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Abstract

Membrane proteins represent an important class of macromolecuies that play critical
roles in many biological processes. The energetic principles underlying their stability,
however, are not well understood. To address this deficiency, the kinetics and
thermodynamics of the folding of the Escherichia coli outer membrane protein PagP
were investigated by exploiting the ability of this polypeptide to refold into detergent
micelles and into artificial lipid membranes. Investigations using the latter enabled the
contributions to the folding process of both the protein sequence and of the bilayer

lipid composition to be discerned.

PagP forms an eight-stranded B-barrel preceded by an N-terminal a-helix. Folding of
PagP in liposomes was shown to involve rapid adsorption to the membrane followed
by folding in a concerted mechanism to the native state by two parallel folding
pathways, the faster one of which was populated under high lipid-to-protein ratios
and in membranes with high plasticity. Reducing the lipid-to-protein ratio or the
membrane plasticity, however, resulted in a switch to a slower pathway. Differences
in PagP stability were measured by equilibrium unfolding using urea titration and
correlated well with differences measured in (un)folding kinetics in the membranes

investigated.

Mutational analysis of residues that form critical helix-barrel interactions (W17 and
R59) or deletion of the residues that make up the helix (1-19), showed that the N-
terminal helix of PagP stabilised the membrane-inserted form after folding and
docking with the membrane are complete. This was in agreement with the
preliminary characterisation of the transition-state of PagP for unfolding in a
membrane environment using the complete reversibility of the equilibrium unfolding
combined with measurement of the unfolding kinetics of wild-type PagP and of 16
site-directed mutants. In this transition-state the core of the protein was native-like,
whereas the N- and C-terminus of the f-barrel and the o-helix were largely

unstructured.

Overall, the results presented in this thesis describe the first detailed folding
mechanism of PagP. Species along the folding pathway were characterised by
exploiting properties of the membrane and by integrating the techniques developed
recently to study membrane protein folding with tools that are used routinely in the



studies of the folding of soluble proteins. It is shown how bottlenecks for the
thermodynamic analysis of protein folding might be overcome for membrane
proteins. The results presented here are thus also an integral part of the ongoing

development of the membrane protein folding field.
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1 Folding and Stability of Integral Outer Membrane

Proteins

1.1 The membrane protein folding problem

One of the key questions in protein biology is how the fold of a protein is encrypted
within its translated genetic code. Numerous studies that explore the folding
landscape of small soluble proteins have been performed with great success' ® and
have continuously expanded and enhanced our view of the folding process through
an integrated approach involving experiment, theory and simulation ® °. Such
investigations have led towards the characterisation of intermediates and transition
states on-pathway to the folded protein and the corresponding kinetic and
thermodynamic processes'® ' In addition, misfolding and aggregation, resulting in
the formation of amyloid fibrils have been studied for various important disease-

related proteins '* '°

. Unfortunately progress in the similar investigation of
membrane-embedded proteins has been much more limited. This situation can
largely be accounted for not only by the technical challenges posed in mimicking
biological membranes and the lack of reversible folding systems, but also by the

paucity of detailed structural information on membrane proteins.

Notwithstanding the lack of detailed experimental evidence, some similarities
between the folding of soluble and membrane proteins have long been recognised.
First, as a result of spontaneous refolding studies using RNaseA, Anfinsen'
postulated that the native fold of soluble proteins lies in a free energy minimum.
Many years later, this was also shown to be true for membrane proteins of different
classes in refolding studies using bacteriorhodopsin'’ and OmpA'®, both of which
can be refolded to their native structure from a denatured state. Secondly, soluble
proteins generally fold through the formation of a hydrophobic core from which polar
residues are energetically excluded unless compensated by involvement in salt-

bridges or hydrogen bonds'® '

. Although the hydrophobic organisation of a
membrane protein is likely to be more complex??, based on the same energetic
principles, Kennedy®® recognised that polar residues also should be excluded from
the hydrophobic core of the protein, either the membrane embedded surface or the

hydrophobic interior.

Recently methods have been developed that allow a more detailed investigation of



the complexity of membrane protein folding pathways and dissection of the roles
both of the amino acid sequence of the protein and, in some cases, of the

membrane environment on the folding pathway of membrane proteins®*?’.

The present work contributes to the understanding of the folding of outer membrane
proteins of Gram-negative bacteria. Such B-barrel proteins have been chosen as
these systems can be denatured completely and studied more easily in a membrane
environment, compared with their a-helical counterparts (see below). As the
membrane environment is inherent to the folding problem of a membrane protein,
the Gram-negative bacterial cell envelope will be introduced first, after which a more
rigorous description of the current view of the in vivo folding process and insights
from in vitro folding studies of membrane proteins are discussed. Finally PagP, the
protein under study, is introduced as a model system for 3-barrel membrane protein
folding.

1.2 Biological membranes and the Gram-negative bacterial
cell envelope

Membrane proteins fold and insert into an environment which is very distinct and
heterogeneous compared with the aqueous solutions in which soluble proteins fold.
The gross topology of biological membranes — a bilayer structure, with polar
headgroups on each side of the membrane lining a hydrocarbon core, was defined
in a landmark experiment by Gorter and Grendel®®. In this experiment, the lipid
components were extracted from red blood cells and then the area covered by a
monolayer of the purified lipids was determined by the technique introduced by
Langmuir using the lateral pressure of the lipids spread on a water surface®. This
model was further modified by Danielli*® and eventually replaced by the fluid mosaic
model®' in which globular proteins, embedded in the membrane, move freely in a
two dimensional lipid bilayer. A high resolution structure of a model membrane
consisting of di-oleoyl phosphatidylcholine was obtained by White and co-workers
from time-averaged distributions of multilamellar bilayers combining X-ray and
neutron diffraction®* **. The wide distribution in this structure of probability densities
for the different chemical constituents of the phospholipid used reflects the high
thermal disorder inherent to biological membranes. As a consequence, the
combined thermal thickness of the membrane interfacial regions is similar to the
thickness of the hydrocarbon core.



Gram-negative bacteria are delineated by two separate membranes® (Figure 1.1).
The inner membrane predominantly consists of phospholipids, mainly
phosphatidylethanolamine and phosphatidylglycerol, and cardiolipin® (Figure 1.2)
and is similar in composition to most eukaryotic biological membranes®. The inner
membrane constitutes a selective barrier with the external environment in which
integral membrane proteins actively and specifically transport molecules into or out
of the cytoplasm of the cell®” and is closely involved in steps in the biosynthesis of

lipid membrane compounds®®.

The outer membrane is highly asymmetrical with the inner leaflet enriched in
phosphatidylethanolamine compared with the cytoplasmic membrane® *' and the
outer leaflet consisting almost exclusively of lipopolysaccharides (LPS)* (Figure
1.2). The gei-like interior of the LPS leaflet, which results from the high number of
saturated acyl chains per LPS molecule and strong interactions between LPS
molecules, makes the outer membrane an excellent permeability barrier*:.
Nevertheless, the outer membrane is made very porous by the presence both of
aselective porins* and of specific channels, like the sucrose transporter LamB*®, for
the diffusion of solutes and TonB-dependent transporters for the uptake of
organometallic micronutrients*.

The two membranes enclose the periplasmic space (Figure 1.1). Within the latter a
peptidoglycan exoskeleton consisting of alternating N-acetyl-glucosamine and N-
acetyl-muramic acid repeats that are covalently linked with short oligopeptides of
varying length and composition withstands the internal osmotic pressure*’. An outer
membrane associated lipoprotein attaches this polymeric layer to the outer
membrane*s.

1.3 Proteins in bacterial membranes

1.3.1 Energetic considerations

The transfer of peptide bonds into the hydrophobic interior of the membrane is
energetically highly unfavourable, with a cost of ca. 6 kcal/mol/bond*®. As a direct
consequence, it was proposed that only regular secondary structural features, which
maximalise the internal hydrogen bonding network, were likely to be present in the
regions of membrane proteins in contact with the core of the bilayer”®. Such
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Figure 1.1: Schematic representation of the Gram-negative cell envelope.
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hydrogen bonding potentially reduces the cost of burying peptide bonds to 0.6
kcal/mol/bond, consistent with the high stability of membrane proteins®® *2. Wimley
and White® experimentally determined the cost of burying a peptide bond, by
investigating the partitioning of peptides in octanol and into Ci60Cis1-
phosphatidylcholine lipid bilayers, to be 2.0 and 1.2 kcal/mol/bond, respectively.

The energetic costs of partitioning the 20 amino acid side-chains were obtained
similarly by incorporating guest amino acids in to an otherwise invariant peptide®.
Charged and large non-polar residues dominate the free energy of partitioning,
charged side-chains being highly unfavourable (e.g. 3.6 kcal/mol/residue for
glutamate), whilst large non-polar side-chains are exceptionally favourable (e.g.

-1.25 kcal/mol/residue for leucine)™ >°,

Consistent with these studies, known structures of membrane proteins typically only
contain charged amino acid side-chains in the hydrocarbon core of the membrane in
salt-bridges which are likely to be involved in protein function, as for example in
lactose permease®, bacteriorhodopsin®” and NhaA®, or involved in oligomerisation
in, for example, OmpF*°. In addition, charged residues may snorkel towards the
bilayer interface to make favourable interactions if the side-chain length is long

enough to bridge the aliphatic core®™ %2

The aromatic residues tryptophan and tyrosine are found to be highly stabilising
when partitioning in the interface of palmitoyl-oleoyl phosphatidylicholine lipid
bilayers, especially tryptophan (1.85 kcal/mol/residue)®, in agreement with the
positioning of integral membrane proteins upon insertion by the Sec-translocon in
the endoplasmatic reticulum®. In tryptophan residues, for example, this is believed
to arise from a favourable interaction between the quadrupole moment of tryptophan
residues and the electrostatically complex interface of the lipid membrane®. As a
result of such interaction, many membrane proteins have girdles of aromatic
residues at the membrane interfaces between the hydrophobic core and the
aqueous solution®®.

