPs are thought to be held in an extended

and unfolded conformation as determined by FRET and NRMR*® which
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presumably ensures that aggregatiprone regions of unfolded OMPs do not self
associate. Crystal structures of either the S22 vaiant, or of the P1 domain in
complex with peptidesshowbinding tothe P1 domairt’® By contrast, crosslinking
of peptides or full length OMPs in solution suggested that tierlhinal domain of
SurA is the main site of OMP bindifd¢?'® Similar crosslinking experiments
suggested that mainly the-Mdnd Gterminal residues of OMPs interact with Su#A
consistent with the hypothesis that SurA recognises the<-Ar motif at the C

terminus of OMP$75,

{dzNJ Qa lFoAfAGE (2 AR AYy GKS FT2ftRAYy3 2F ha
(AFM) studies FhuA which were folded into proteoliposomes and the
proteoliposomes absorbetdb a mica surfaceThe folded Fhuivas pulled via itplug
domain out ofthe liposomesand the success of refolding was quantified under
different conditions'®. Without a chaperone present FhuA formed mainly non
native or misfolded structures. However, in the presence of SurA, 40% of refolding
was successfutompared to 7% without chaperoné®. Skp was able to reduce the
amount of misfolded species, but could not increase folding yield, further supporting
the hypothesis that SurA is the main chaperone involved in OMP folding. SurA has
also been shown to inhibit the aggregation of OmpFvitro in a concentration
dependent manner at 37C, with a 2€fold excess of chaperone significantly reducing

the amplitude of light scattering, however this inhibition is lost at @4*2.

SurA is the only periplasmic chaperone which has been crosslinked to the BAM
complexin vivo50:180.182.1833nd this interaction has been mapped tesidue R64 of
POTRA 1% and between residues 311 and 316 in the P2 domain of SHA
Disruption of this interaction by deletion of R64 causes an increase in antibiotic
sensitivity, reduced OMP expression and is lethal in combination with the deletion of
SurA'®2 There is a current focue reveal the structure of SUFRMPRBAM canplex

to identify if and howOMP substrate arehanded over from SurA to BAM, and also

the mechanism of BAMhediated OMP folding and insertion into the membrane.
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In wropathogenicE. coli strains (which cause iettions within the unitary tragtthe
removal of SurA decreases binding and invasion of host cells and it has been shown
that SurA NCt domain variant is sufficient to recouiis function of SurA®4. These
results suggest the PPlase domains have no effect in bacterial virulence. SurA
deletion strains have reduced pilus formation which is explained by the reduction in
FimD pilus usher protein levef$:184 SurA has also been implicated for full virulence

of salmonella and shigelt&* signifying that targeting SurA may be a promising route

to developing novel antibiotics.

1.9 Periplasmic stress responses

Chaperones within the periplasm aid in the folding of water soluble, periplasmic
proteins and OMPs proteins under nstressed conditions within the cell. Under
stress conditions Gramegative bacteria have mechanisms to increase the
concentrations of folothg factors within the periplasm to prevent protein unfolding

and misfolding which may lead to the cell death, revieweth 4185185

Three signal transduction pathways have been identifidél icoliwhich areactivated

in response to perturbations within the cellular envelope. Two of the responses are
two-component systems (CpxAR and BeaSR) in which the first component (CpxA and
BeaS) are membrarembedded histidine kinases which sense the stress through a
cascade of phosphorylation eventBigurel.21) the second component (which is a
transcription factor) is activated to upregulate target gené€3 Although these
pathways function in the same way, they responddifferent triggers and have
different downstream effects!?6:185.187 The CpxAR system responds to a highly
alkaline pH in the periplasmyerexpression of certain lipoproteins and misfolded
pilus subunits and induces the expression of DegP, PpiA, PpiD and the disulphide
bond catalyst DsbA to cope with these stresses. BeaAR senses environmental stresses
such as presence of antibiotics, bildts and ethanol, and responds by expression of

a multkdrug efflux pump and stress response chaperone, Spy, to protect misfolding
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of soluble periplasmic protein$®. These pathways are summarised schematically in
Figurel.21.

¢tKS OGKANR LI GKgle @gKAOK A& AY Rdsiofides 0 &
which is specifically activated when OMP biogenesis is disrupted. This pathway
involves the RseA membrane protein which acts as ansdfigictor by sequestering

the transcription factor at the inner membrane. Upon the presence of excess
unfolded OMPs in the periplasii® or incorrectly folded OMPs in the membrane
RseA is cleaved allowis§to translocateand interact with and upregulates its target
genes such aBegP, FkpA, SurA and $¥pThese chaperones are known to prevent
OMP aggregation, dissolve soluble OMP aggregates and degrade proteins in the
periplasmwhich cannot fold correctly?142165181 ThesEresponse also reduces the
translation of OMP genes via small RNXsand also ugregulates BAM complex

expression to reduces the pool of unfolded OMPs in the peripl&&m
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Figure1.21 Stress response systems within the periplasm of Graggative bacteria.a)

OMP misfolding in the periplasm initiates RseA digestion by proteases DegS, RseP and CIpXP
GKAOK NBfSIasSa G KShichaumedhlated reqite@ dedesv hyZ@pxa
system initiated by unfolded proteins in the periplasm CpxP which ishilpxA is degraded

by DegP, CpxA then initiates a phosphorylation cascade to the transcription factor, CpxR.
Adapted from Cheset al 188

1.10 Peptiylprolyl Isomerases (PPlases) in protein folding

Peptidylprolyl isomerases (PPlases) are enzymes, found in prokaryotes and
eukaryotes, that catalyse the conversiorcadto transproline residues within protein
sequences®+193 Under physiological conditions prolmevithin unfolded proteins

are in an equilibrium betweenisor trans conformations however, the trans form
generally is found in natively folded proteins as the most stable isoitfeThe
interconversion otisto transisoforms & the ratelimiting step in protein folding has
been observed to have a high energy barrier (84 kJ/misfavourng spontaneous
conversion’®d t t L I & @srdns isovhdrisatiory bydisruption of the partial
double-bond character of the peptide bon'd®.

CKSNE N3 GKNBS Tl YAt ASa-birdidg ptoteinsladdS Qa Y
parvulinlike domains'®3 however there is currentipo rationale for the structural
diversity observed for this catalytic function. Parvulin is a 96 reskilueoliPPase
found in the cytoplasm and nucleus which has homolognesikaryotes. Larger
proteins contain domims which are homologous to parvulin and also convey PPlase
activity 1%, SurA for example, which B colihas two PPlase domains both with the
basbab, parvulin fold, as found in all parvulin homologid€s Analysis of the PPlase
domains ofE. coliSurA in isolation showed that only the second PPlase domain had
catalytic activity. Isolated P2, however has only approximately half the activity of the
two PPlase domains together or the full length StiAThe catalytic resides found

in a eukaryotic homologue, Pinl, occurred in a hydrophobic pocket similar to that
found in the second PPlase domainSafrA (His376 and lle 378). Mutation of these
residues in the context of the full length SurA led to little or no PPlase activity,
demonstrating that these are the catalytic residues in StffA The first PPlase

domain ofE. coliSurA lacks the catalytic residue at the second position required for
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activity showing although it is structurally a parvulin doméirs not an activé’Plase

(Figurel.22). The function of this domain remains unknown.

10 %D %D 10 QD
P1-110 -S5TELNLSHILIPLPENPTSDPOWNEAESQARAIVDOQARNGADFGKELAL - - - - - AH -
P251-109 SWTEVHARHILLKPSPIMTD - - - - - - - EQARVHKLED | AAD | KSGKTTFALMAAKEFS

G0 ﬁD 80 a0 100 110

SADQOAL NGGOMGWER IQELPG IFAQALSTAKKGDIVGP IRSGWEFHILKYWNDLRGESKNI
ODPGSANQGGDLGWATPDIFDPAFRDALTRLNKGOMSAPYVHESFGWHLIELLDTRNYDKT -

Figure1.22 Alignment of PPlase domains P1 and P2 of Supdignment dme using the
Clustal Omega softwaré”, conserved residues are underlined in yellow and catalytic
residues in P2 (His376 and lle 378) highlight with a yellow star.

The FK50®inding proteins (FKBP), such as FkpA, have no sequence custu
similarity to the other PPlase familigSigure1.23) 1% FKBP domains are 110 amino
acids in length and have a conserved tertiary structure which contains five anti
parallelb-sheets. The loop between sheets 4 and 5 contain a short helix which caps
the concave surface dlhe b-sheets allowing the hydrophobic residues to point into
the centre of the protein forming the active site which binds polypeptides containing

proline residueg®

lf2y3aARS {dzNl IyR C{lLNl I 20KSNJ ttLlIasSQa
PpiD, which are members of the cyclophilin family of PPI&8e€yclophilins have

been found in mammals, plasit insects, fungi, and bacteria. The structure is
conserved throughout evolution and all have PPlaséviagt?®’. The structure of
proteinsfrom this familyhave fourb-strands with twoa-helices on one sidé&*:2%2
Cyclophilins have also been found in almost all cellular compartments such as
mitochondia, the ER and the nucleus as well as the peripl&#mMany protein

folding events depend on cylcophilins but they also have other functions such as a

Cpy40 which form a complex with Hsp90, regulating its chaperone aéfivity

Analysis of the four known PPlases in the periplasmEofcoli(Figure 1.23)

demonstrated that a quadruple deletiofsuraltkpalppialppid strain had no more
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phenotypic efects thansurasingle deletion, which is more sensitit@antibiotics
and has reduced OmpA and LamB levels in the outer memBfank is unknown
what the functiors of the different PPlase proteins in the periplasm,dreweverin
vivoPpiD has been shown to have partially overlappingsake specificity with SurA
203and alsaasimilar structure Figurel.23). Furthermore, as the upregulation of PpiD
and PpiA is caused by an altenvat stress pathway to that of SurA and FkpA the
enzymes may be more efficient under different conditiaithoughthis has not been

tested.

c) SurA P1 d) FkpA

Figurel.23 Peptidyl prolyl isomerase (PPlase) domains of proteins present in the periplasm
of E.coli a) PpiA (PDB: 1W7#¥. b) PpiD (PDB: 2KG%Y) c) P1 domain of SurA (PDB: 2VP2)
178 d) Gterminal domain of FkpA (PDB: 1Q6%%)
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1.11 Current Questions in the Field and Aims of this Thesis

The role of periplasmic chaperones in OMP biogenesis has been studied over the past

30 years*®162however, many important questions in the field still remain:

1. How do ATkndependent periplasmic chaperones binadatransport OMPs?

2. What are the roles of SurA and Skp in OMP biogenesis? Do they have
preference for certain substrates and are they required under different
cellular conditions?