1.3.2 Classes of membrane proteins

As discussed above, regular secondary structures are thought to be favoured in the
membrane-spanning portions of integral membrane proteins, although non-regular
secondary structures can be accommodated in the interiors of these proteins,



shielded from the hydrophobic core of the membrane®. Kennedy®® suggested that
the most likely structures to fulfil this requirement are a-helices, 3-pleated sheets or
B-helices. Transmembrane structures consisting of the latter have not yet been
found experimentally, but the first two structural elements have since been
described in the structure for numerous membrane proteins (Figure 1.3 and 1.4)
(Membrane Protein Data Bank®).

a-helical membrane proteins were first described in a pioneering study of
bacteriorhodopsin by Henderson and Unwin®®. Henderson and Unwin®® used
unstained membranes of Halobacterium salinarum in electron microscopy to
reconstruct a three-dimensional image of the bacteriorhodopsin-containing purple
membranes at 7 A to reveal a protein assembled out of 7 transmembrane helices
(Figure 1.5). This structure was further refined over 20 years, with its atomic
structure reported at different resolutions, the most detailed of which is now at 1.55
A resolution”. a-helical bundles of different sizes have since been observed for
transmembrane proteins of various functions and origins, illustrating that this class
of membrane proteins is widespread in all organisms, some examples of such

membrane proteins are shown in Figure 1.3.

B-strands can maximise hydrogen bonding of the peptide backbone by forming a -
pleated sheet. To satisfy the hydrogen bonding requirement of the N- and C-terminal
strands, the B-sheet eventually has to fold back on itself to form a cylindrical barrel
(Figure 1.4 and 1.5). All peptide hydrogen bonds are thus linked in one network,
leading to the often extreme stability observed for outer membrane proteins®®. To
date B-barrel proteins have exclusively been found in the outer membrane of the
Gram-negative cell envelope®® and in the outer membranes of mitochondria and
chloroplasts’ 72 A list of current B-barrel membrane proteins with a solved high

resolution structure is given in Table 1.1.

1.4 Outer membrane protein folding in vivo

1.4.1 Translocation across the inner membrane

Proteins destined for the outer membrane of Gram-negative bacteria are
synthesised in the cytoplasm and transported across the inner membrane using the
Sec-dependent translocation pathway (Figure 1.6)"> 7, Initially, binding of SecB to



Figure 1.3: Representative structures of a-helical membrane proteins. (a) KcsA potassium
channel (1BL87%). (b) NhaA Na*/H* antiporter (1ZCD®8). (c) Human B, adrenergic receptor
(2R4R78). Images are drawn using PyMOL (http://www.pymol.org). PDB-codes given between
brackets.



(a) (b)
/j?

Figure 1.4: Representative structures of -barrel membrane proteins. (a) OmpA (1G9077), (b)
FhuA (2FCP78), (c) VDAC (2K4T7°). Images are drawn using PyMOL (http://www.pymol.org).

PDB-codes given between brackets. The C-terminal periplasmic domain of OmpA is shown in
(a) as a grey circle.

(©)
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(b)

Figure 1.5: Examples of aromatic girdles and internal salt-bridges in membrane proteins. (a)
the «-helical membrane protein bacteriorhodopsin; (b) the transmembrane B-barrel protein
OmpA. Residues that make up the aromatic girdles are highlighted in green; examples of
internal salt bridges in red. A retinal molecule (purple) is bound in the interior of
bacteriorhodopsin by a Shiff-base with lysine 256 (blue). In bacteriorhodopsin, helix G is
shown in yellow for clarity. Images are drawn using PyMOL (http://www.pymol.org) [PDB-
code: 1C3W (bacteriorhodopsin)®7, 1G90 (OmpA)77].



Table 1.1: Bacterial outer membrane B-barrel proteins of known structure

Protein (function) Organism PDB code number of B-strands ___oligomeric organsiation
Porin (diffusion channet) Rhodobacter capsulatus 2POR (1.8 A)® 16 trimer
Porin (diffusion channel) Rhodopeudomonas blastica 1PRN (1.96 A®' 16 trimer
OmpK36 (osmoporin) Klebsiella pneumoniae 10SM (3.2 A )82 16 trimer
Omp32 (anion-selective porin) Comamonas acidovorans 1E54 2.1 A)® 16 trimer
Omp32 (anion-selective porin) Delftia acidovorans 2FGR (1.5 A)* 16 trimer
OmpF (diffusion channel) Escherichia coli 20MF (2.4 A)®, 2ZFG (1.6 A)® 16 trimer
OmpC (osmoporin) Escherichia coli 2JIN 2.0 A)¥ 16 trimer
OmpG (diffusion channel) Escherichia coli 2F1C (2.3 Ay, 2V (2.3 AY®, 20QY¥ 16 monomer
PhoE (diffusion channel) Escherichia coli 1PHO (3.0 A)85 16 trimer
Maltoporin (maltose transporter) Salmonella typhimurium 2MPR (2.4 A)"' 18 trimer
Maltoporin (maltose transporter) Escherichia coli 1MAL (3.1 A)*® 18 trimer _
ScrY (sucrose transporter) Salmonella typhimunum 1A0T (2.4 A)93 18 trimer -
MspA (diffusion channel) Mycobactenum smegmatis 1UUN (2.5 A* 16 octomer (1 pore)
OprP (phosphate transporter) Pseudomonas aeruginosa 204V (19 A)95 16 trimer
OprD (basic amino acid uptake) Pseudomonas aeruginosa 20DJ (2.9 A)96 18 monomer
OpdK (hydrocarbon transporter) Pseudomonas aeruginosa 2QTK (2.8 A)97 18 monomer
TolC (drug efflux pump) Escherichia coli 1EK9 (2.1 A)g’a 12 trimer (1 pore)
VceC (drug effiux pump) Vibrio cholerae 1vyCcg (1.8 A)99 12 trimer (1 pore)
OprM (drug efflux pump) Pseudomonas aeruginosa 1WP1 (2.56 A)'® 12 trimer (1 pore)
1NQE (2.0 A)'", 2GUF (1.95 A2, 1UIW (2.75
BtuB (cobalamin uptake) Eschernichia coli A", 22 monomer
2YSU (3.50 A)'®, 2GSK (2.1 A)'®
Cir (colicin receptor) Escherichia coli 2HDI (2.5 A)'® 22 monomer
OmpA (membrane anchor) Escherichia coli 1BXW (2.5 A)'Y, 1G90"°, 2jmm'® 8 monomer
OmpT (protease) Escherichia coli 1178 (2.6 Ay'® 10 monomer




Table 1.1 (cnd): Bacterial outer membrane B-barre! proteins of known structure

Protein (function) Organism PDB code number of B-strands _oligomeric organisation
OmpW (stress protector) Escherichia coli 2F1V (2.7 A)' 10 8 monomer
OmpX (bacterial adhesion) Escherichia coli 1048 (1.9 AM', 1Q9F'*? 8 monomer
OmpLA (lipase) Escherichia coli 1QD5 (2.17 A" 12 dimer

OpcA (adhesin protein) Neissenia meningitidis 1K24 2.0 A)™ 10 monomer
NspA (bacterial adhesion) Neisseria meningitidis 1P4T (2.55 A)'"® 8 monomer
NalP (autotransporter) Neissernia meningitidis 1UYN (2.60 A)116 12 monomer

Hia1o22-1088 (autotransporter) Haemophilus influenzae 2GR8 (2.0 A)117 12 trimer (1 pore)
EspP (autotransporter) Escherichia coli 2Q0M (2.7 A)'"® 12 monomer
PagP (acyl transferase) Escherichia coli 1MM4'"® 1THQ (1.9 A 8 monomer
FadL (fatty acid transporter) Escherichia coli 1T16 (2.6 A)'* 14 monomer
TodX (hydrocarbon transporter) Pseudomonas putida 3BS0 (2.6 A)122 14 monomer
TbuX (hydrocarbon transporter) Ralstonia pickettii 3BRY (3.2 /[\)122 14 monomer
Tsx (nucleoside transporter) Eschericia coli 1TLY (3.0 A)""3 12 monomer
FhuA (ferrichrome receptor) Eschericia coli 18Y3 @27 A)m' 2FCP (25 A)76’ 22 monomer

1FCP (2.7 A)'®, 2GRX (3.3 A)'®

FepA (ferric enterobactin receptor) Eschericia coli 1FEP (2.4 A)m 22 monomer
FecA (siderophore transporter) Eschericia coli 1KMO (2.0 A)'?, 1PNZ (2.5 A)*?® 22 monomer
FptA (pyochelin receptor) Pseudomonas aeruginosa 1XKW (2.0 A)*#® 22 monomer
FpvA (pyoverdane receptor) Pseudomonas aeruginosa 1XKH (3.6 A)'?® 22 monomer
PapCiaos4o (pilus translocator domain) Escherichia coli 2val (3.2 A)13° 24 monomer
FhaC (haemagglutinin transporter) Bordetella pertussis 2QDZ (3.15 A)'*' 16 monomer

4
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the mature region of the preprotein after translation promotes export of the latter'2.
Subsequently, SecA, which is weakly bound to the membrane-embedded SecYEG
translocon, binds to the signal peptide of the preprotein, followed by ATP-dependent
initiation of translocation and release of SecB'* '**. Multiple cycles of ATP-binding
and hydrolysis then complete translocation through the protein-conducting
channel’ ¥ Some p-barrel autotransporters depend on the signal recognition
particle (SRP), which binds co-translationally, instead of SecB to target preproteins
to the Sec-translocase'”’. Upon translocation, the signal peptide is cleaved off by a

membrane embedded serine-endopeptidase on the trans side of the membrane'®.

1.4.2 Periplasmic chaperones and folding catalysts

Stages in the biogenesis of outer membrane proteins (OMPs) after translocation
across the inner membrane are much less well understood. Several periplasmic
chaperones and isomerases described below have been reported or suggested to
be involved in OMP folding and assembly.