3. How does SurA interact with OMPs and the BAM complex and does it directly
deliver OMPs to BAM for folding?

The main aim of this research is to study all aspects of the molecular mechanisms of
SurA and skd light on these questions the context of this chaperone. As SurA is

the major chaperone involved in OMP biogenesis, studitiegmechanism of this
chaperone will aid in understanding the OMP biogenesis pathway as a whole. The
AYAOGALET OAYRAY3I 2F {dzZNJ (2 &adzoaidN} (iS:
interaction with the BAM complex for OMP delivery is investigated heredardo

better understand the journey of OMPs through the periplasm with the help of SurA.

Many biochemical and structural assays have been employed to examine the
interaction between SurA and two model OMP substrates in the first results chapter.
The ability of SurA to prevent the aggregation of these OMPs is then investigated and
compared to ¢ther chaperones known to bind OMPsEn colin the second results
chapter. Finally in chapter 5the interactions of SurA and Skp with the BAM complex
are tested in order to understand the roles of these chaperones in OMP delivery for
folding via the BM complex. In this study PPlase domain deletion variants of SurA
have been created and utilized to further elucidate the roles of the PPlase domains

in binding, chaperoning, and delivering OMPs to the BAM complex. The results
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presented have confirmed workithin the literature, offered novel findings to the

field and have also informed further study.
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Chapter 2Vlethods

2.1 Materials and Reagents

2.1.1 General Chemicals

t dzZNRGS My am g1 0§SNI g av)daéndamidelayid 10%v/) LINE ( 2 O 2

sodium dodecyl sulphate (SDS) was purchased from Severn Biotech Ltd., UK. Agar was
purchased from Melford Laboratories, UK. Ready mixedroB (Miller) was
purchased from Merck, Germany. Agarose, imidazole and
ethylenediaminetetraacetic acid (EDTA) were purchased from Acros Organics,
Belgium. Sodium chloride (NacCl), tris(hydroxymethyl)aminomethane (Tris), glycerol,
glucose, sucrose, glacial acetic acid andrbghloric acid (32%w{v) HCI) were
purchased from Fisher Scientific, UK. Carbenigilithiothreitol (DTT) and isopropyl

i -D-1-thiogalactopyranoside (IPTG) were purchased from Formedium, UK. T¥iton X
100 (protein grade) was purchased from Merck MillggoUSA. Ure&99% purity)

was purchased from MP Biomedicals, UK or Sigfdach, USA. Ethidium bromide,
magnesium sulphate (Mg%Q magnesium chloride(MgC$), chloramphenicol,
bromophenol hue, guanidine hydrochloride (Gd#Cl), ammonium persulphate
(APS), ammonium acetate, ammonium hydroxidetramethylethylenediamine
(TEMED)dimethyl sulfoxide(DMSO), tris(2-carboxyethyl)phosphine (TCER)d
ethanolwere purchased from Sigrdrich, USA®N-labelled ammonium chloride

and3CD-glucose were purchsed from Cambridge Isotope laboratories, Inc

2.1.2 Molecular Biology Materials

E. colstrains BL21(DE3), BL21(DE3)pLysS ant\t6 purchased from Stratagene,
UK. Sitadirected mutagemsis was performed with the Qies-directed mutagenesis

kit (NEB), using primers designed using NEBasechaBgees encodingOmpA,
PagP, @pA and BamA (not includirglgnal sequenc® were initially provided by
Prof Karen Fleming (John Hopkins University, USA) witeviousmembers @ the

lab subsequently sufzlonedinto pET11a plasmids. Prof Sebastian Hiller (University

of Basel, Switzerland), Prof Daniel Kahne (Harvard University, USA), and Prof Harris
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Bernstein (NIH, USA) kindly provided the SKppET28b, HTSurApet 28b and HT
BamABCDpTrC 99a plasmids respectively OmpT was cloned by Lindsay M.

McMorran (University of Leeds).

2.1.3 Protein Chemistry Materials

Analytical Superdex 75 10/300 GL, Sephacryl 200 10/300, HiLoad Superdex 75 prep

grad and 5 ml HisTrap columns were purchaseth GE Healthcare, UK. All buffers

dzZa SR RdAzZNAY3 LINRPGSAY LIHNRAFAOFGAZY 6SNB FAt
filters from Millipore, UK. Vivaspin 20 concentrators (MWCO 5 kDa or 10 kDa) were
purchased from Sartorius, UK. SnakeSkin dialysis gulg;h5 kDa MWCO),

bicinchoninic acid (BCA) assay kits, and Alexa Fluor 488 C5 maleimide were purchased

from Thermo Fisher Scientic, UK.

2.2 Molecular Biology

2.2.1 Bacterial strains
51 ph

FKdzl v £ O6RSt 0! mcp LIK2! 3Ify+nn vynld fF O%oOR
hsdR17

BL21(DE3) pLysS:

F¢ ompT/tompAhsdSHErBg, mB;) gal [dcm] [lon] (DE3)

2.2.2 Growth Media

2221 LB

E. colcells were cultured in autoclaved lysogengy broth (LB) (Miller) mediunciyler

Germany) at25ght YR adzLJLJX SYSYUSR GAGK OF NDSYAOATf A
0 pn >3K Yeparation Gf ZAdar plates 25 g/l of LB and 15 aj/lagar were

autoclaved for 20 minutes at 12@. On cooling to approximately 3G, antibiotic

was added and 2@5 ml poured mto sterile Petri dishes. For growth of
.[HmMOo5900L) ea{ OSftfazx OKf2NIYLKSYAO2f OHPp

addition toantibiotic.
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2.2.2.2 HCDM1
To make®™N or 1N/ 3C labelled proteins cells &re grown in HCDM1 minimal

medium

- 10 g KHPQ

- 10 g KkPQ

- 75gNaHPQ

- 1g NHCI N if using)
- 9gkSQ

These regents were made up to 1 litvath water and the following filter sterilised

supplements were added aftéine media was autoclaved

- 2mlof 1M MgaGl
- mnn >t 2F¥ M a [ I/t
- 20 ml of 20 % (w/v) glucose (10 mi3E labelling)

2.2.3 Preparation of competent cells

Cells of the commercial strain were plated out on LB/agar not containing antibiotics

and grown overnight at 37C. A single colony was picked to inoculatenl@f LB and

incubated overnight at 37C with 200pm shaking. The following morning the G0

was added to 10énl of fresh LB and incubated to an édf 0.4-0.45. The cedlwere

harvested by centrifugation at 400@pm at 4°C for 10 minutes. Pelleted cells were
resuspended in 10nl of sterile 2100mM CaGClfor 10 minutes and then centrifuged as

before. The pellet was resuspended gently in 2 ml ofginled 100 mM CagB0%

6Pk @0 It eOSNERf @ | Stta oSNB | f Actolran SR 0O pn
dry ice and stored at80 °C.

2.2.4 Transformation of E. coli strains

H>f 2F LI I AaYAR 5 b !gen® feguénceiwastgkeh framkitGk oR S & A NS R
I LILINR EA Yl GStf & wmnan> gompetert cells firid indubaeGaR icaif@ p n

30 minutes. The cells were thdmat shocked at 42Cfor 45 seconds before being

incubatedon ice for 5 minutes. Then >t GSNB (GKSy L I SR dzy RS
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2ya2 [. FAFN O2yGFAYAy3 wmnann >3kYEt OFNDSYA
transformed with pET28b vectors), amtubated at 37 °C overnight.

2.2.5 Polymerase Chain Reaction (PCR) and mutagenesis

All PCR reactions for mutagenesis were carried out using the QWlirgtded
mutagenesis kit (NEB, E0554S). The following reagents were assembled in a thin wall

PCR tube and pde in the thermocycler:

MH®p >f v p-FidetyiMagter MiNII | A 3K
M®PHp >f NK¥RBI RN LI> a0

MOHpP >t NINBDEIN&ESN L> a0

M eripla@DNAG p y3Ik>f 0

o >f ydzOf SFasS FNBS gl G4SN

Step Temperature Time

Initial Denaturation | 98°C 30 seconds

25Cycles 98°C 10 seconds
50-72°C* 10-30 seconds
72°C 20-30 seconds

Final Extension 72°C 2 minutes

Hold 4°C

Table2.1 PCR reaction for Q5 mutagenesis

*The temperature during the cycling reactiorogtimised depending on the primers
After the PCReaction the unmodified DNA wakgested by KLD treatment using the
Q5 kit reagents:

> { rotluctw LJ
>f Y[ 5uffédBF OGA2Yy 0o
>f Y[5ixSyleyvysS vy

1
£ © =

- 0 udleasgfree water

The reagents were mixed thémcubatedat2® / F2NJ p YAy dziSa o6ST2NB
G2 pn 3f OK9faw ¢KS 5b! ¢gFa AyOdoml GSR gAlK
then heat shocked at 42C for 30 seconds. The cells weke§y | RRSR (2 dpn
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SOC mediurand incubated at 37Cwil K H A NLIY &KIF1Ay3 FT2N cn

spread onto LB/agar plates containing carbenicillin or kanamguauh incubated

overnight at 37 °C.

2.2.6 DNA Sequencing

All DNA sequencing was carried out®gnewiz The T7 promoter forward primer
(TAATACGGAGTCACTATAGGG) and the T7 terminator reverse primer (&3RF
ATFGCTCAGCGGTG) were used for sequencing of all pET vectors.

2.3 General Protein Methods

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

TrisTricine bufferedSDSPAGE gels were used to monitor protein purification and
tOmpA folding kinetics. The componentsTiable2.2 were mixed, adding the TEMED
and APS just prior to pwming into gel plates. The gels were made by adding resolving
gel to % full then adding the stacking geltop, the comb was inserted and the gels

left to set for at least 20 minutes.

Resolving gel (ml Stacking gel (mL)
30% (w/v) acrylamide:0.8% (w/\Wis- | 7.5 0.83
acrylamide
3 M Tris, 0.3% (w/v) SDS (pH 8.45) | 5.0 1.55
HO 0.44 3.72
glycerol 2.0
10% (w/v) ammonium persulphate (AP| 0.1 0.2
b ~ b Z deRambtitylethylenediamine | 0.01 0.01
(TEMED)

Table2.2 Tristricine buffered SDFAGE gel recipe
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Sample solutions waedded toanequal volume of 2x loading buffer (50 mM TiHEI

pH 6.8, 100 mM DTT, 2 % (w/v) SDS, 0.1 % (w/v) bromophenol blue, 10 % (v/v)
glycerol) and boilé for 5 minutes before loading approximatel > f thid sblution

to the gel. A protein molecular mass marker (Rad) was used to aid in
identification. Anode (200 mM TH4CI, pH 8.9) and cathode buffers (100 mM Tris,
100 mM tricine, 0.1%n({/v) SDS, pH 35)were placedn the tank and a voltage of 30
mAmps for 30 minutes and 70 mAmias afurther hour was applied. The gels were
stained with Instant blue stain (Expedeon, UK) for at least an hour then imaged with
Syngene InGenius software. Densitometry fifecation bands in kinetic assaps

pelleting assaywas performed using ImageJ.

2.3.2 Determination of protein concentration

The protein concentrations of aDMPs, BamASurAWT, SurADP2 and SurA i€t

were determined using their absorbance at 280 nm meadwon a Nanodrop 2000
(Thermo Fisher). Theoretical molar extinction coefficients at 280aalculated using

the EXPASyrptparam server were used to calculate the molar concentration of each
protein. Skp and Spy have low molar extinction coeffis@ah280 nm (1490 M cnr

1) as their sequences contain no tryptophan residues, and only one tyrosine residue.
Forthese proteingconcentrations were determined using a bicinchoninic acid (BCA)

assay (Thermo Fisher Scientific, UK), according to the manufaRtéirer A y & i NHzO UG A 2 v &

2.4 Expression and purification pifoteins in this study

241 Sur A ( WT /Ct)eid 3kp/ N

The pET28b plasmid, containing the match@peronegene with an Nerminal hexa

histidine-tag and thrombin cleavage site, wiaansformed intoE. colBL21(DE®LYSS

cells (Stratagene). Cells were grown imidlium containings >3k Yt (1 F ylI Y& OAy
oT ¢/ BAGK aKI 1 AY soodDOA./TheNdripkparugeowasitien |y  h 5
lowered to 20°C and expression induced by addition of IPTG to a final cortemtr

of 0.4mM. Following overnight expressi@at 20 °QD18h) cells were harvested by

centrifugation (7000rpm, 4C, 30 minutes). The pelleted cells were resuspended in

46



Hp Ya-l ENABI TdHSX wmpn Ya bl / f-Hee protead¢éa A YARIF
inhibitor cocktail (Roche) for 1 hour then lysed using a cell disrupter (Constant Cell
S5AaNHzZLIGA2Yy {eaidSvyas !'YOoOo C2ft2gAy3a OSYUuNRT
HpZnnn 30 wasiiikefed theda@d Wi 3 SR (2 | p WE | Aac¢ NI
Healthcare) equilibratedg A 0 K Hp-l Y& CNA T ®Pu>X wmpn Ya bl /f
imidazole. Hidgagged SurA/Skp was denatured -oolumn to prevent any

aggregation caused by the high protein concentratipd, i K H p-l /Nfa ZGHNA &

HCI, pH 7.2 and eluted with a gradiehf H p -¥ A f E NBHCh pHD7RENd

pnn Ya A YacHohs cantabidy p@éproteijudged by SDBAGE were

pooled and refoldedbvernightby dialysisagainsth p Y a-I & NA BJI TOHX wMp~N
NaClwith two changes and theninfo 1 Y a IN&aGHIHOB Bhich is the buffer

OMP binding assays are carried out to prevent OMP aggregdtimprotein was

concentrated toD200>M using Vivaspin 20 @a MWCO) concentrators (Sartorius,

UK), aliquoted, snafrozen in liquid nitrogen and stored &80 °C.

2.4.2 SecB

E. colBL21(DE3)ells (Stratagene, UK) were transformed with the plasmid containing

the SecB gene. Cells were grown in TY (Tryptone Yeast) broth at 37 °C t@gof OD

0.6, protein expression was then induced with 1 mM IPTG and grown for a f@ther

hours before harvesting by centrifugation. The pellet was resuspendedimV2Uris

HCI, 50mM KCI, pH 7.5 then lysed using a cell disrupter (Cons&lhDSruption

Systems, UK)he debriswascleared by centrifgaton6 Hn YAY X n c¢c/ Z odIn.
supernatant was filtered (0.2 micron polyvinylidene difluoride syringe filter,

Sartorius, UK) then applied to a pequilibrated HisTrap 5ml column (GE Healthcare),

washed with resuspension buffer then eluted with 330 mM imidazb&lactions

containing proein were pooled andlialysedagainst20 mM TrisHCI, 5anM KCI, pH

7.5 overnight then bound to a 5ml HiTrap Q HP column (GE healthcare) pre
equilibrated with dialysis buffer. Protein was eluted with a gradient bf KCI, then

concentrated using Vivaspirdd5 kDa MWCO) concentrators (Sartorius, UK),-snap

FNRIT Sy Ay ftAljdZAR YyAGUNRISY YR aG2NBR 0 by
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2.4.3 Trigger Factor (TF)

The expression vector pCA528 was used to figggencoding TF) to the Ulpl

cleavable Nterminal (Hisg-SUMO tag’?%4 BL21(DE3) cellgere transformed and

dza SR F2NJ LINPGSAY SELINBaaAzy Ay [ .°CadzLd) SYS
Gene expression was induced at ane@Df 0.8 wth 0.5 mM IPT@nd cells were

grown for 4 more hours. Harvested cell pellets were resuspended in lyer (50

mM HEPE&OH, pH 7.5, 150 mM KCI, 1 mM phenylmethanesulforgyride (PMSF),

5% v/v glycerol). Cell lysed lell disruptionand the lysate was cleared by
centrifugation (30,000 g, 30 minutes, 4°C). Protein was purified ysingyf | A & ¢ NI LJ
column (GE Healthcarefollowing standard procedures. The eluted reaal was
supplemented with (Hig)UIpl protease $igma Aldrichand dialyzed overnight at 4

°C in storage buffer (25 mM HERKSH, pH 7.5, 50 mM KCI, 5% glycefidig next

day, liberated (Hig)Sumo and (His)UIpl protease were removed pwing over a

HisTrap columnThe flow through containing the desirgalotein was then bound to

an anionexchange columrb(mlResourceQ, GE healthcare) and eluted with a linear

gradient using storage buffeand high salt buffer (25 mM HEREGH, pH 7.5, 500

mM KCI, 5%/v glycerol). Finally, pooled peak fractions were dialyzed overnight at 4

°C in 50 mM HEPE®H, 150 mM KQiH 7.5 and snap frozen.

2.4.4 Expression and purification of outer membrane proteins (OMPS)

tOmpA and OmpT were purified using a method adapted ftbhE. calBL21(DE3)

cells (Stratagene, UK) transformed with a pET11la plasmid containing the mature

hat 3ASyS gSNBE 3INBGY Ay pnn YE [. YSRAdzy O:
oT ¢/ BAGK aKF1Ay3a O6uHnn NIPLKHGOB protéink Sy G KS
expréa aA 2y 6l & AYRdzOSR 6AGK ™M Ya Lt¢DX OStf 3
opZnnn 3IXC)naffer 4 Hoyrs of growtlpost induction. The pellet was
NBadzaLISYRSR-IAY pli YanEGNIpRMSE ©5¥d S0 My YlaY A RA
for 1 hour then lysed by s6A O G A2y o6c¢c P ™M YAY o0dzZNEGA GA
between each sonication). The insoluble fraction was collected by centrifugation
OHpInnn BT 0a@&n NBAYZA LIS y-RE pH 80,)2% pviv) TR NRA &
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YR Ay Odzl G§SR T 2pdtatwe, KitArdekidg ITlie instRil@eYfradiio® Y

gl a |3FAy LISt Si CRandthegnElusiombodia@shed awicy’yy > n
resuspensiod Y pn -Yaf ¢NRaydnI AyOdzoldAy3d F2NI m K
with rocking followed by centrifugaton@>=nnn 3% on YAYZ n c/ 0d ¢
GSNBE &a2f dzoAf Al SRIGIY /afpz YLdl ¢yNdwid | YR OSy i NR T
Hn YAYZ n c/0® ¢KS &dzLISNYFaGFryd gl a FAEGSN
syringe filter, Sartorius, UK) and protein fhed further by gel filtration using a

Superdex 75 HiLoad 26/60 column (GE Healthcare) equilibrat&d wehid TrisHCI,

c a cBQ®,yH 8.0. Peak fractions were concentrate®pon n  >a dzaAy 3 =+ A DI
20 (5 kDa MWCO) concentrators (Sartorius, UK), angrittein solution then snap

FNRI Sy Ay fAljdAR YyAGUNR3ISY YR &aiG2NBR i by

2.4.5 Expression and purification of the BAM complex in liposomes

The BAM complex used in this work, used to test binding to periplasmic chaperones

was purified and prepared by A.HiggimThe BamABCDE complex was expressed and

purified using a protocol adapted froff®. Briefly,E. colBL21(DE3) was transformed

with plasmid pJH114 (provided by Harris BernsthiliH, USPAcontaining 8 five BAM

genes (BamABCHHis} | YR 3AINRgY 2OIBNWABRKNOOAY ¢/ O2
M 1 1 mbcartenicillin. Cds were diluted 1:100into1¢, o NRGK Yy R 3IANRSY
Hnn NIPLIDYeshof 0.5020d yo B2 NBE | RIRTGID Anduge BAM ndn  Ya
expression. Af SNJ mdp K3 OSftf a ¢ SN®Bn X /NIDSNBIIRY B2 M)y
n c/ 0 Y81 GKBAdIEISYRSR | YRAKYX-PABFKHRT SR Ay
lysed with a cell disruptor (Constant Cell Disruption Systems, UK), then cerdrifuge
6cInnn AT wmn YAYI n c/0d ¢KS YSYoNdySa oSN
pn®u¢A NEPpn2oNd OYmip/Pallated membades were incubated with

mMmn Ot R pusl NNfa WINAWMS mMpn Ya bl/ X M2 66kQ0 5
ultracentrifugation repeated to remove insoluble materiahe BAM complex, which

contains a (Hig}ag on BamB, was timeapplied to NINTA beads washed withn Y a

Trisl / £ LI y3X wmpna Yaandélutedl. Ihe proteinvascahoent&tda

and gel filtered on a Superdex200, 10/300 GL column running in TBS with 0.05% (w/v)
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DDM Fractions were collected and those comiaig complete BamABCDE complexes

were identified by SDFAGE, pooledconcentrated and flash frozen in liquid

nitrogen. To create BAM containing proteoliposom@&Msolubilized BamABCDE

was mixed wittE. coliLJ2 £  NJ f ALBAR FAftYa az2fdoAfAl SR Ay
using a 1:0.5 (w/w) ratio of lipid to protein. This was dialysed into detergeet

0dzZF FSNJ o-Hnf YRI ¢WEampn Ya Y/ X nodonm: 06k D0
4 WM c/Redoistidtian wasltedteéd dy running boiled and unboiled samples

on SDSPAGE to check for BamA folding and presence of all BAM components.