Immediately after translocation, the membrane bound chaperone Skp (Figure 1.6
and 1.7) is suggested to be the first chaperone that binds to OMPs mainly by
binding to the N-terminus of the mature sequence'*® '*'. Skp deletion mutants are
viable, but show decreased expression yields of several OMPs including the most
abundant OMPs, OmpA, OmpF, OmpC, PhoE and LamB™® 2 Substrates are
bound in a cavity lined with hydrophobic residues, which is formed upon
trimerisation of Skp™* ', The basic tips and acidic base of Skp create a dipole
which allows oriented interactions with the membrane'** '*. Skp is also found in a
soluble form in the periplasm' and potential binding sites for lipopolysaccharides

suggest that Skp could transport the substrates to the outer membrane'*® ™,

SurA (Figure 1.6 and 1.7) has independent essential chaperone and non-essential
peptidyl-prolyl isomerase (PPlase) activities and affects the assembly of most highly
abundant OMPs'** " and of usher proteins'. SurA specificity for OMPs is
regulated by a consensus binding sequence involving two aromatic residues
separated by a random residue, a sequence enriched in the aromatic girdles of most
OMPs™ 5% 152 OMPs that are poor in such sequences do not use SurA for

153 1% supporting the proposed mechanism of action of SurA in which

assembly
unfolded substrates are bound by- sequentially or repetitively, sequestering and

releasing extended polypeptide segments using the repeating consensus sequence
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Figure 1.6: Representation of in vivo folding and assembly of membrane proteins. Translated
membrane proteins (1) are targeted to the Sec-translocon (4) through binding with SecB (2)
and SecA (3). Translocated proteins destined for the outer membrane (OM) interact with Skp
(5) or SurA (6) and are transported to the YaeT-complex (7) which assists in the folding and/or
insertion of outer membrane proteins. Alternatively, inner membrane proteins are targeted

immediately to the Sec-translocon by SRP for facilitated insertion into the inner membrane
(IM) (yellow path).
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(d)

Figure 1.7: Some examples of chaperones that assist in outer membrane protein biogenesis.
(@) Skp [1SG2'43], (b) SurA [1M5Y155], (c) FhaC [2QDZ"3"] and (d) N-terminal POTRA repeat
of YaeT [2QDF'%¢]. In (c) the soluble domain is shown in green. The equivalent domain of
YaeT is shown in (d). Images are drawn using PyMOL (http://www.pymol.org). PDB-codes
given between brackets.
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to prevent aggregation or digression from the folding pathway'** '**. As for Skp,
surA deletion mutants are viable; however, the combination of skp and surA
deletions is lethal, suggesting they participate in two alternative pathways for OMP

biogenesis ' "%,

Three more chaperones with PPlase activity exist in the periplasm: PpiA, PpiD and
FkpA. PpiD is anchored in the inner membrane by one transmembrane helix'®. A
ppiD null mutation resulted in reduced yields of all major OMPs'®, however, the
same mutation was also reported to have no effect in a later study'®. There is also
no direct evidence for the involvement of PPIA and FkpA in the folding and
assembly of OMPs, although the outer membrane permeability is affected by fkpA

147

null mutations'*’. Consistent with this, triple deletion of ppiA, ppiD and fkpA does not

affect overall OMP expression or membrane permeability'*°.

DegP is both a protease and a chaperone, the function of which is regulated by a
temperature switch: the protease activity prevails at higher temperatures, whilst
DegP acts as a chaperone below 28 °C'®. An internal cage is formed by the
stacking of two independent functional DegP-trimers in which substrates are
sequestered by their C-terminal sequence'®" '**. DegP has a vital role in maintaining
the OMP assembly pathway under stress'®® '®*, however, a direct role in OMP
biogenesis has not been described.

1.4.3 Assembly into the outer membrane

An essential B-barrel transmembrane protein of the YaeT/Omp85 superfamily
(Figure 1.6) is suggested to assist the insertion and folding of most OMPs in the

167- 170

membrane , although recently the type Il secretion usher protein PulD was

shown to assemble independently'’’. YaeT forms the core protein of a multiprotein
complex with lipoproteins NipB, YfgL, YfiO and SmpA'’% '3 (Figure 1.6). YfiO is the
only essential accessory protein'’®, however, loss-of-function mutations in YfgL also
reduce OMP expression'’®. The N-terminal region of the core YaeT protein resides
in the periplasm and contains repeats of POTRA (polypeptide transport associated)
domains, five in bacteria'’®. These domains have been shown to bind unfolded p-
barrel precursors in the mitochondrial homologue Tob55'”7, in the Toc75 homologue

78 and in the more distantly related FhaC transporter™" 7. Binding of

of chloroplasts
a “signature sequence” located in the C-terminal region of most OMPs, which is rich

in aromatic and other hydrophobic residues, triggers a conformational change that
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allows gating of the transmembrane B-barrel channel of YaeT'®. In addition to
binding substrate proteins, POTRA domains are also proposed to function as a

%8 The detailed mechanism by

scaffold to organise the Omp85 muiltiprotein complex
which Omp85 functions however remains unclear. Originally the Omp85 barrel was
proposed to open laterally via the breaking of the hydrogen bonds between two

'%® However for energetic reasons, this model was later replaced by a model

strands
in which B-barrel substrates fold in a channel formed between Omp85 oligomers'®’

(Figure 1.8).

1.5 Outer membrane protein folding in vitro

In vitro, OmpA in complex with Skp can be brought in a folding competent state by
the binding of lipopolysaccharides. The resultant complex inserts OmpA
spontaneously in lipid vesicles without the presence of the outer membrane
multiprotein complex containing YaeT'®2. As such the folding and insertion of OMPs
into the outer membrane may be a spontaneous process that only relies on
chaperones for transport to the target membrane whilst maintaining a folding
competent state (Figure 1.7). In vitro folding model systems lacking the cellular
machinery can therefore provide useful tests of the validity of this hypothesis and
provide powerful systems with which the need for folding aids in the cell can be
determined.

Several OMPs have been folded in vitro from an unfolded state into either detergent

mice"es18; 183- 187

or lipid vesicles® " ' Most detailed in vitro folding studies,
however, have focussed on OmpA?* % 1% OmpA is a monomeric OMP comprising
two domains, the N-terminal domain of which forms an 8 stranded transmembrane
B-barrel (Figure 1.4), whilst the C-terminal domain resides in the periplasm'®.
Although the function of OmpA is unclear, it likely plays a role in structuring the outer
membrane, suggested to interact with the peptidoglycan layer in the periplasm'®” '8,
In vivo, OmpA shows high tolerance towards sequence alterations in either the

transmembrane or surface exposed regions'**?"’

and to circular permutations or
fragmentation of the transmembrane domain®? 2°*_ |n early folding studies, urea or
SDS-denatured OmpA was shown to refold into detergent micelles of Triton X-100 in
the presence of LPS?™ and into detergent micelles of octylglucoside after heat-
denaturation in SDS micelles'®. Later, Surrey and Jahnig'® spontaneously refolded

OmpA from a urea-denatured state into small artificial lipid
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Figure 1.8: Hypothesised mechanism of how Omp85 may assist in the assembly of outer
membrane proteins. Unfolded outer membrane protein substrates bind the POTRA domains of
Omp85 (a), after which substrate proteins fold spontaneously into the membrane (a) or are
inserted into the membrane through an Omp85 pore (b). For the latter to occur Omp85 should
either open laterally (1) or Omp85 oligomers dissociate (2). Omp85 is in green, substrate outer
membrane proteins in blue.
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vesicles. Insertion into fluid bilayers was highly oriented, as was shown by trypsin
digestion'®. Refolding of OmpA has since been achieved in a broad range of
detergents and lipids, each of those under amphiphile concentrations that form
either micelles or bilayers®®®.

1.5.1 Folding kinetics of outer membrane proteins in lipid bilayers

The kinetics of the folding and membrane insertion of OMPs have been investigated
for only a few proteins, in particular OmpF'®, OmpA? and FomA''. Typically the
change in tryptophan fluorescence, which results from the burial of the aromatic
residues in the more hydrophobic environment of the lipid bilayer, is used to
measure such kinetics. OmpA has five tryptophan residues in its transmembrane
domain, all of which are part of the aromatic girdles at the membrane interfaces’”’.
Using fluorescence measurements, the folding and insertion of OmpA into vesicles
of phospholipids with hydrophobic chain lengths of 14 carbons could be resolved
into at least three phases, constituting a kinetically unresolved hydrophobic collapse,
followed by a membrane-bound intermediate, which finally folded to the native
protein®®. The intermediate was found to differ spectroscopically from the native
structure by (i) a lower B-sheet content, in which the strands are more tilted relative
to the membrane normal than is the case for fully folded OmpA, and (ii) a tryptophan
fluorescence which is more efficiently quenched using brominated lipids labelled at
positions close to the membrane centre, whereas tryptophans in native OmpA are
most efficiently quenched by lipids bearing bromine atoms near the bilayer
surface®”. Using phospholipids with longer hydrocarbon chain lengths (diCis.-
phosphatidylcholine), an additional membrane bound intermediate could be isolated
at low temperatures'®: the rate of formation of this intermediate increased with
temperature such that it eventually could not be resolved from the first intermediate.
The unusual tryptophan fluorescence in the intermediate described by Rodoniova et
al’” requires an average position for the aromatic girdle residues near the centre of
the membrane, which is in stark contrast with the position for the girdles near the
membrane interface. To resolve this difference the average position of the

208

tryptophan residues was determined in each resolved state”, as well as the

position of each tryptophan individually in single-tryptophan mutants of OmpAZ2®,
both studies using time-resolved quenching techniques. Thus, the authors could
show that all the tryptophan residues destined for the extracellular girdie crossed the
membrane with similar rates, whilst the single tryptophan belonging to the

periplasmic girdle remained on the cis-side of the membrane®®. Together with the
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translocation of the tryptophan residues, partial formation of tertiary structure was
observed by differences in migration between unfoided, partially folded and folded
OmpA species on sodium-dodecylsuphate polyacrylamide gels'®. The rates of
formation of native folded OmpA thus measured by gel migration were very similar
to rates obtained by following changes in the circular dichroism spectrum, which
reports on the formation of secondary structure®’®. However, the rates did not
correlate with those derived from examination of the protein tryptophan
fluorescence, which were five times faster, suggesting rapid adsorption to the
membrane before folding and insertion of the protein?'®. Together, the data suggest
a highly co-operative and synchronised folding process for OmpA, as shown
schematically in Figure 1.9.

Using a similar approach, Kleinschmidt and co-workers also determined the folding
kinetics of FomA'®'. FomA is a channel in the outer membrane of Fusobacterium

nucleatum, which is suggested to form a B-barrel with 14 transmembrane strands?'".

The predicted larger size of the B-barrel is reflected in slower folding rates'®'. As for
OmpA, refolding of FomA was found to be highly co-operative; however, parallel
folding pathways suggested by the migration of only two species, i.e. fully denatured
and fully folded FomA, on cold SDS-PAGE make FomA folding kinetics more

¥ The folding kinetics of the trimeric porin OmpF have also been

complex
determined in lipid vesicles; however, investigation of the refolding to a native state
fold is complicated by a final slow trimerisation step, making this protein less

suitable for detailed in vitro folding studies'®.

1.5.2 Thermodynamics of folding of outer membrane proteins

Many OMPs that can be unfolded aggregate irreversibly in their unfolded states®
183, 188 212 Thijs phenomenon has hampered a rigorous analysis of the
thermodynamic parameters that drive membrane protein folding. Nevertheless,
partial or complete reversibility was obtained in a few cases, from which valuable

insights have been obtained?* 5% 185: 195 213-218

The first quantitative evaluation of the free energy of unfolding for a membrane
protein was reported by Feix and co-workers, using a site-directed spin-labelled
variant of the TonB-dependent ferric enterobactin receptor FepA'®®. A single
cysteine mutant on a loop by the extracellular terminus of strand 6 was spin labelled
in a Triton X-100 solubilised state and unfolded reversibly using urea or



cell exterior

periplasm

Figure 1.9: In vitro refolding scheme of OmpA. After adsorption to the membrane, which includes all tryptophan-residues, secondary and tertiary form co-
operatively with folding and insertion. Tryptophan residues destined for the extracellular aromatic girdle (15, 57, 102 and 143) migrate through the
membrane, whilst tryptophan 7 remains at the periplasmic side.

(¥4
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guan‘idinium-chloride. At ambient temperature an unfolding free energy around 6
kcal/mol was obtained with both denaturants at pH 7.2. In a further study Klug and
Feix?'® extended this approach to determine the free energy of unfolding of strand 5.
Residues exposed to the aqueous lumen of the channel were found to denature
more rapidly, with free energies comparable to the earlier probed residue’®,
compared to residues in contact with the hydrocarbon core of the detergent, which
only showed a limited degree of unfolding. Although it is difficult to interpret the
nature of the unfolded state and therefore the environment of the spin label, the
authors suggested that the local environment of each residue plays a significant role
in stabilising the structure at each site.

Later, reversible unfolding from a range of artificial lipid bilayers was obtained for
OmpA using the same conditions as those for the successful kinetic analysis of
OmpA folding and insertion described above®. The free energy for unfolding in
model membranes of differing composition was compared relative to that for a
reference membrane consisting of 92.5 % C6.0C1s:.4-phosphatidylcholine and 7.5 %
Ci6.0C1s1-phosphatidylglycerol, in which the free energy of unfolding was 3.4
kcal/mol (at pH 10 and 37.5 °C). The effect of lipid acyl chain length and headgroup
composition was thus investigated by varying the content of such lipids by reducing
the amount of C16.0C+s.1-phosphatidylcholine, keeping C16.0C1s:1-phosphatidyliglycerol
constant and adding increasing amounts of a guest lipid. The stability increased with
increasing acyl chain length of the guest lipid from C,4, to C1g0 and with increasing
amounts of C46,C1s.1-phosphatidylethanolamine. The stability, however, decreased
with increasing acyl chain length upon incorporation of a cis unsaturated bond. The
stability increase obtained by increasing the hydrophobic thickness or by increasing
the phosphatidylethanolamine content is a result of the ability of OmpA to relieve
lateral préssure as a consequence of the hourglass shape of the protein (Figure
1.10). By contrast, incorporating an unsaturated bond in the acyl chains immobilises
the lipids, reducing the elastic modulus of the membrane, which does not allow for
the membrane to adapt to the shape of the protein upon incorporation of the protein.
Consequently, membrane stress is not relieved and the protein is not stabilised®.
Relief of curvature stress thus stabilises the protein; indeed, OmpA inserted into

large vesicles remains folded even at very high concentrations of denaturant'®.

Following these observations, Tamm and co-workers started to investigate the
contributions of individual amino acid side-chains to the stability of the membrane-
inserted state of OmpA by looking at various aromatic residues at the membrane
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Figure 1.10: Relief of membrane stress by insertion of the integral membrane protein OmpA.
Stress is induced by (a) non-bilayer forming lipids or (b) and (c) hydrophobic mismatch of
thicker and thinner membranes relative to the hydrophobic thickness of OmpA.
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interface'®. As discussed above, aromatic residues position preferentially at the
membrane interface and are suggested to play a unique role in the anchoring and
positioning of membrane proteins® 2'" 2'® Tryptophan and phenylalanine were
found to contribute 2.0 kcal/mol and 1.0 kcal/mol, respectively, to the stability of
OmpA, values which correlate well with predictions from the partitioning scales
designed by Wimley and White®. Tyrosine, however, was found to deliver a higher
contribution to OmpA stability than predicted (2.6 kcal/mol compared with the
predicted value of 0.9 kcal/mol/residue). The authors speculate this can be
attributed to the “snorkelling effect’, i.e. the greater orientation of tyrosine than
tryptophan in the interfacial region of the membrane, a phenomenon which could be
augmented in the larger and well structured integral membrane proteins compared
with the peptide models used to derive partitioning scales. Additionally, clusters of
aromatic residues contribute a further 1 — 1.4 kcal/mol to OmpA stability. A survey of
six other non-homologous membrane proteins of known structure by the authors
suggests that such aromatic clusters might be widespread in membrane proteins

and contribute an important driving force for folding and stability®": 2'%-223,

1.6 Comparison with in vitro folding of a-helical membrane
proteins

In vivo the majority of a-helical membrane proteins appear to assemble by
association of stable helices that laterally diffuse from the Sec-translocon in the
membrane (Figure 1.6)°**. Long before our current understanding of facilitated
insertion by the SecYEG translocon, Popot and Engelman®® proposed a model for
a-helical membrane protein folding in two energetically distinct stages (Figure 1.11),

based on refolding and association experiments of bacteriorhodopsin'”: 22 228

, which
has a remarkable resemblance to the in vivo process. In stage | a-helices form
stable entities across the membrane, energetically driven by hydrogen bond
formation. During stage |l, the helices interact to give a functional, globular
transmembrane protein by overcoming the entropic barrier favouring isolated helices
by close packing interactions in van der Waals contacts and/or electrostatic effects

between the helices.

1.6.1 Role for the lipid membrane in helix association

In contrast to B-barrel membrane proteins, helical membrane proteins typically
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Figure 1.11: Two-stage scheme for the folding of o-helical membrane proteins. Stage I
helices are inserted individually into the membrane as stable entities; Stage II: helices
associate through lateral movement in the membrane and/or folding of connecting loops.
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cannot be denatured in urea or guanidinium, but can be denatured to some extent
using SDS®% #*'. A drawback of SDS is that this detergent solubilises lipid
membranes and, as a consequence, most refolding studies use mixed
lipid/detergent micelles. The few studies investigating the influence of the lipid
bilayer concern adsorption and insertion of proteins rather than helix association

which would resemble the in vivo mechanism better®% 234,

The influence of lateral pressure on helix association has been studied for the
tetramerisation of KcsA by variation of the membrane composition?. Stability of the
tetramer was found to increase with the amount of phosphatidylethanolamine in the
membrane?’ and was lost again upon the addition of small alcohols to such
phosphatidylethanolamine-containing membranes. As alcohols are known to relieve
the lateral pressure induced by the non-bilayer properties of
phosphatidylethanolamine?®®, the authors suggested that global membrane
properties, like the lateral pressure, play an important role in stabilising a-helical

bundles?3%: 2%,

1.6.2 Examples of in vitro folding of a-helical membrane proteins

1.6.2.1 Glycophorin A

Self-association of integral membrane proteins like glycophorin A provides an
excellent opportunity to validate the two-stage model of a-helical membrane protein

238 )t associates

folding. Glycophorin A is highly abundant in red blood cells
spontaneously by its C-terminal membrane anchor to form a dimer that is stable in
detergent as assayed by SDS-PAGE analysis after isolation from the membrane®®®.
The glycophorin A membrane anchor can also be produced in fusion with the
soluble, monomeric staphylococcal nuclease in E. coli, which results in a protein in
which the transmembrane helix association shows wild-type behaviour?® and makes
glycophorin A accessible for folding studies that can assay the effects of introducing
mutations in the transmembrane domain on the dimerisation phenotype of
glycophorin A?*'. Saturation mutagenesis identified a pattern of aliphatic positions at
one face along the helix where subtle changes in side-chain structure disrupt
dimerisation in detergent, as analysed by SDS-PAGE?*' (Figure 1.12), and in vivo by

ToxR-dependent association assays®% 2*°

(Figure 1.12). Two glycine residues at
positions 79 and 83 appeared to be of critical importance (Figure 9) and yielded

strongly disruptive variants upon any mutation, with the exception of G79A for which
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Figure 1.12: (a) and (b) Structure of the glycophorin A dimer. Residues involved in
stabilisation of the dimer are shown in sticks for one monomer in (a) or in spacefill for both
monomers in (b). Glycine 79 is shown in red, glycine 83 in green. Images are drawn using
PyMOL (http://www.pymol.org) [PDB-code: 1AF0O244]. (c) ToxR-based assay to determine the
in vivo stability of the glycophorin A dimer. The transcriptional activator (ToxR, orange)
activates expression of a reporter gene after dimerisation of the transmembrane helices
(green). The periplasmic domain of maltose binding protein is used to anchor the chimera in
the inner membrane (adapted from Russ and Engelman?243),
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the dimer was only destabilised to a minor extent. These data were consistent with
the solution NMR structure in detergent micelles which shows tight packing that is
strict at the G83 position, whilst tolerant with a minor steric clash for the insertion of
a single methyl group at position G79?*. Identification of such a “GxxxG motif’ in a
randomised library by the ToxR-dependent assay TOXCAT suggested this
dimerisation motif to be wider distributed amoungst membrane proteins®°. To
determine the energetics of glycophorin A dissociation Fleming and co-workers
applied analytical ultracentrifugation to detergent solubilised wild-type and mutant
glycophorin A%*®. Although replacing residues that are part of the interaction
interface in alanine scanning is generally destabilising, the interaction energy is not
equally distributed, with G79 and G83 being interaction ‘hot-spots’ which cost 1.7
and 3.2 kcal/mol upon mutation, respectively®’’. However, Russ and Engelman?*®
noted that residues flanking the GxxxG-motif also contribute to the dimerisation
stability, comparing two randomised libraries with differing background (alanine
versus leucine). Indeed, variants that lack the GxxxG-motif can still dimerise and in
the presence of the GxxxG-motif, flanking residues can modulate the stability over a
range of -0.5 to 3.2 kcal/mol by changing van der Waals contacts®*® *°, The
differences in free energy observed in detergent correlate reasonably with an
apparent stability scale constructed by normalising expression levels in TOXCAT*®,
However, deviations from the correlation suggest that in addition to sequence
dependence, stabilising the glycophorin A dimer is also dependent on a sensitive
interplay with the membrane. Indeed, replacing key glycines by other small residues
in a TOXCAT assay suggests that the membrane actually is a poor solvent fdr
membrane proteins, driving helix-helix interactions®'.