2.4.6 Im7 purification

N-terminal cysteine variants of Im7 created by Q5 agénesis (New England
Biolabs)andBL21(DE3)atls were transformed with chosen plasmid (containingdim?7
WT, Im7ZL53A I54A or ImME18A L19A L3JACells wereultured overnight in 150nl

LBm n n >caEbemdllin at 37°C, 200 rpm. The overnight stocks were then used to
inoculate 11 L of prevarmed LBu n n >cabeMdillin 20ml per litre The cultures
were grown toan ODspo 0f 0.6 and protein expression was induced by the addition of
1 mM IPTG Bacteria were then grown for 5 hours at 3€ before harvestingy
centrifugationat 6000 rpm (Rotor JLA13. The pellet were collected and stored at

20 °C.Lysis (5GnM Tris pH 8.0, 0.81 NaCl, 10nM imidazole) and elution (56M

Tris pH 8.0, 0.81 NaCl, 500mM imidazole) buffers were prepared. Harvested cell
pellets were thawed and reuspended in 10l lysis bufferPMSFand benzamidine
proteinase inhibitors were then added to give a final concentrationmof of each.

The cells were then homogenised amgked by cell disruptionConstant Cell
Disruption Systems) and cell debris removed by centrifugaéib 25000rpm (JLA
Hp®pn w2i2ND F2NI m K2dz2NX»P ¢KS AdzLISNYF Gl yd ¢
filter) andbound to aNi Sepharose column (5ml volume) (GE Healthcare) that was
washed and preequilibrated with 25ml lysis bufferTheprotein was elutedusing a
gradient of 085% elution buffer and 3nl fractions wee collected.Fractions
containing the desired protein were pooled and dialysetb 50 mM sodium
phosphate buffer pH 6.0vernight. The sample was thdittered and injected onto
pre-equilibrateda Sourcel5Q resin 7l column (GE Healthcare). The protein was

eluted with a gradient of 5% elution buffer (5M sodium phosphate buffepH
50



6.0, 1 M NaCl)and 3mlfractions were collected. The purity of the fractions was
monitored bySDSPAGE analysis. If the protein appeared pure a sample was analysed
by the mass spectrometry facility (University of Leeds). Pure proi@sdialysed into

H.O then freezalried and stored at20 C.

2.5 CD spectra

Data were collected on a Chirascan spegtiarimeter (Applied Photophysics). Far
UV CD spectra were measured over acZBD nm range in hm steps, in a 1 mm
path-length cell and using a2nm bandwidth. At least two scans were measured
and averaged. SurA variants were measured ata protgh@& y G NI G A2y 2 F

mM glycine, pH 9.5 at 25 °C.

2.6 Urea Equilibration Denaturation

Equlibrium denaturation curves weremeasured using Photon Technology
International (PTI) luorimeter with a protein concentration of 012g/ml, in 50mM
glycine bufferpH 9.5 with 610 M urea in 0.2M increments. Samplesf SurA WT,
SurADP2 and SurA{tat 5nmM were made up and incubated overnight at Z5to
ensure the correct levels of denaturation for each urea concentratiSht widths
were set between £ nm with a path length of lIcm, excitation at 286hm and
emission at 35@m was monitored and averaged over 1 minate5°C. The average
signal as a function of denaturant was fitted to a two state transition in Igor Pro 6.0
(Wavemetrics):
Equation2.1 Two state fitting equation for equilibium denaturation curves
 aoi b Aomos OB Gei oan
| ADECI A

o601 Qi

p A@®"006 E——v

g KSNB n Ddyis thé gqulilsrairh stabilityandm is the equilibrium revalue, a
and c represent the denaturant dependence of the folded and unfolded signal

intensities respectively, and b and d are the signal intensities of the folded and

51

P

>



unfolded states, respectively, in the absencelehaturant. Data for the variantbat

could not be fitted to twestate equilibrium were fit to a three state equation.

Equation2.2 Three state fitting equation for equiliium denaturation curves

Go1 Qob Aot TLOLEY (o1 wan
| ADERLI —
& o Agem ¢ apol Qw
- A
OO QEQ A B ED & “C\?.,'YQ‘” Q61 QEQ
o L ACOT Q®
p Aot ¢ NV

2.7 Native Mass Spectroscopy

SurAtOmpA complexes were prepared by rdgilution of the denatured tOmpA8

M urea and 50 mM glycire  h 1 = LI pdp0 G2 | FAYylLf 0O2yO0S
az2fdziAzy 2F {dzNI oM >a AY) mASurA¥amplexdsy 2 y A dzY
were prepared 1:1 at 16M in 200mM ammonium acetate buffepH 6.8 NanoES]

IMSMS spectra were acquired with a Synapt HDMS mass spectrometer (Waters)

with platinum/goldplated borodlicate capillaries prepared 4house. Typical

instrument parameters were: capillary voltage, @126 kV; cone voltage, 40 V; trap

cdlision voltage, 6 V; transfer collision voltage, 10 V; trap DC bias, 20 V; backing
pressure, 4.5 mbar; IMS gas pressure, 0.5 mbar; liagewave height, 7 V; and

travelling wave velocity, 250 rh¢ Data were processed with MassLynx v4.1,

Driftscope 2.5Waters) and Massigtt®.

2.8 Analytical Size Exclusiomr@natography (SEC)

SurA WTDP2/ N-Ct with tOmpA complexes were formed at a 1:1 ratio both at a final

concentration 10mM in 50 mM glycine buffer, pH 9.5, 0.24 M ur&ze exclusion

was performed using auperdex 20@olumn on an AKTpure sysem with atypical

flow rate of 0.5ml/min. The column was washed withcBlumn volumegCV3$ of 2

M NaOH then 2 C\« filtered H.O to remove the 20 % ethanol in which it is stored

and then equilibrated with 1.5 CVs&® mM glycindouffer, pH 9.5, 0.24 M urea. The
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prepared sample is then loaded via injectidti.the end of theanalysighe column
was washed witl2 CVof water andl.5 CV®f 20 %(v/v) ethanol and stored at 4C

2.9 Surface Plasmon Resonance (SPR)

SPR was used to monitor the kinetics of the associa@hdissociation of tOmpA

with SurA variants. All proteins buffer exchanged imtoning buffer (50 mM glycine

LI pPp nduna dzNBFO FyR GKS SELISNAYSYyld 41 3
healthcare) which is a gold surface with covalently attached carbothyiated

dextran was loaded into a Biocore 3000 surface plasmon resonance system (GE

KSIHf GKOFNBO® ¢KS OKALI ¢61la Y2RAFTASR o0& wmn >
YakYEt FyR G4KSYy wn >f 2F yn Ya t59! Ay pn Y
a reactve disulphide group. A-irminal cysteine variant of tOmpA was then flowed

2PSNJ GKS &adzaNFFOS G wn >a F2NI T YAydziSao !
change in the response units and should give a change of >1000 units. Any unreacted

groups on tle surface were then capped withclysteine at 9 mg/ml in 100 mM

sodium acetate, 100 mM sodium chloride pH 4@other cell was used as a blank

and was treated with NHS/EDC, PDEA araysteine in the absence of the

immobilised substratelncreasing concerations of SurA WT (0.2, 1, 1.8, 5, 10 and

MYy >waad) flowed over the chipwith a wash of 4 M urea between each
concentration to denature the SurA, break the interaction and allow the SurA to be

washed away. The titration was repeated at least twiceefach concentration. The

OKAL) ¢la (GKSY g1 AaKSR ¢A 0K dzNEkwas appliedd dzF T S NJ
at the same concentrations. The data wasi§ing the 1:1 Langmuir mod@quation

2.3) within the control software and the ka, kd andwere extracted from the fit.

W, ... 00w
0€ 0¢ X —
o} L Q

Equation 2.3 Langmuir Equation. Max is the maximum responséRUs). €is the
concentration of injected analyte ang I§ in the same units as*(hormally M)
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2.10 Fluorescence Assay of OmpT folding

BAM complexpurification and reconstitution into proteolipsomes was performed

as describedin Methods 2.4.5 . BAM proteoliposomes were diluted to a

concenNF GA2Yy 2F p >a-blAlyl pldl Yeo@t ®DFYUYBSAYAYy T |
fluoropeptide AbzAlaArgArgAlaTyr(NQ)-NH: (Peptide Synthetics). Ompadnd

cKI LISNRY S 06 { deNISkp2SécB) were theh mized to form a sofutidth

final concentrations of 4 >CampT,70>a OKLI LISNRBY S ANAOHpH Ya 3IAf &
9.5 and 0.8M urea. This sample (chaperoheY LJ¢ Wa dzo NSI QUGA2y Q0
immediately diluted 1:1 into the proteoliposome solutions to initiate the folding

reaction. The final concentrations of the reactian2 YLJ2 y Syida ¢SNBX p >a
op >a {dz2Nl I nodBE Fa/ R Ivma Yaz WiAt2mpRfadng A O LIS LI
NBEFOlA2ya ©6SNB OF NNASR 2dzi Ay on >t TFAYIlf
F2tt26Ay3 SEOAGIGAZ2Y |G onp YSOSNE WR2Yya (IPA
dzLJ G2 p K dzaAy3a | [ EfFNR2aGIN LXIFGS NBIRSH
normalized following subtraction of the average background signal produced at the

zero time point.

2.11 tOmpA folding kinetics gels

Outer membrane proteins migrate deffently on SD®AGE gels depending if they
are folded or unfolded. On Triscine gels tOmpA in the folded state migrates faster
than the unfolded state and the amount of folded vs unfolded can be monitored over
time to measure the rate of folding. A swbaction of 20 uM SurA (or SurA varignts
and 4 uM tOmpA is prepared in 20 mM TH€l pH 8.0 150 mM NaCl Maurea. The
subreaction is then mixed 1:1 to BAM complex in proteoliposomes 2sé&). To
give final concentrations of 1 uM BAM complex, 10 uM SurA and 2 pM tOmpA with a
final urea concentration of 0.8 M. The reaction is measured at 25 °C angpimts

are taken at defined intervals and mixed with 6XS$HAGE loading buffer then run
un-boiled on tristricine gels (se€.3.1) and the fraction folded over total protein is
analysed by densitometry using Imag®&and fit to a single exponentialguation in

Igor pro (Wavemetircs).
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2.12 Isothermal Titration Calorimetry

Calorimetry measurements were performed with an ITC200 microcalorimeter
6aAONRB/ It LyOo®0vd C2N SMWEKPNY papthddolitibraty S E LIS NA
Hn ®ma&0 mM sodium phosphat pH 7.0 was added to the sample cell. SurA

variants, dialysed into the same buffer as the peptide, was added to the injection
d8NAYy3AS G F O2yOSYiUGNXGA2Y wnn >ad 'y AyAl
08 M@p AyeSOGAz2ya 25F°C.wheeduilibta@s NtBrvarwasil3032 y Ra |
between injections, and the stirring speed was 750 rpm. Binding isotherms were

plotted and analysed using Origin Software (MicroCal Inc.).