1.6.2.2 Bacteriorhodopsin

Bacteriorhodopsin (Figure 1.5) is a seven transmembrane helix bundle that exists in
trimers in the purple membrane of Halobacterium salinarum. A single retinal
molecule is bound covalently in the centre of each monomer and binding of the
chromophore is usually used as a probe for successful refolding®?. Successful
refolding and reassociation of two fragments of the seven transmembrane polytopic
protein bacteriorhodopsin from Halobacterium halobium in native-like lipid

8

vesicles?”® was central to the formulation of the two-stage model for a-helical

membrane protein folding and has since been repeated for several polytopic

253- 257

membrane proteins . In their pioneering study, Popot and co-workers?®

reconstituted two fragments obtained after chymotrypsin cleavage, consisting of
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helices A-B and C-G, respectively, into separate liposomes, which associated after
vesicle fusion. This was followed by a number of studies investigating the role of
topology in bacteriorhodopsin assembly outlined below.

The A-B fragment was shown to be able to refold and associate with the C-G
fragment in mixed micelles?®® 2. By contrast, the helices F and G do not form

9

stable helical structures®®® and are only stable in the context of the full-length

protein?® or when linked together in a fragment containing all five C-terminal

226, 260

helices . Larger N-terminal fragments of bacteriorhodopsin obtained by

progressive addition of a helix to the A-B fragment were also shown to refold

individually®®® and associate with their complementary, but individually unstable,

2% 260 demonstrating that at least four of the loops are completely

fragments
superfluous for folding in mixed micelles. The A-B loop was also shown to be
unnecessary for folding, as helices A and B could be reconstituted individually and
associated with the C-G fragment to yield native-like bacteriorhodopsin in lipid

vesicles®®'.

Although superfluous for assembly of the helix bundle, the topology and sequence

258; 262 and Ilpld Ves'cles263 and to

of loops contribute to the stability in mixed micelles
the folding kinetics in mixed micelles®®. Indeed, replacing the native loops by
unstructured sequences containing glycines and serines slows down folding?¢. The
refolding kinetics of SDS-denatured bacterio-opsin can be resolved into at least five
kinetic phases, three of which occur rapidly in the absence of retinal and lead to a
partially folded apoprotein which has all seven transmembrane helices®°. Addition
of the chromophore gives rise to the two slower phases, characterised by non-
covalent and covalent retinal binding, respectively’®. Formation of the partially
folded apoprotein is the rate-limiting step and is slowed down by increasing the
bending rigidity of the micelle by increasing the proportion of diCis0-
phosphatidylcholine or by slowing down the folding rate of the protein directly by
decreasing the pH?’. This dependence on bending rigidity is also observed when
folding into lipid wvesicles upon increasing the proportion  of
phosphatidylethanolamine®®. The decrease in folding kinetics likely reflects slower
re-organisation of the connecting loops due to an increase in lateral pressure which
slows down lateral helix movement in the micelle or bilayer?®* 2®,

The ability to refold intact bacteriorhodopsin from a fully denatured state in mixed
micelles'” ?7° has allowed for the effects of mutagenesis on the stability of the
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transmembrane bundie of the protein to be investigated. Whilst introducing muitiple
polar residues on the lipid-face of helix D was found to destabilise the protein as
determined by SDS-denaturation?®, many stabilising mutations were found by a

systematic alanine scanning of the B-helix?"

, gaining an average of 1 kcal/mol for
every additional 38 A? buried surface area. Interestingly, a kink introduced in helix B
by P50 is maintained upon mutation to alanine. Mutating two other proline residues
in the transmembrane helices of bacteriorhodopsin yielded similar phenotypes??,
leading the authors to suggest that, although initially induced by the presence of
prolines, kinks in transmembrane helices are optimised through helix packing by
evolution, no longer necessitating the presence of prolines. Consistent with this,
introducing proline residues in helix B by mutation is not easily tolerated?”®. Curnow

and Booth?™*

combined determination of the free energy of folding in mixed micelles
with folding kinetics between the folded and a partially unfolded state in which retinal
remains bound to the protein and a large amount of helical structure is retained. The
unfolding reaction occurs in one transition with an M-value of 25 kcal/mol/M and
coincides with a large free energy change of 20 kcal/mol. The dependence of the
refolding rate constants on increasing denaturant concentration is small relative to
that of the unfolding rate constants, indicating that the transition state lies close to

the unfolded state considered.

1.6.2.3 Diacyiglycerol kinase

Trimeric diacylglycerol kinase is a polytopic transmembrane protein found to be
highly stable in mixed lipid/detergent micelles and which has been shown to be very
tolerant of mutations in the transmembrane domain®: #% #®_|nterestingly, many of
the mutations investigated were found to stabilise the enzyme®’: 2%, However, in the
absence of a suitable system for investigating reversible protein folding/unfolding
transitions of such proteins into membranes it remains unclear whether these
mutations compensated for destabilisation resulting from interactions of the protein
with the membrane or produced a real increase in protein stability. A role for the
membrane was inferred from the kinetics of folding, which was faster in micelles

than in lipid membranes®®'

. Refolding into lipid bilayers from a urea-solubilised state
has been investigated by Lorch and Booth?”®. Recovery of the functional trimer on a
millisecond timescale could be resolved into three phases (adsorption to the
liposomes, insertion and trimerisation). A partly reversible aggregation step, which
was influenced by the lipid-to-protein ratio, was also shown to exist in competition

with successful refolding. Increasing the vesicle concentration favoured insertion
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over aggregation, but the yield of a functional trimer was also affected by the lipid-to
protein-ratio, vesicles being preferentially populated by monomers at high lipid-to

protein-ratios®’®.

1.7 The bacterial outer membrane transferase PagP

1.7.1 Biological role of PagP

PagP is a 160 residue enzyme that is narrowly distributed amongst primarily
pathogenic Gram-negative bacteria, in which it transfers a palmitoyl chain from
phospholipid substrates to LPS as part of the bacterial defence system?®.
Transcription of the corresponding gene is activated by the PhoP/PhoQ two-
component signal transduction system in response to environmental change, such

281-284 or displacement of Mg®* from the

as by growth under Mg?* depleted conditions
outer membrane by cationic antimicrobial peptides®®* ?*’. Such conditions are for
instance created during growth in the phagosomal vacuoles of macrophages®®.
Scavenging of Mg?*-ions destabilises the charge balance in the outer leaflet of the
outer membrane, which makes the bacterium sensitive to antibiotic agents and
allows for migration of phospholipids into the outer leaflet?®® ?®'. Shedding of LPS
during systemic infection initiates the innate immune response through the TLR-4
signalling pathway®®?, subsequently leading to an adaptive immune response®®.
Palmitoylation of hexa-acylated LPS at position 2 (Figure 1.13) by PagP?* restores
the permeability barrier of the outer membrane®® and attenuates LPS endotoxin

signalling®®® 2%’

1.7.2 Structure of PagP

The three-dimensional structure of PagP was first solved by solution NMR after
refolding from a denatured state in detergent micelles of B-octylglucoside or

119

dodecylphosphocholine’ ™. The 141 C-terminal residues form an 8 stranded p-barrel
that is preceded by a short a-helix, 19 residues in length (Figure 1.14). The position
of the a-helix with respect to the p-barrel could not be determined unambiguously
from the solution NMR structure. It was however found to be packed against the
B-barrel in the X-ray crystal structure'®, a location which was further supported by
water and oxygen contact studies in solution NMR?%. Based on these two reports,
the barrel-axis was also proposed to be tilted 25° with respect to the normal to the

membrane. The tilt of the barrel axis is supported by the position of the aromatic
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Figure 1.13: Palmitoylation of lipopolysaccharides by PagP. A palmitoyl-chain (red) of a
phospholipid (left) is transferred to the LPS-molecule (middle) to add an additional acyl-chain

to LPS (right).
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Figure 1.14: Cartoon representation of the crystal structure of PagP. (a) Representation of the
non-hydrogen bonded B-strands in the top half of PagP (green). Proline residues (residues 28,
121, 123, 127, 145) that disrupt hydrogen bonds between strands in the upper half of the
barrel are highlighted in green spacefill. (b) Highlighted are catalytic residues His 33, Asp 76
and Ser 77. An LDAO molecule occupies the hydrophobic binding site for the palmitate chain
of the phospholipid substrate. The eight transmembrane strands of PagP are labelled A to H.
External loops are labelled L, 4, periplasmic turns T, ,. The position of the hydrocarbon core of
the membrane is indicated by the black lines. Images are drawn using PyMOL
(http://www.pymol.org) [PDB-code: 1THQ'29].
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girdles that generally define the membrane interfaces®°. By virtue of the tilt, a
docking space for the a-helix is created at the periplasmic side of the protein (Figure
1.14). Proline residues disrupt the continuity of the hydrogen bonds at two positions
in the extracellular half of the barrel: P28 disrupts the hydrogen bonding between
strands A and B, whilst four prolines (residues 121, 123, 127 and 144) do the same
between strands F and G'*° (Figure 1.14a). Interestingly, P28 creates a p-bulge,
increasing the dynamics of the L1 loop and distorting strand A, whereas the
structure of strands F and G remains unperturbed. Possibly, these irregularities
create a route of entry for the substrate to the binding pocket in the centre of the
barrel (Figure 1.14b). The pocket is perpendicular to the membrane and aligns with
the outer leaflet to accomodate one of the two acyl-chains of a phospholipid
substrate'®. The catalytic triad of PagP involves residue His 33 on the extracellular
L1 loop (between strand A and B) and residues Asp 76 and Ser 77 on loop L2
(between strand C and D) (Figure 1.14b)''®. In the current structures of PagP,
obtained in the absence of substrate, the catalytic triad is largely unstructured as a
consequence of L1 dynamics, and it has been suggested that the catalytically-active
configuration of these residues forms only upon substrate binding®®. Evidence for
structural reorganisation of the loops with concomitant reorganisation of the
hydrogen bonding pattern in the periplasmic half of the protein between strands A
and B and between strands F and G, has been provided by further solution NMR
studies using the detergent cyclofos-7, which appears to accommodate transitions
between an open, relaxed R-state and a closed, tense T-state at lowered
temperatures®®.

1.7.3 Substrate specificity of PagP

PagP transfers a palmitate from the sn-1 position of a phospholipid to the N-linked
hydroxymyristate on the proximal unit of lipid A?* (Figure 1.13). The highest
catalytic efficiency of PagP is achieved with bound acyl-chains that are 16 carbons
in length, and decreases substantially for substrates with shorter or longer acyl-
chains®*. The ability of PagP to distinguish between the lengths of the substrate
acyl-chains is modulated by a glycine residue at position 88 situated at the bottom of
the substrate-binding pocket, which serves as a hydrocarbon ruler'?®. Mutation of
(88 to alanine, cysteine, methyl-cysteine or methionine, each increasing the size of
the amino-acid side-chain, decreases the depth of the substrate pocket within PagP
and resulted in enzymes with a preference towards substrates with shorter acyl-
chains with methylene unit precision®".
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1.8 Aims and objectives

The overall aim of this study was to contribute to the understanding of the stability
and the folding and assembly of B-barrel membrane proteins. The investigation of
the folding of such proteins is currently more feasible than for a-helical membrane
proteins, because they can be unfolded completely using chemical denaturants and,
importantly, are directly refoided into lipid bilayers. The bacterial outer membrane
protein PagP is chosen as a model system for the following reasons: (1) its
structural characterisation to atomic resolution by NMR and X-ray crystallography''®
2 would enable the results obtained to be rationalized from a structural point of
view; and (2) the enzymatic activity of PagP would provide a unique opportunity to

detect the presence of the native state following folding experiments.

Folding of membrane proteins is unique in that it requires the presence of two
components, the protein and the membrane. An important aim of this study is to
investigate the influence of both of these components on PagP stability and the
folding landscape by engineering alternations in the protein sequence and by
changing the membrane composition.

In Chapter 3 the role of the a-helix of PagP in protein stability and in (un)folding
kinetics is investigated by comparing the behaviour of wild-type PagP with variants
created to probe interactions between the helix and the barrel. To investigate this, in
Chapter 3 the folding characteristics of wild-type PagP and of four variants (W17A,
R59L, W17A/R59L and A(1-19)) into detergent and into diC.,,PC liposomes is
compared. Significant differences between the folding and stability of the proteins in
these systems are then used to identify interactions specific for stability within
liposomes, emphasising the need to consider contributions of the membrane

environment in the delineation of the folding mechanism.

In Chapters 4 and 5 the influence of the membrane environment on stability and
PagP folding is investigated by altering the lipid-to-protein ratio and by altering the
membrane composition using a host-guest bilayer system, incorporating a guest
lipid in diC42,,PC liposomes. Modulation of the folding kinetics of wild-type PagP by
such changes is discussed in Chapter 4, whilst differences in PagP stability by
altering the membrane component are described in Chapter 5. In both cases the
results reveal how changes in the general membrane properties, including
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hydrophobic thickness and lateral pressure, can alter systematically the stability and
(un)folding kinetics of PagP.

In Chapter 6 it is shown how a thorough understanding of the contributions made by
the lipid bilayer allows a greater understanding of contributions made by the PagP
sequence in determining folding. Here variants of PagP are created that probe
specific interactions between different amino acids in native PagP, and between
residues on the PagP surface and the membrane, and their influence on PagP
stability and its unfolding kinetics are measured. From these measurements, a first
attempt to determine the transition state for the unfolding reaction is undertaken by
the application of ¢-value analysis and the resuits are interpreted in terms of regions
that appear key to determining native state stability.
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2 Materials and methods

2.1 Materials

2.1.1 Lipids

The phospholipids 1,2-di-lauroyl-sn-glycero-3-phosphocholine (diC.,0PC), 1,2-di-
lauroyl-sn-glycero-3-phosphoethanolamine (diC1,.0PE), 1,2-di-lauroyl-sn-glycero-3-
[phospho-L-serine] (diC12:0PS), 1,2-di-lauroyl-sn-glycero-3-phosphoglycerol
(diC42:0PG), 1,2-di-myristoyl-sn-glycero-3-phosphocholine (diC14c,PC) and 1,2-di-
palmitoyl-sn-glycero-3-phosphocholine (diC.s.,PC) were purchased from Avanti
Polar lipids (Alabaster, Alabama, USA)

2.1.2 Detergents

Cyclofos-7 (anagrade®) was purchased from Anatrace (Maumee, Ohio, USA).
Perfluoro-octanoic acid (97 % purity) (PFO) was obtained from Fluorochem (Derby,
UK), B-D-octylglucoside (minimum 98 %) was from Sigma-Aldrich (St-Louis,
Montana, USA) and sodium dodecyl-sulphate (SDS) was from Pierce (Rockford,
linois, USA). Triton-X-100 (10 % solution) was purchased from Calbiochem
(Darmstadt, Germany).

2.1.3 Chemicals

p-nitrophenylpalmitate was purchased from Fluka (St-Louis, Montana, USA),
SNH,CI from GOSS Scientific Instruments (Nantwich, Cheshire, UK) and 100 x BME
vitamins from Sigma (St-Louis, Montana, USA). All other chemicais used were of
analytical grade, unless stated otherwise.

2.1.4 Strains

The strains of Escherichia coli, with the genotypes detailed below, were employed

during this project:
E. coli OmniMAX™ 2 (Invitrogen, Paisley, UK): F' [proAB lacl® lacZAM15 Tn10(Tet?)

A(ccdAB)] merA A(mmr hsdRMS-mcerBC) ¢80(lacZ) AM15 A(lacZYA-argF)U169
endA1 recA1 supE44 thi-1 gyrA96 relA1 tonA panD

LEEDS UNNERSITY 1jgrgmy
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E. coli BL21(DE3) (Novagen, Darmstadt, Germany): B, F-,dcm, ompT, hsdS(rg’,mg’),
gal, \(DE3) '

2.1.5 Vectors

pETCrcAHAS is a pET21a’-derived vector containing an open reading frame for
PagP with a C-terminal His-tag as described by Bishop et a/.?®* and was kindly
provided by Professor Russell Bishop. A T7 promotor and /ac operator control
protein expression. The open reading frame for PagP can be expressed in E. coli
strains with the /ac/® repressor gene. A gene encoding for B-lactamase ensures
ampicillin resistance.

2.1.6 Restriction and other DNA-modifying enzymes

BamHl (10 U/ul), T4 ligase (5 U/ul) and Dpnl (20 U/ul) were obtained from
Fermentas (Burlington, Ontario, Canada).

2.1.7 Media

For Luria Bertani medium (LB medium) 10 g tryptone, 5 g yeast extract and 10 g
NaCl were dissolved in approximately 950 ml deionised water. The pH was adjusted
to 7.0 with a concentrated solution of NaOH. The volume was then adjusted to 1 litre
and the medium was autoclaved (20 min at 121 °C and 138 kPa).

For LB auto-induction medium®? approximately 370 ml LB was supplemented with
400 pl 1 M MgSO,, 8 ml of a 50 x 5052 solution (25 g glycerol, 2.5 g glucose and 10
g a-lactose per 100 ml) and 20 ml of a 20 x NPSC solution (7.1 g Na,HPO,, 6.8 g
KH,PO,, 5.35 g NH,CI and 1.42 g Na,SO, per 100 ml) to give a total volume of
approximately 400 ml. All solutions were autoclaved separately, except for 5052,
which was sterilised by filtering through a 0.22 um fiiter.

LB-agar plates were made by adding 1.5 % (w/v) agar (Melford) to LB-medium
before autoclaving.
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M9 minimal medium for growth in the presence of '*N was prepared from a 10 x
solution of M9 salts (containing 128 g Na,HPO,.7H,0, 30 g KH,PO, and 5 g NaCl
per litre, at pH 7.0). For 1 litre of medium, 100 ml of the 10 x solution was added to
approximately 900 ml of deionised water and supplemented with 20 ml 20%
glucose, 2 ml 1 M MgSO,, 1 ml CaCl,, 10 ml 100 x BME vitamins, 100 pl 5 % (w/v)
FeCl, and 1 g NH,CI. All solutions were autoclaved separately, except for MgSQ,,
FeCl, and NH,CI, which were sterilised by filtering through a 0.22 um filter.

2.1.8 Antibiotics

Ampicillin (Melford) was solubilised up to 100 mg/ml in water, filter sterilised (0.22

pm filter) and frozen at -20 °C.

Tetracycline (95 % purity, Sigma) was solubilised up to 5§ mg/mi in ethanol and
frozen at -20 °C.

2.2 Methods

2.2.1 Agarose gel electrophoresis

2.2.1.1 Agarose gel electrophoresis

DNA samples were resolved at a constant voltage of 70 V on 0.7 % agarose gels in
TAE-buffer, supplemented with SYBR®Safe DNA gel stain (Invitrogen, Paisley, UK).
TAE-buffer was prepared from a 10 x stock solution containing 48.4 g Tris
(Tris(hydroxymethyl) aminomethane), 11.4 ml acetic acid and 2.92 g ethylene
diamine tetraacetic acid (EDTA).

DNA samples were mixed with 5 x sample buffer (50 % glycerol, 50 mM EDTA and
0.05 % bromophenol blue). Gels were visualised using a blue light Safe Imager
(Invitrogen, Paisley, UK).

2.2.1.2 Molecular markers

MassRuler™ DNA standard was purchased from Fermentas (Burlington, Ontario,
Canada). Molecular weight bands were 10000, 8000, 6000, 5000, 4000, 3000, 2500,
1500, 1031, 900, 800, 700, 600, 500, 400, 300, 200, 100 and 80 base pairs.
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2.2.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

2.2.21 SDS-PAGE

All protein samples were resolved on 15 % SDS polyacrylamide gels using a
constant voltage of 100V. 15 % polyacrylamide (37.5:1 acrylamide/bis-acrylamide)
buffered with 375 mM Tris-HC! pH 8.8 containing 0.1 % (w/v) SDS and 0.1 % (w/v)
ammonium persulfate was overlaid with 3 % polyacrylamide (37.5:1 acrylamide/bis-
acrylamide) buffered with 125 mM Tris-HCI pH 6.8 with 0.1 % (w/v) SDS and 0.1 %
(w/v) ammonium persulfate. Gels were polymerised using 0.1 % (v/v) NyN;N,N,-
tetramethylethylene diamine. Gels were stained overnight in 40 % (v/v) ethanol and
10 % (v/v) acetic acid with 0.1 % (w/v) Coomassie Brilliant Blue R 250 (standard
grade, Fluka), destained in 10 % (v/v) acetic acid and fixed in 50 % (v/v) methanol
containing 3 % (v/v) glycerol.