2.13 Thioflavin T Ayaggregation assay

ThT plates were set up wittO mM sodium phosphate0.2 mM EDTA10 M ThT,
0.02% NaB pH 7.4 either in the presence or absence of SurA WT, Skp or Spy at 10,
20 and 40va @ sdwas dissolved from freeze dried stocks and added to the prepared
wells at a final concentration of 28M. The assay was performed quiescentlyB@t
°Cand the sample was excited at 450 nM wavelength and fluorescence at 48% nM

and measured over 4 days.

2.14 Microscale Thermophoresis

2.14.1 Labelling protein with Alexa fluor 488

Microscale thermophoresis is a technique based on the movement of molecules in a
temperature gradient and the observation that this movement is altered by the
interaction with a binding partner. The movement is monitored byfascently
tagging one of the proteins which is then added to a titration of the unlabelled
binding partner, the sample is heated to create the temperature gradient with an IR
laser and the fluorescence excited with a LED, and the change in fluorescéinee in

heated area is measured. The change in fluorescence at each given binding partner
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concentration can be plotted to give a binding curve in order to obtain the affinity of

the interaction(Figure3.11).

N-terminal cysteine mutants of tOmpOmpT  { dzNJ 2¢X {dzNCt ntwH Y
were created using Q5 mutagenesis (New England Biolabs) and purified as described

for the wildtype proteins. Proteins were buffer exchangatb 6 MGdnHCI, 50 mM

Tris pH 7.2 using 7 kDa MWEE€ba spin desalting columns (Thermo Scientific) and
RAfdzSR G2 | FAYIE LRRUGEAY @2yYOB GiMRd iz 2
ten-fold molar excess of Alexa Flu#88 C5 malemide (Therntcientific) dissolved

in DMSO was addetb the samplesand incubated overnight at 4C Following

incubation, the reactionwé |j dzSy OK S R -neicaptdeth@riolDrermbtein

was separated from unbound dye using size exclusion chromatography onr@&upe

200 10/300 GL column (GE healthcare) and fractions containing labelled protein,
determined byAcgoand Agson the AKTA prime (GE Healtlieaand Nanodrop 2000

(Thermo Rher Scientific) were concentrated usiMvaspin 20 (5 kDa MWCO)

concentrators $artorius, UK).

2.14.2 MST Protocol

From a 200 uM SurA stock solution in 50 mM gly®iaH, pH 9.5, a series of two
fold serial dilutions were performed to obtain sixteen 10 ul samples n /+ 3 HVB
AlexaFlour 488 labelled tOmpA or OmpT buftarfier exchange into 8M urea 50

mM glycine pH 9.and then diluted to 200 nM in 0.48 M urgavas added 1:1 to give

a final concentration of 100 nM OMP, 0.24 M urea in 50mM glycine pH 9.5 in all
al YLX Sasx wn >f G241t @2fdzySo

In the case of SurA or Skp binding to thevBéomplex, Nerminal cysteine mutants

of the chaperone were labelled as in the same way as the OMPs. The BAM complex
either in 50 mM TBS, 150 mM NaCl, pH 7, 0.05% DDM or within proteoliposomes
(Methods 2.4.5. 50 mM TBS, 150 mM NaCl, pH 7 is used to create the dilution
concentration series in 10 (1.2 nM40 nM in DDM and1.5 nM50 nM in
proteoliposomes). The labelled SurA or Skp is then added 1:1 to the dilution series to

a final concentration of 100 nM in a volume of A0
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The samples were loaded by capillary action into premium coated capillaries
(NanoTemper Technologies GmbHhnda measured using Monolith NT.115
(Nanotemper Tech.). Data were fitted to a Hill equation in Igor Pro (Wavemetircs).

0

Y YO Y 8 5 ——
) U

Equation2.4 Hill equation for MST fitthg
Where Sbsis the observed signaly8nd S are the signal of the unbound and bound

state respectively, L idi¢ ligand concentration which ithese experiments is the

OMP and n is the hill coefficient.

2.15 Nephelometry

2.15.1 Aggregation light scattering assay of OMPs

Nephelometry is a light scattering technique in which only light with is scattered up
to 80 degrees is detected and light which passes directly through the sample is not
measured. This leads to data which is less noisy than turbidity light soatteri
measurements which detects the amount of light scattered by detecting the loss of
light passing directly through the sample. Nephelometry can detect particles of a
certain size and number and so multiple small aggregates or larger aggregates can

both bemonitored (Figure4.3).

hLIGAYA&LFGA2Y SELISNAYSY(a -HCSOMB.0 8dckd WA SR 2 dzi
tOmpA and OmpT were diluted to give the correctfidd® Yy OSY G NJ GA2Y AY HPp
HCI, 0.24 M G#C| pH 8.0 2nM OMP concentration was chosen and under these

conditions SurA WIDP2 or NCt were added with 1fold molar excess (26M) to

tOmpA and 108old molar excess (20@6M) to OmpT.
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Rapid dilution of nfolded OMPs from 8 M urea to 0.24 M urea containing 0.24 M

NaCl causeaggregation monitored bgn increas in light scattering. The OMP was
buffer-exchanged into IuNB I = pn Ya 3If @80AYS o0dzFFSNI LI od
in 8M urea was diluted into ® urea buffer(50 mM glycine buffer pH 9)%0 give a

FAYLEFE O2y OSyLINNE dISRYW RyF /HO witlin the 98adelShalf Ay pn >
area plate (Corning Product #3881). tOmpA and OmpT aggregation was monitored in

buffer containing0, 4, 10, 20, 40, 108nd 200mM { dzNJ 2¢X {dzNICt. pt H 2 NJ
The samples were read by a Nephelostar (BMG Labtech GmbH), at 635 i nm

a gain of 90,0over 30 minutes at 25 °C. Values were processed by buffer blank
subtraction and the minimum value in each data set wat as zero. Data were

plotted in Origin Pro (OriginLab).

2.15.2 Aggregation assay of GAPDH

Freeze dried GAPDBi¢gmaAldrich, USAwas solubilised to a stock of 260 in 20

mM potassium phephate buffer pH 7.0, 106M KCI, 6 M Gd#iCl. Rapid 100 fold
dilution was carried ouinto 20 mM potassium phephate buffer pH 7.0, 100M KCI

in the presence oabsence of 1.2§ 25mM TF, SurA WT, SubR2 or SurA XCt with

a final concentration 00.06 M GdnHCI Upon GAPDH additiplght scattering was
measuredat 635+ 10 nm over 30 minutes at 25 °C. Values were processed by buffer
blank subtraction and the minimum value in each data set was set as zero. Data were

plotted in Origin Pro (OriginLab).

2.15.3 End point measurements of chaperone action on tOmpA/OmpT

aggregation
End point analysis was also carried out to monitor the final light scattering values
after the addition of 10fold molar exces§20 M) or 20fold molar exces$40 M)
SurA WT, Sur®P2, SurA MCt, TF, SecB, Skp, Spy &8A. fiese samples were
incubatedat 25 °Cfor 30 minutes and the light scattering was measured for 10

seconds and averaged. Data is presented from three replicates measured on the
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same plate from the same protein stocks and standard deviation of the replicates is

plotted as error.

2.15.4 Aggregation pelleting assay

After 30 minutes of ietic aggregation analysis byephelometry the plate was

removed and the samples containing tOmpA alone or tOmpA in the presence of SurA

variants were transferred to an Eppdorph and centrifuged at 13,009 on a
0SYOK(G2L) OSYUiUNARTdzZAS F2NIm K2dz2N®» mn >t 27F 0
HE {5{ f2FRAYy3 ReS wasRRAODKARSRYI hyfAyA FMNBAI
used to resuspentb the pelletandm n  his sanplevas added to 2x SDS loading

dye. Thesamples were run on aris-glycine SD®AGE gel. The bands were then

guantified by densitometry in image J (NIH) and normalised to soluble tOmpA alone.

2.15.5 Transmission electron microscopy of aggregate samples

tOmpAor OmpT samplesfter 30 minutes & monitoring by nephelometrywere

diluted to between 0.2 and 2 mg/mL then deposited onto carooated EM grids for

45 seconds at room temperature. Excess sample was blotted onto filfeer@End

the grid washed three times with n 30| followedbya G F A YAy 3 AYy wmn >[ 2°
uranyl acetate solution. Excess stain was removed by blotting and the grid allowed to

air-dry. The grids were imaged using a JEOL JEM1400® transmission electron
microscope at 120 kV. Images were recorded at 1000x and 10r0@@mification for

each specimen using the AMT Image Capture Engine software Version 6.02 supplied

with the instrument.

2.16 Nuclear Magnetic Resonance (NMR) experiments

2.16.1 Preparation of isotope-labelled SurA variants

For 2D NMR experiments, SurA variants welellad with the heavy isotope of
nitrogen {°N) and, for 3D assignment experiments, b&tiN and carbon'*Clabelled

protein. This was achieved by growing the teai@ in minimal HCDM1 mediume@s
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2.2.2.2 in the presence of the nitrogen and/or carbon isotope andJ@ I the case

of 3D experiments. Proteins were purified as detailedantion2.4.1

2.16.2 Acquiring *H-15N spectra

2D NMR experiments were carried out at 25 °C on 966 MHz Bruker Ascend

Il S2¢ u{ dzNI 2 ¢ I { dzCiwene measutey dR10Q |ovNd 25 iImM MES,

50 mM NacCl, pH 6.5 58/\) D:O. 3@ pl was loaded into a Shigemi 3 mymsnetrical

NMR microtubeand placed in the spectrometer. BEBROSY 2B N 1®* HSQC

spectra were genglly acquired using56 complex points in the indirect dimension,
1622points in the direct dimension ang4 scans per increment with spectral widths

of 11432Hz and3466Hz in the'Hand >N dimensions, respectivelZ 2 NJ { dzNJ nt H A
complex with tOmpA or OmpT N dzZNI ptH ¢l a RAfdziSR G2 on
OmpT were added at 5 or 2 uM respectively to achieivkeast 5% binding, while

avoiding aggregation, in order to observe any changes in chemical shift upon OMP
binding. Watergate solvent suppression was used in all experiments and all NMR

data were pocessed using NMRPipe and anety/sn NMRvievand CCPN atysis’®®

211

2.16.3 Assignment experiments

3D experimentsare based on throughond Jdcoupling effects and are designed to

allow selective transfer of magnetisation between nuclei within the protein
backboneMeasuring the resonances of different residues using a combination of the

different experiments allowsegjuential residue assignmermssignmentsare made

by knowledge oflistinct position for each residue in the CA, CB and CO dimensions

and the connectivity of resonances in the protein sequengesignment of the
oF0102YyS |G2Ya 27T { danguniformly lab@ledNEandFENF 2 N SR
LINPGSAY &l YLX S&a 4G mnn >a Ay vApDOY3D a9{ > p.
experiments in the hydrogen, nitrogen and carbon dimensions wecerded at 35
°Con a 750 MHzOxford NMR magnetquipped with TCGtryoprobe. HNCO,
HN(CA)CO, HNCA, HN(COMMCOCA)Gid HN(CA)CB were measured to achieve

good assignment for this large protein. The 3D NMR experiments preformed are
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shown inTable2.3. The data was processed in NMR pipe and then aligned and
analysed in CCPN analy¥8fs?10

Experiment Correlations observed
HNCO HN-15N-3CQu
HN(CA)CO IHN-5N-1¥ R13CQ
IHN-15N-13/  h,-18CQy
HNCA IHN-I5N-2% §
IHN-15N-13/ hy
HN(CO)CA THN-1oN-13/ By
HN(COCA)CB IHN+1-Ns - -1 |
HN(CA)CB THN-1N-(Y3 B/
1HN'15Ni'(13/ ri1_l)/13/ iq

Table2.3 Triple-resonance experiments used foegquential resonance assignments
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Chapter 3The role of thé?Plaselomains within SurA on outer

membrane protein binding

3.1 Introduction

Outer membrane proteins (OMPs) are synthesised on the cytoplasmic ribosomes and
must be transported from their site of synthesis to the OM via the periplasm in order

to correctly fold anatarry out their various functions. The periplasm is highly dynamic

4 Ad0 YANNRBNB (GKS SEGNI OStfdzZ  NJ O2yRAGAZ2Y A

unstable environment for proteins. As OMPs are highly aggregation prone they
require assistance to pvent them from inter and intra molecular interactions
which can lead to aggregation, particularly in the unstable periplasmic compartment.
The importance of chaperones within the periplasm is well known, as removal of SurA
along with another chperone (é&her Skp or DegP) isthal to the celP® and a SurA
deletion in a Skp depleted baakgind leads to minimal levels of almost all OMPs
folded into the OM!4L Modelling of interactions of OMP chaperones with an
unfolded substrate on route to the OBlggests that OMPs make hundreds of short
lived interactions with various chaperones during their transport across the
periplasm?'?. The kinetic control of chaperoriateractions and the synthesis and
degradation rates of these essential proteins must be tightly regulated to allow

productive flux of OMP folding and OM homeostasis.

SurA, which is the major OMP chaperone, has been studied for a number of years
leadingto insights into how SurA binds OMPs in order to prevent their aggregation
178,180 The crystal structure of SuPAwhich elucidated the positions of each domain

in relation to each othersuggested a binding site for OMPs in théekninal domain,

due to crystal packing of adjacent molecules, however it does not give many clues on
{ dzNJ QaAXFTOKEKS WIFaevYYSUNROIf RdzyooStfQ
cavity within the concave surface between the core of SurA and the P2 domain
(Figure3.1). In addiion, the crystal structure of th®P2 variant of SurA lacking the

P2 domain in complex with a binding peptide obtained by scanning a peptide library
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178 showed the P1 domain dissociating from theaNd G terminal domains that may

be to compensate the loss the cavity upon the deletion of the P2 donkagure

3.1b). The concave surface of SurA may provide an extended binding region for OMP
interactions, similar to the mechanism of the AiRBependent periplasmic
chaperone, Spy, which is a homodimer that binds to substrates using a hydrophobic
and charged surfacé?®!3%, Contradicting this hypothesis, crosslinking data has
suggested that only the #rminal domain of SurA is responsible for binding OMPs
179,180 However, for unfolded OMP substrates thee¥minal domain of SurA alone
may not provide a large enough binding surface to prevent OMRassticiationAs

the N-terminal domain within the crystal structure is in contact with the P1 domain
and the C terminal domain it seems unlikely that only thefhinal domain contacts

the OMP, however there may be dynamics between the domains within the

chaperone thacannot be observed in the crystal structure.

Figure3.1 Crystal Structures of SurA WT and SIDR2 a) SurA WT (PDB: 15M%)-terminal
domain in blue, PPlasel in green, PPlase2 in yellow-tern@al domain in red b) SuidP2
(PDB: 2PV3)8 Analysed in Pymét®to calculate the distances between atoms, colours as
in a.

Although the regions of SurA that interacttvOMPs are still to be discovered the
affinities of SurA binding to peptides and a small nembf OMPs have been

documented(Table3.1). The affinities of SurA Whe SurADP2 binding OMPs are
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not significantly different, suggesting that the P2 domain of SurA is not involved in

binding OMPs or that the rearrangement of domains can compensate for the loss of

P2 without a redutton in affinity. This poses several quesis;if the P2 domain is

y24 Ay@2t SR Ay OAYRAYy3 2F adzoadNIGSa |yl
periplasm, does the P2 domain have any other role in chaperone aethiityat are

the roles ofthe P1domainwhich does not have PPlase activity? Irs tbhapter,

experiments are described which address these questions using a range of
techniques including MST, ITC, CD and SPR.

Kio >av
Substrate SurA WT SurADP2
WEYIPNV 3.58 +0.08 2.23 +0.07
NFTLKFWDIFRK 6.62 +1.03 5.57 +0.64
OmpG 0.44 +0.09 0.4+0.3
OmpF 52+1.7 2.6 £0.5
RCMLA 33+11 38 +11

Table3.1¢ 1 0fS 2F 1y26Yy YROSUANT an{ Sail¥P2 bindhiipésitide Ol A 2 y & @
aromatic peptides, OMPs and a model soluble protetlucedcarboxymethylated alpha
lactalbumin(RCMLA)Measured by competition ELISA assa30mM phosphate buffer, pH
7.3at25°@rWEYIPNVIS LIGARSSY GKS hata | yR MNBdodedSR OF ND 2 I
(RCMLAY” and in50mM sodium acetatuffer, pH 5.0 at 25 °for the NFTLKFWDIFRK

The previously documented variants of SubR2 and SurA4gt Figurel.20) > and

SurA WT ased to compare their ability to bind two model unfolded OMi&mpA

is the 19 kDa 8tranded transmembrane domain of the wstudied model OMP
OmpA56.97.214.2155nd OmpT isa 33 kDa 1&tranded protease®®?6 (Figure 3.2).
Comparing the binding ability of the SurA variants to these OMPs which are different
sizes and have been shown to have different aggregation propenZitssould help
elucidate the roles of each of the daims within SurA. To this end, microscale
thermophoresis (MST), was used to determine affinity. This technique has the
advantage thait can be performed usinpw OMP concentrations (nM), and thus

can be performed under conditions where OMPs reniai@anunfolded,solubleform
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in the absence of detergent or lipidnd on timescalesin whichOMP aggregation

does not occur The binding of SurA to OMPs was also tested by analytical size
exclusion chromatography (SEC), native mass spectrometry (MS), ciictlaisin

(CD), surface plasma resonance (SPR) and NMR experiments, all of which were
carried out under conditions which disfavoured OMP aggregation such as low protein

concentration and the presence of denaturant.

tOmpA

A\
QARY

Extracellular Space

oM

Periplasm

Figure3.2 Crystal Structures of model OMP®mpA (PDB: 1BX%jand OmpT (PDB: 1178)

3.2 Expression andupification of SurA variants

All SurA variants used in this work (SurA WT, ®m2and SurA 4€t) Figurel.20)

were created in Pet28b vectors containing a his tag and expressed and purified from
the E. colsequence lacking the-términal signal sequence. Proteins were expressed
in the soluble fraction and purified by nickel affinity in its denatured state (&IM@,

25 mM TrisHCI, pH 7.2)rad refolded by dialysis (Methods4.]). A typical Agotrace

from SurA nickel affinity chromatography is showirigure3.3a. The purity of each

protein was determined by SEFBAGE as shown kigure3.3b.
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Figure 3.3 Purification of SurA variantsa) Nickel affinity chromatography trace of the
purification of SurA WT b) SIPAGE gel of pure SurA WT, SDP® and SurA {Ct.

3.3 Characterising SurA variants

3.3.1 Purified SurA variants are correctly folded and monomeric

To verify that the SurA variantsvhich werepurified in a denatured state, were
correctly folded and to investigate tirestructure, far UMCD, natte ESMS and
analytical SEC wesmployed. All the experiments in this chapter are carried out in
50 mM glycine buffer pl9.5. Lhless stated otherwiseahis bufferis used for many
OMP experiments as the high pH aids in the retaining OMPs in a solulbdernation

as their average pl is approximately'82?% From the crystal structures of SurA the
secondary structure was calculated to have 48% helical andli3Beet conént

using standard method$?’. The secondary structure of the purified S8ulWT
measured by CD and analysed by the CDSSTR algorithm using the Dichroweb software
222 sugyests that the purified proteircontains 46% helical and 19% beta sheet
content (Figure3.4a), showing the purified protein has the same secondary stmect
content as the crystal structure. The other purified SurA variants contained 50% and
46% helical content for SudP2 and SurA {€t, respectively, as determined by the

same method as for SurA WT, suggesting there is no major conformational
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rearrangements in the remaining domains when the PPlase domains are removed,

consistent with the Sur®P2 crystal structur¢Figure3.1) 178

' GATAAAYT YVIEGADGS Y asa

confirmed that these samples were folded, as they gave a characteristic distribution

ALISOGNRBYSGUNE oa{0 |

of charge state peaks at the ceat mass to charge (m/z) ratio
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Figure3.4 SurA variants are folded and monomerégd Far U\Circular dichroism (CBjpectra
2F p >a { dzNI BPe (blaeld BBASSS (red) b){NdsNMdESimass speecbmetry
6a{ 0 2SBrAWTDP2 NCt (colours as in ap 0
andN-Ct (colours as in a) d) SurA variants constructs.

'yt edAOlt {DOP2 2F

Although the ESVIS data show thatat low concentrationsthe SurA variants are

monomeric, bindingassays for SurA interacting with OMPs require higher

concentrations of chaperone, so analytical SEC of each variants was carried out at
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Mnn >a¥ gKAOK A& (GKS KAIKSEAG O02yOSY NI GAzZY

SEC traces show that SurA WT, 33P2 and SurA{g€t elute as a mainly monomeric
species at 47, 35 and 24 kDa respectively, with a small amount of a higher molecular
weight species, presumably dim&igure 3.4). The dimerisation affinity of SurA WT
has been measured previously by AU@tion experiments which have Kd of 1160

b Cn  >a 2Jwhidhvagrdsahat at the concentrations used in our experiments

SurA should remain monomeric.