2.2.2.2 Molecular markers

Precision Plus Protein™ standards were purchased from Bio-Rad (Hercules,
California, USA). Molecular weight bands were 250, 150, 100, 75, 50, 37, 25, 20, 15
and 10 kDa.

2.2.3 Mutagenesis, production and purification of PagP

2.2.3.1 Mutagenesis

Site-directed mutants were introduced into plasmid pETCrcAHAS using the
QuikChange method (Stratagene, Amsterdam, The Netherlands) and the primers
listed in Table 2.1. Deletion of the N-terminal a-helix was achieved by using inverse
polymerase chain reaction to incorporate a unique BamHI restriction site, using the
primers listed in Table 2.1, followed by digestion of the PCR product for 3 h with
BamHI and overnight ligation using T4 ligase. This yielded the construct designated
pETCrcAHASA(1-19).

2.2.3.1.1 Polymerase chain reaction (PCR)

PCR was performed using KOD Hot Start DNA polymerase guided by the
manufacturer's protocol (Novagen, Darmstadt, Germany). All PCR reaction mixtures
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Table 2.1: List of primers used for mutagenesis of PagP. The forward primer is given for all
single point site-directed mutagenesis. The reverse primer for each reaction is the reverse
complement of the forward primer, unless stated otherwise.

PagP Primer sequence (5' to 3')
variant
A(1-19) (Forward)

CACGGATCCCCTGAACATTATGATTTATATATTCC
(Reverse)

CACGGATCCCATATGTATATCTCCTTCTTAAAGTTAAACAAAAT

W17A ATTGCACAAACCGCGCAACAGCCTGAACATTATG
Y23A GCAACAGCCTGAARCATGCGGATTTATATATTCCTGC
D24N CAACAGCCTGAACATTATAATTTATATATTCCTGCC
W51A CTATAACGAGCGACCGGCGGGTGGCGGTTTTGG
F55A GTGGGGTGGCGGTGCGGGCCTGTCGCGTTG
S58A GGTGGCGGTTTTGGCCTGGCACGTTGGGATGAAAAAG
R59L GGTTTTGGCCTGTCGCTTTGGGATGAAAAAGG
R59W GTTTTGGCCTGTCGTGGTGGGATGAAAAAG
M72A GGCCTGTATGCCGCGGCATTTAAGGAC
AB5G GGGAACCGATTGGCGGATACGGATG

R94A GGGAAAGTACCTGGGCGCCGCTGGCGGATG
L105A GAAAATTTTCATTTAGGTGCGGGATTCACCGCTGGCG
S130A CTGCCATTGGCCGCAGTGGGTTATGGCCCAGTG
T137A GTTATGGCCCAGTGGCGTTTCAGATGACCTAC
Q139A GGCCCAGTGACTTTTGCGATGACCTACATTCC
Y153A CAATGGCAATGTGGCGTTTGCCTGGATG
M157A GTACTTTGCCTGGGCGCGCTTTCAGTTTC
R158A GTACTTTGCCTGGATGGCGTTTCAGTTTCTCGAG

Q160A CCTGGATGCGCTTTGCGTTTCTCGAGCACC
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contained an equivalent of 30 pl filtered deionised water, 5 ul 10 x PCR buffer, 5 pl
dNTPs (final concentration 0.2 mM), 2 ul MgSO, (final concentration 1 mM), 1 pl
PETCrcAHAS template DNA (from QIAGEN Plasmid Purification kit, QIAGEN,
Crawley, UK), 0.5 uM &' primer, 0.5 uM 3’ primer and 1 ul KOD Hot Start DNA
polymerase (1U/ml). PCR reaction mixtures were heated for 2 min at 94 °C using a
DNA Engine DYAD™ thermocycler (MJ Research, Waltham, Massachussets, USA)
to activate the polymerase. DNA fragments were amplified in this thermocycler in 30
cycles of denaturation (1 min at 94 °C), annealing (30 s between 55 and 70 °C) and
elongation (6 min at 72 °C), followed by a final elongation step (10 min at 72 °C). In
addition a touchdown PCR was performed in which the annealing temperature was
decreased from 65 °C by 1 °C each cycle during the first 10 cycles, after which the
temperature was kept constant at 55 °C for the remaining cycles. PCR products
were analysed on a 0.7 % agarose gel. Successful amplification reactions were then
restricted by adding 1 pl Dpnl and incubated for at least 3 h at 37 °C to digest
template DNA.

2.2.3.1.2 Transformation of plasmid DNA

Digested PCR products were transformed directly into calcium-competent
OmniMAX™ 2 cells for site-directed mutagenesis variants or after BamHI restriction
and ligation for pETCrcAHASA(1-19).

Competent cells of OmniMAX™ 2 (or any other strain used in this thesis) were
prepared based upon the method of Cohen et a/.*®. A colony was picked from a
fresh LB-agar plate and used to inoculate a 2 ml pre-culture that was grown
overnight at 37 °C whilst shaking (200 rpm) in LB-medium supplemented with the
appropriate antibiotic (see strain phenotype, Section 2.1.4). A sample (0.5 mi) of this
culture was used to inoculate 50 ml fresh LB-medium supplemented with antibiotic
and grown at 37 °C to an optical density of 0.4 at 600 nm. Cells were pelleted (3500
g, 10 min, 4 °C), resuspended in 25 ml ice-cold, sterile 100 mM CaCl, and incubated
for 30 min on ice inverting occasionally. After incubation, cells were pelleted as
above, resuspended in 3.4 ml ice-cold, sterile 100 mM CaCl, and left for overnight
incubation at 4 °C. Finally 1.4 ml sterile 80 % (v/v) glycerol was added and
competent cells were frozen at -80 °C in 25 pl aliquots.



43

For transformation, typically a 25 pl aliquot of competent cells was mixed with 1 — 2
pl DNA and incubated at 4 °C for 30 min, followed by a 45 s heat shock at 42 °C.
After a further incubation at 4 °C for 2 min, 200 ul LB-medium was added and the
sample incubated whilst shaking at 200 rpm for 1 h at 37 °C. The entire
transformation mixture was then plated on an LB-agar plate, supplemented with a

final concentration of 100 ng/ml ampicillin, and incubated overnight at 37 °C.

2.2.3.1.3 DNA sequencing

The presence of the desired mutations and the absence of unwanted additional
mutations were verified by DNA sequencing (DNA Sequencing Facility, University of
Leeds).

2.2.3.2 Protein production and purification

PagP was expressed after transformation of the appropriate plasmid into E. coli
BL21 (DE3) strains as described above for the OmniMAX™ 2 strain. For all bacterial
growths, a 5 ml pre-culture was grown overnight per 500 ml fresh medium for
inoculation. In case of growth in *N-supplemented M9-medium, cells of the pre-
culture were pelleted (15 min, 3500 g) and resuspended in MS-medium before
inoculation. All cells were then grown at 37 °C in LB medium supplemented with 100
pg/ml ampicillin (or minimal medium for production of '*N-labelled protein) and PagP
was expressed by induction with 0.2 mM isopropyl B-D-1-thiogalactopyranoside
(IPTG) at an optical density at 600 nm of the bacterial growth of 0.8 — 1. Cells were
harvested (15 min, 4000 g, 4 °C) 4 h after induction with IPTG. Alternatively, PagP
was produced during overnight growth by auto-induction (for LB-medium only), after
which cells were harvested as above.

The produced protein was purified from inclusion bodies. To achieve this, cells from
a 500 m! culture, collected by centrifugation, were resuspended in 20 ml 50 mM Tris,
5 mM EDTA, pH 8.0, containing 0.2 mg phenylmethyl sulphonyl fluoride (PMSF),
and lysed by sonication (15 min, setting 7, W-225R (Ultrasonics Inc.)). The insoluble
fraction (undisrupted cells, membranes and inclusion bodies) was pelleted (25000 g,
30 min, 4 °C) and resuspended in 20 ml 50 mM Tris, pH 8.0, containing 2% (v/v)
Triton X-100, followed by 1 h incubation at room temperature whilst stirring to
dissolve membranes. Inclusion bodies were pelleted as before and treated with
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Triton X-100 again if desired. Finally, the pure inclusion bodies were washed for 1 h
at room temperature in 50 mM Tris, pH 8.0, to remove residual detergent.

PagP was purified under denaturing conditions as described.'’® Purified inclusion
bodies were dissolved in 10 ml 10 mM Tris, 250 mM NaCl and 6M guanidinium
hydrochloride (Gdn-HCI) at pH 8.0 and stirred at room temperature until dissolved
completely. Aggregates were removed at this stage by centrifugation (25000 g, 20
min, 4 °C). Up to 5 ml Ni-nitrilotriacetate-agarose (QlAgen, Crawley, UK) was pre-
equilibrated with 10 mM Tris, 250 mM NaCl, 6M Gdn-HCI, 5 mM imidazole, pH 8.0
and mixed with the dissolved inclusion bodies for incubation at 4 °C for at least two
hours to bind His-tagged PagP. Agarose beads were gently pelleted (500 g, 1 min)
and washed with 30 ml of 10 mM Tris, 2560 mM NaCl, 6M Gdn-HCI, 20 mM
imidazole, pH 8.0 for 1 h. The agarose was then packed into a PD-10 column (Bio-
Rad, Hercules, California, USA) and PagP eluted at room temperature using 10 ml
of 10 mM Tris, 250 mM NaCl, 6M Gdn-HCI, 2560 mM imidazole, pH 8.0. Finally,
purified PagP was precipitated by dialysis (using dialysis membrane with a
molecular weight cut-off of 10 kDa, Medicell International Ltd., Liverpool, UK)
against deionised water.

Typically 50 mg of purified protein was obtained per litre of culture and stored at -20
°C either as a pellet or as a solution in 6 M Gdn-HCI, with a typical protein

concentration of 0.5 mM.