To confirm if the proteins were foldetH->N HSQC spectra is very powerful as it
reports on the state of each residue, so the proteins w&ié labelled Kethods
2.16.2 to obtain a spectrum. Th#H-1°N HSQC spectra of each SurA variant showed
they all have a well dispersed sets of peaks which again confirms that they are folded
(Figured.5). There are a number of peaks for each protein which overlay with peaks
in the spectra of another variant. However, as the spectra of these proteins have not

been assigned further analysis is not possible here.
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Figure3.5 H-N* TROSY NMR of SurA variaajsSurA WT (green) b) SUDR2 (blue) c) SurA
N-Ct (red)all variants were measureat 100 uM in 25 mMMES, 56nM NacCl, pH 6.5 5% (v/v)
D0

3.3.2 The PPlase variants of SurA fold and unfold uncooperatively

The structural information described above show that the SurA domain variants are
all folded and monomeric under the conditiorexamined The stability of he

proteins was also analysed by urea denaturation equilibrium curves to investigate
how the presence of absence of PPlase domains influence the folding and unfolding

propensities of the different variants.

Fluorescence emission spectra were measurecémh variant after equilibration in
0-10 M urea overnight to determine the % folded under these conditions, as the

folded and unfolded species have distinct fluorescence emission spectra. Amino acids
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with intrinsic fluorescence (Tryptophan and Tyrosimefolded proteins are often in
a hydrophobic environment (buried within the core of the protein) and in this

environment they have a high quantum yield and therefore a high fluorescence

intensity, compared to a low fluorescence when exposed to the sof#ént

The results of the urea denaturation experiments show that each of the SurA variants
are folded up to 3.4 M uredFigure 3.6). However, the variants have distinct
denaturation profiles. These complex profiles shows that SurA does not unfold
cooperatively. SurA4gt, the variant lacking both PPlase domains, undesgogngle
transition and it fully unfolded by approximately 6 M urea, suggesting is it unfolding
as a single unit with BG ynof 26.4 kJ.moland mvalue of 6.1 kJ.m3IM* (Figure

3.6c andTable3.2). This supports the hypothesis that thegZminal helix is involved

in stabilising the larger #&rminal domaint’%.
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SurA DGUNL (kJ.mott) | m (kJ.mal) | DG°un2 (kJ.mott) | m (kJ.mat)

WT 16.9+0.9 25+0.2
DP2 243+1.8 5.8+0.5 37.9+3.9 4.7+0.5
N-Ct 265+1.1 6.2+0.2

Table3.2 DG° and mvalues determined from the fits of each curve Figure3.6

The addition of a single PPlase domain (P1) in BBfAalters the unfolding profile
and shows two transitions that can be fit independently. These data have been
modelled previously in a ta domain protein??®> and shown thatti is due to
independent folding of the domains with a similarvalue and different [} values.
[Dlsois the urea value at which the protein is 50% unfolded. Fitting these data to a
three state unfolding equatiorMethods2.6) gives twdDG values and rvalues, the

first of which DG unl) is similar to that of SurA-8it unfolding alone, suggesting that
this is reporting on the unfolding of the core domain in theADP2 construct. These
data suggest that the P1 domain unfolding is reported by the second transition

(DG un2), and more stable than the-8t domain with &G ynof 37.9 kJ.mol.

The picture becomes more complicated for the full length SurA WT, saipibiein

has three domains with the potential to unfold independently. If there are three
separate transitions for each domain, they are not resolved, but result instead as a
single transition with a shallow slope, suggestive of uncooperative unfoldivey. T
stability of the P2 domain in the context of the full protein cannot be identified by
these data however, as the structure is the same as the P1 domain it is likely that it
has a similabG$n. Fitting of the SurA WT data reporbD&unof 16.8 kJ.motand a
m-value of 2.4 kJ/mdl. M, which is much lower than expected. Published analysis
of the two domain proteins (R1516 of spectrin) also has reported lowealnes than

the individual domains and a single unfolding transiti&fa The independent folding

and unfolding of the variants are in accord with the suggestion that the PPlase
domains have been acquired during evolution of proteobacteria and they have bee

added to tle ancestral core domain of SurAheT results show that the three
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constructs all contain folded domains consistent with the CD and NMR analysis

presented above.

3.4 Expression and Purification of tOmpA and OmpT

Unfolded tOmpA and OmpT are usedthmns study as model OMPs to examine the
role of different domains of SurA in OMP binding as well as prevention of OMP
aggregation and delivering OMPs to the BAM complex for folding. Cddiag their
N-terminal signal segence wereexpressed as insolubiieclusion bodies, which were
isolated, solubilised in denaturant, then furtheunfied by gel filtration in their
denatured state (6 M GuHCI, 25 mM TH€l, pH 8.0Methods2.4.4) 143, Typical Aso
traces from tOmpA and OmpT gdiration areshown inFigure3.7a and b, with SDS

PAGHf peak fractions indicating pure protekigure3.7c.
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Figure 3.7 Purification of tOmpA and OmpTa) Asgoelution of gel filtered tOmpA b) 24
elution of gel filtered Omp® M GIn-HCI, 25 mMrrisHCI, pH 8.0c) SDSAGE gel of pooled
peak fractions from gel filtration of solubilised tOmpA and OmpT inclusion hoSies

Methods2.4.4

3.5 Binding of SurA viants to tOmpA and OmpT

3.5.1 SurA variants interact with positive binding peptides

To verify that the SurA constructs are correctly folded and functional their ability to
interact with peptides which were previously identified as positive binding peptides
for SurA and Sur®P2, by an ELISA screening assay, was determined using ITC to

reproduce the published datd® (Methods2.12). The experiments were carried out
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g AlK

mM sodium phosphat buffer, pH 7.0, 25 °C.
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SurA Ka (M) N

WT 0.85+0.3 1.02+0.1
DP2 0.47 +0.3 0.77+0.1
N-Ct n/a n/a

Table3.3ITC values of SurA binding to peptidé&d andhumberof sites(N)from the fits of
Figure3.8

The ITC dataF{gure3.8 and Table3.3) show that the peptide can bind to all three
variants of SurA as revealed measured by a change in enthalpy over the concentration
series, however the binding of SurAd¥to the peptide is r@uced to the extent that

a full binding curve could not be obtaineBligure3.8c). The results show that SurA

WT binds to the peptide with an affinitwhich is slightly tighter than the binding
repotSR LINBGJA 2dzaf & Oodbyy g mdbpy >saa DS NEAUAS @S NJ
were measured by a different method (competition ELISAJUe3.8) and they are
020K f2¢ >a FFTFAYyAGE O0AYyRAy3ad GKS RIFEGF | NB
seen for SurMP2 as it is for SurA WT. The number of binding sites determined from
the fit showed a binding stohiometry of 1:1 which also agrees with the published
datal’”1’8 The binding of SurA-8t to peptides has not previously been measured
and although there is a change in enthalpy at the high chaperone titration
concentrations usegda full bnding curve couldot be fit to the data suggesting a
reduced affinity compared to that of SurA WT or SDBR. This is consistent with the
crystal structure of theNFTLKFWDIFRi¢ptide binding to SurP2 178 as the
interaction is observed to the P1 domain of the chaperdfigyre3.9) and as the P1

is removed in the SurA-8it variant the higher affinitpinding site is not available to
interact with the peptide. These data suggest that when binding aromatic peptide
sequences, the P1 domain is important for a high affinity interaction. However,
removal of the P2 domain makes little difference to the intti@n. Nevertheless, in

the context of an unfolded OMP the binding surface of the P1 domain may not be

sufficient and so model OMPs were next tested for binding to these SurA variants.
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b)

Figure 3.9 Positive bnding peptides interact with the P1 domain of SurAa) Crystal
structure of SurADP2 (N domain in blue, P1 in green and C in rédund to the
NFTLKFWDIFRiKagenta)(PDB: 2PV3Y® B) Crystal structure of the isolated P1 domain
(green)in complex with WEYIPN®agentaPDB: 2PV 1),

3.5.2 SurA PPlase domain variants interact differently with tOmpA and OmpT

Microscale thermophoresis (MST) was used to measure the gffafiieach of the
SurA variants for tOmpA and OmpT (Meth@l§4). In this technique one fothe
binding partners is fluorescently labelled and kept at a constant low (nM)
concentration, and its movement in a temperature gradiémnimonitored in the
presence of different concentrations of itetential binding partner?’. N-terminal
cysteinevariantsof tOmpAand OmpT were produced (Metho@s4.4) and labelled

via malemide chemistry with AlexaFluor 488 didethods2.14.]) for use in the MST
assayAnalytical sizexclusion chromatography indicated that all SurA variants were
predominantly monomeric at the highest concentration used in the MST serial
RA t dzii A 2 yFigoreB.A)Aggregation assays were also carried out esvPOMP
under the same buffer conditions as MST, this concentration is higher than that in
the MST assay (100 nM) but ijtered to test for aggregatianAs no aggredmn is
visible at this higher concentratioriFigure3.10), it is implied there is none in the

lower concentration.
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Figure3.10 OMPs do not aggregate under MST conditiomdephelometry light scattering
Faale 2F dhYLN FYR hYLX® hat a -Ba®ONPHIFE NE2dz40 SR G 2
M urea (from 8 M urea) and light scattering measured immedyaae5°C over 30 minutes.

In these experimentsall three SurA variantdind to tOmpAwith & A YA f | NJ f 26 > a
affinities (Figure3.11, Table3.4) in agreement with previoustudies of binding of

other OMPs (OmpG and OmpF)SorA WT an&urADP2°7:177(Table3.1), although

SurA NCt binding is slightly weakeA different scenario is observed for binding of

the SurA variants t©®mpT.QurA WT binds t@©@mpTg A G K #Hindty, whareak
SurADP2and SurAN-Ct, while still able to bind substrate OMP (shown by a change

in the normalised fluorescence), haweweak affinity to OmpT as a full binding
transition could not be seen under these conditio®sg(re3.11). The data were

fitted to a Hill coefficient and positive cooperativiff® was observed for the
interactions between all SurA variants and tOmpA, as well as SurA WT and OmpT.
This suggests that multiple copiesSairA are interacting with a single unfolded OMP
chain.These data demonstrate that the core region of SurA (S&@) issufficient

for OMP binding, consistent with the observation that many SurA homologues in
early proteobacteria lack PPlase domai&'’® However, 8zNJ affidity for the

larger more aggregatieprone OMP substrate, OmpiE dramatically increased by

the presenceof two PPlase domainsuggesting that the presence of the PPlase
domains are involved in the interaction of some OMPs, perhaps especidlyy O

greater in size than the-8tranded OmpA.
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Figure3.11 Bindingcurvesof SurA variants for OMPdMlicroscale thermophoresis binding
curves of tOmpA binding @) SurA WT (green), b) SWR2 (blue), and ¢) SurACt (red)d)
OmpT binding to SurA WT (grgee) SurADP2 (blue), f) SurA-St (red).Data were fitted to

a Hill @quation (shown as a solid line) (Metho#sl4.2. Samples contained 100 nM Alexa
Fluor 488labelled OMP, 0.3 nmmnn  >a { dzZNJ  @F NA | y i I -NaOH, n
pH 9.5, at 25 °C. Three replicates were recordedl @reraged prior to fitting and the error
of the fit plotted & error bars. Data in-fiwere not able to be fitted (see main text).
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SUurA WT SurADP2 SurA NCt
Ki6 > a g Hillcoef. | Kso > a U | Hillcoef. | Ky > a 0 | Hillcoef.
tOmpA| 1.76£0.1| 1.4+0.1| 1.73x0.1 | 1.9+x0.2 | 513+0.7| 2.1+05
OmpT | 9.30+£0.5| 1.3+0.1 N/A N/A N/A N/A

Table 3.4 MST fitting dataof SurA variants binding to tOmpA and OmpEach binding
interaction was measured in triplicate atite dataaveragel prior to fitting. Data were fied
to the HIl equation (Method<.14.2 in Igor Pro. N/A: not applicable (data could not bieélt
adequately

3.5.3 The model bacterial protein Im7 does not bind SurA

As a testo investigate whether SurA can interact with water soluble proteins, Im7
was used to test its binding to SurA. Im7, or immunity proteifiodnd in Gram
negative bacteria bingl and inactivates the endonuclease domaincofiian toxin
(COE7T2.LYT oLy yT1 | Y-helcal protegn) HasiBeen TiediZdtImany
years to investigate protein folding?®23! and also to determine the effects of
chaperones on protein folding3®'%. Im7 folds via an intermediat stée and
mutations have beemusedto generate Im7 variants which are either fully unfolded

(Im7 L18A L19A L37#&¥ or trapped in the intermediate structure (Im7 L53A 154A)

232,233
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Figure3.12 Im7 folding variants.a) Reversible folding pathway of Im7 from the unfolded
chain via a partially folded intermediate (BMRI316¥>*to the native folded protein (PDB:
1AYI¥®®. b) Sequece of wild type Im7, residues mutated to Ala in L18A L19A L37A (purple)
and L53A 154A (orange).

The three Nterminally cysteine Im#¥ariants were purified (Method2.4.6 were
labelled with with malemide AlexaFlour 488 (Meth@l$4.1) and used to investigate
whether they bind to SurA WT or SubR2. The resultsHgure3.13) demonstrate

that there is no detectable binding of any of the variants by MST with the
concentrations of SurAused B3mWwnn >ao® ¢KS&S YAEGd2NBA
analysed by native EBlass spectrometry (Method2.7) to determine whether
complexes were observable by this methdtgure3.14). SurA WT was tested with

all the Im7 variants and only the unfolded variant (Im7 L18A L19S L37A) formed a
complex with SurA WT, and ion from this complex were low intensity compared with
the individual proteins in the mixture={gure3.14). These data suggest that SurA
preferentially binds OMPs, witbnly a weak interaction with thevater soluble

protein (Im7),in an unfolded state, which agrees with previous ddta
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Figure3.13 SurA does not bind Im7 in the unfolded, intermediate or native stat.SurA

WT (green) and SuildP2 (blue) testing binding with native Im7 W} SurA WT (green) and
SurADP2 (blue) testingpinding with the variant Im7 L53A L54AScrA WT (green) and SurA
DP2 (blue) testing binding with variant Im7 L18A L19A L37A. All MST experiments were
carried out in 50 mM sodium phosphate buffer pH 7.0 with 100 nM-AR488and 3 nM¢

Man >a { dAWIT orBR2NAnY ghanges in fluorescence intensity is due to the %
labelling of the Im7 varian{AF488: Alexafluor 488 labelled).

80



100 s14+ SurAWT
‘ SurA WT Mass
Measured:47492.82 + 11 Da
o Expected: 47372.53
S r f\
Nl
PO 1 O 4
A EENOIE VYA A S S S
500 1500 2500 3500 4500 5500 6500 miz
b)
6+
100 Im7 WT
Im7 WT Mass
Measured:10777.40 + 0.1 Da
) Expected: 10846.9
(=)
0 o L IIH[ l klkL
500 1500 2500 3500 4500 5500 6500 miz
€) 100 6+ SurAWT + Im7 WT
R 14+

500 1500 2500 3500 4500 5500 6500 m/z
d)
100 6+ Im7 L53A 154A
Im7 L53A I54A Mass
Measured:10751.31 £ 0.1 Da
) Expected: 10762.8
0 - . ,
) 500 1500 2500 3500 4500 5500 6500 m/z
e
100 6+ SUurAWT + Im7 L53A 154A
R .
14+
500 1500 2500 3500 4500 5500 6500 m/z
f) oo 6+ Im7 L18A L19A L37A
Im7 L18A L19A L37A Mass
Measured:10718.9 £ 0.2 Da
Expected: 10720.7
X
oLl NN
500 1500 2500 3500 4500 5500 6500 m/z
Q) SUrAWT + Im7 L18A L19A L37A
100 14+
‘ 6+ “
1 |’|
. I
. . .\ I
| M 1o+
‘ Nt iR . 3,
0ld S Y Y VNG AN
500 1500 2500 3500 4500 5500 6500 m/z
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SurAlm7 complex peaks are denoted with a yellow star. The complexes were formed by 1:1
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mixture of the proteins to a final concentration of ¥ in 200 mM anmonium acceate 6.8
(Methods2.7).

3.5.4 SPR of SurA binding to tOmpA

Surface plasmon resonance (SPR) is another technique that can determine affinity
but it also can measure the kinetics of the binding interacfi$h The Nterminal
cysteine variant of tOmpA was immobilised on the SRRashdescribed in Methods

2.9. SurA variants were titrated and flowed over the surface argl ¢hange in

reflectance on the chip surface was monitored by response ufiggi{e3.15).

a) SurA WT + tOmpA [SurA WT] b) SurA AP2 + tOmpA [SurA AP2]
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Figure3.15SPR responseurves of tOmpA binding SurA WDP2/ N-Ct. a) SurA WT analyte
AYUGSNI OdAy3a gAGK GhYL) 2y 0KS adz2NFIL@P8 | i
interacting with tOmpA at the same concentrationsStjrA NCt interacting with tOmpA at

the sameconcentrations. All experiments carried out in 50 mM glycine buffer, 0.24 M urea
pH 9.5.
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Kon (M1sT) Koff (s71) Kd (M)
SUrAWT + tOmpA  6.17 X 103 0.0231 3.74
SUrA qP2 + tOmpA 4.6 x 10° 0.004 0.87
SurA N-Ct + tOmpA  [1.34 x 103 0.117 8.81

Table 3.5 Fitting data from SPR curvesThe titration data were fitted to a 1:1 Langmuir
model using BlAevaluation software to extract the k.« and Kd (Equation shown th9).

Together the results presented above show that the Kds of SurADRZ// N-Ct for
tOmpA can be measurdoy SPR and MSihdalll N3 f2¢ >a | YR aK2g
trend that SurA NCt has slighyl weaker binding than SurA WT and S#2 to
tOmpA. The kinetics of these interactions suggest a slow on rate and a slow off rate
which may suggests nfbrmational changes occwpon binding and release (given
typical diffusion limited values &6, are 10°-10° M1s') 237, These data contrast with

the findings of Costello et a&?> who reported rapid association and dissociation of
chaperones to OMPs traversing the periplasm by simulatath, calculated on and

off rates from FRET experiments. However, the results presented here are the first
direct measurement of association and dissociation rates of SurA with an OMP.
Further inveigation into the conformational changes occurring on OMP binding and

how this changes for different OMPs is now required.

3.5.5 Analytical SEC of SurA WT/ DP2/ N-Ct tOmpA complexes

After the binding affinities of SurA WDP2/ NCt for tOmpA were determined,

analytical SEC was used next to analyse complexes formedt@u@#A complexes

gSNBE FT2N¥SR Fd F mYmM Y2fFNI NrGA2 omn >ab
SuperdexX200 column (Method2.8).
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Figure3.16 Analytical SEC of SurA WDP2/ N-Ctbound to tOmpAl 0 { dzNl 2 ¢ p >a o 3N
and in 1:1 complex with tOmpA (bM) (orange).b)SurBt H p >a OO0 fcamPléx | YR Ay
GAUGK GhYLY owmaA (>apd) &> aO06 N&IRNE by R Ay wmYm O2YLX S
(orange)d) SDSPAGE of SurfOmpA complex peaks from a, d and ¢

The addition of tOmpA shows a clear peak shift in all SurA variants, which is expected
as at these concentrationsSurA and tOmpA should be approximately@®6 bound

for all variantgFigure3.16). The peak$rom the SurAOmpA samples were analysed

by SIZPAGE to confirm the presence of both proteins in the complex p&adgaré
3.16d). The small amount of dimeric population seerFigure 3.4at 100rmM is not
observal under these conditions, so only the monomeric interactions with tOmpA

are observed.
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3.5.6 SurA can form 1:1 and 2:1 complexes with tOmpA

¢KS SELISNAYSyGa 0208 &aK2¢ GKIG {dzNI o0AYRA
this affinity is reduced for certain OMPBy the removal of the PPlase domains. To

better understand the stoichiometrie®f these complexesnative ESMS was

employed as it gives a more detailed picture of the masses of the complexes
(Methods2.7). SurA WTDP2/ NCt complexes with tOmpA we prepared by diluting

tOmpA fromy a dzNB I tOm@A inm200 >nd ammonium acetate Hb 9.5

O2y iUl Ay Ay 3 fiiahllrealcdncentratioraof .28 M ureigure3.17).
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SurAAP2,:tOmpA

SurAWT,:tOmpA

22+ 21+ | 20+

Figure3.179 { L Yl a&a &LISOGNI 2F GhYLX O6wm apt@apAAy (G KS
alone and in complex with b) SurAQY d) Sur®dP2 f) SurA WT. The spectra of SurA variants
Fft2yS G m >a {2t udB2, ank® BuyA WITUFor{edsblall SurA
species including variants are shown in magenta, any dimeric padies (e.g. SurA WT

are shown in light pink and tOmpA alone is in blue. SurA 1:1 tOmpA complexes are in green

and SurA 2:1 tOmpA complexes in orangeperimentswere performed in 200 mM

ammonium acetate, pH 9.5. Expected and observed massasshownin Table3.6.
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