2.2.4 Studies on PagP refolded in detergents

2.2.4.1 Refolding of PagP in n-octyl-p-D-glucoside

For refolding of PagP in n-octyl-B-D-glucoside, 10 mg PagP precipitate was
dissolved in 0.5 ml 5 % (w/v) SDS and dialysed (using dialysis membrane with a
molecular weight cut-off of 10 kDa) for 3 days against 50 mM sodium phosphate
buffer, pH 6.0 as described by Hwang and Kay**. After dialysis 30 mg n-octyl-p-D-
glucoside and 1 % (v/v) ethanol were added for refolding and stirred gently for at
least 2 hours and stored overnight at 4 °C. Aggregates were pelleted at 100000 g.
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2.2.4.2 Refolding of PagP in cyclofos-7

PagP was refolded in cyclofos-7 (Anatrace, Maumee, OH) using the method
described by Hwang et al.>® Briefly, precipitated PagP was solubilised in 5 % (w/v)
PFO after which 50 mg cyclofos-7 per 10 mg precipitate was added and dialysed for
3 days against 50 mM sodium phosphate buffer (pH 6).

2.2.4.3 Analysis of refolding by SDS-polyacrylamide gel electrophoresis

Successful refolding in these and other experiments was assessed by SDS-
polyacrylamide ge! electrophoresis,*® but without heat-denaturation of the samples
(cold SDS-PAGE). To this end aliquots of the reaction mixture were mixed with an
equal volume of 100 mM Tris-HCI pH 6.8, containing 4% (w/v) SDS, 20% (v/v)
glycerol and 0.01 % (w/v) bromophenol blue and were analysed 10 min later on 15%
acrylamide gels. Heat-denatured control samples were boiled for at least 10 min
prior to analysis. incubation for longer times both with and without heat resuited in a
similar pattern of bands demonstrating that equilibrium had been reached in each
case. Gels were stained with Coomassie blue and visualised as described in
Section 2.2.1.2.

2,.2.44 Tryptophan fluorescence spectroscopy

Tryptophan (Trp) fluorescence emission spectra of 0.5 uM PagP were obtained
between 300 and 380 nm at 25 °C using excitation and emission slit widths of 2 nm
and an excitation wavelength of 280 nm using a Photon Technology International
(PTI!) fluorimeter (Ford, UK) and a cuvette of 10 mm path length. Similar spectra
were obtained using an excitation wavelength of 295 nm. The protein concentration
was determined according to Gill and Von Hippel.**®

2.2.4.5 Fourier transform infrared spectroscopy (FTIR)

Attenuated total reflection (ATR) FTIR measurements were carried out on a Nicolet
560 FTIR spectrometer equipped with a germanium ATR plate. Approximately 300
pg PagP in 50 mM sodium phosphate buffer (pH 8), containing 1 % (w/v) cyclofos-7,
was dried under a gentle stream of nitrogen gas to form a thin film on the surface.
Buffer and protein spectra were recorded at a spectral resolution of 4 cm™ by
averaging 1024 scans. Spectra were analysed using OMNIC E.S.P. 5.0 and
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Galactic Peaksolve™ version 1.05 software and component bands in the amide |

absorption band were assigned according to Goormaghtigh et al.>’

2.2.4.6 Circular dichroism (CD) spectroscopy

For CD-spectroscopy, PagP refolded in cyclofos-7 was diluted to a final
concentration of 5 uM in 50 mM sodium phosphate buffer (pH 8) containing 1 %
(w/v) cyclofos-7. CD spectra were taken on a Jasco 715 spectropolarimeter between
200 and 250 nm using a cell with 1 mm path length, a scan speed of 50 nm.min"
and a bandwidth of 1 nm. The temperature was regulated to 25 °C using a Jasco
PTC-351S Peltier system.

2.2.4.7 NMR spectroscopy

Samples for 2D NMR analysis were brought to a final concentration of ~1 mM
protein in 50 mM sodium phosphate pH 6.0, after which 10 % (v/v) D,O and § %
(viv) 2,2-dimethyl-2-silapentane-5-sulfonate (Cambridge Isotope Laboratories,
Massachusetts, USA) were added. NMR experiments were performed at 25 °C on a
Varian Unity Inova spectrometer operating at a 'H frequency of 750 MHz. 'H-"°N
TROSY spectra were acquired using 96 scans and 256 increments with spectral
widths of 12000 Hz and 3200 Hz in the 'H and *N dimensions, respectively. NMR
data were processed with NMRPipe®®. The data were apodized using a cosine bell
function, followed by zero filling and Fourier transformation. The 2D spectra were
analysed in NMRView®”®. All NMR-manipulations were performed by Dr Arnout
Kalverda.

2.2.48 Activity assays

The enzymatic assay for PagP in cyclofos-7 was adapted from an assay commonly
used for lipase activity.’'® The enzymatic activity of PagP, refolded in cyclofos-7,
towards the substrate analogue p-nitrophenylpalimitate (pPNPP) was assayed in a
final assay volume of 1 ml using a final substrate concentration of 1 mM. The
substrate (20 mM in isopropanol) was mixed with 50 mM sodium phosphate buffer
(pH 8), containing 2 % (v/v) Triton X-100 and 0.05 % (w/v) cyclofos-7 before addition
of the enzyme to a final concentration of 2 uM. The rate of reaction was monitored
for 15 min, measuring the increase in absorbance at 410 nm resulting from
generation of p-nitrophenol upon hydrolysis of pNPP by PagP. Controls included
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measuring the activity of 2 uM lipase from Candida cylindracea (62316-10G, Fluka,
Biochemica), which showed the rapid formation of p-nitrophenol (with a rate of 0.702
+ 0.066 nmol.s™*.uM™"), as well as PagP denatured by heating to 100 °C for 10 min in
refolding buffer, which showed no significant increase in absorbance at 410 nm (with
a rate of 0.004 £ 0.001 nmol.s™.uM™).

2.2.4.9 Thermal denaturation of PagP in cyclofos-7

Thermal unfolding was monitored by far UV CD spectroscopy monitoring the change
in ellipticity at 232 nm resulting from increasing the temperature in 3 °C steps
between 10 and 91 °C. At each step the desired temperature was maintained for 30
s before measuring. Highly thermostable wild-type and mutant proteins were also
investigated following the addition of 2 - 4 % (w/v) SDS to enable unfolding to be
completed between 10 °C and 91 °C. Data points were normalised to the difference
between the signals yielded by folded PagP at 10 °C and unfolded PagP at 91 °C,
according to the following equation:

(sigy - siger)

(Sigm —55991j

where sigr is the intensity at T °C, and sigi, and sige, are the signals at 10 and 91

SIgT normalised =

°C, respectively. For mutants that did not unfold completely at the highest accessible
temperature the signal of the unfolded state in 2% (w/v) SDS was used as the
reference signal for unfolded PagP in cyclofos-7.

2.2.5 Studies on PagP refolded in liposomes

All experiments on PagP refolded in liposomes were performed in 50 mM sodium
phosphate pH 8 with 100 % diC,,,,PC vesicles, 100 nm in diameter, unless stated
otherwise.

2.2.5.1 Preparation of liposomes

Lipids diC4,.0PC, diC,.0PE, diC120PS and diC4cPC (Avanti, Alabaster, AL, USA)
were dissolved in a 9:1 (v/v) chloroform-methanol mixture and dried in appropriate
mixtures (as used in Chapters 3-6) on the bottom of a test tube under a gentle
stream of nitrogen gas, followed by further solvent evaporation in a desiccator under
high vacuum for at least 2 h. The resulting thin lipid films were hydrated to give a 20
mM lipid solution in 50 mM sodium phosphate buffer (pH 8) and allowed to dissolve
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by standing at room temperature for 30 min. Large unilamellar vesicles (LUVs) were
formed by extruding the lipid dispersions 11 times through polycarbonate
membranes with an appropriate pore-size (Nucleopore, Whatman, Clifton, NJ) using
a mini-extruder (Avanti, Alabaster, AL, USA). Small unilamellar vesicles (SUVSs)
containing p-nitrophenylpalmitate (see Section 2.2.5.4) were formed by sonication
for 45 min, 50 % duty cycle at setting 6 (W-225R, Ultrasonics Inc.). Titanium
particles from the sonicator tip were removed by centrifugation (1 min, 13000 g).

2.2.5.2 Refolding of PagP in pre-formed liposomes

Conditions for the folding of purified and precipitated PagP were investigated by
mixing 5 uM denatured PagP (from a stock solution of approximately 0.5 mM in 6M
Gdn-HCI) with small (~30 nm) or large (100 nm) lipid vesicles. The dependence of
refolding on the temperature, pH, urea concentration and lipid-to-protein ratio was
further investigated by varying these parameters as follows: the temperature was
varied between 4 and 37 °C, the pH of 50 mM sodium phosphate buffer between pH
7 and pH 10, the urea concentration between 0 and 10 M and the molar lipid-to-
protein ratio (LPR) between 200:1 and 3200:1. Typically the Gdn-HCl-containing
solution was diluted approximately 100-fold in each experiment. Liposome integrity
in the presence of high concentrations of urea was demonstrated using dynamic
light scattering. To this the size distribution of a sample (100 ul) of the prepared
refolding mixture was determined using a PDDLS/Batch PD2000 DLS (Precision
Detectors) and analysed using Precision Deconvolve software.

2.2.5.3 Analysis of refolding by SDS-polyacrylamide gel electrophoresis,
fluorescence and CD spectra

Refolding in liposomes of any composition was assessed by differences in the Trp
fluorescence emission and far UV CD spectra, as well as gel-shift analysis for
diC42.0PC vesicles, as described for detergent-refolded PagP (Section 2.2.4.3.).

2.2.5.4 Activity assays

To measure enzyme activity of PagP during refolding in lipid vesicles, solid pNPP
was added to the liposome solution before sonication to obtain a dispersion of SUVs
and pNPP, after which PagP (initially in 6 M Gdn-HCI) was added in the presence of
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7 M urea as described above. Substrate conversion was followed at 410 nm for 20
min.

2.2.5.5 Thermal denaturation of PagP in diC,,.,PC liposomes

Thermal denaturation of liposome-reconstituted PagP was measured between 40 °C
and 80 °C (the highest temperature at which the liposomes were ascertained to
remain intact, as measured by light scattering) by raising the temperature in 3°C
steps. For thermal unfolding experiments without urea, the liposomes were pelleted
by ultracentrifugation (100000 g, 1 h) prior to resuspension in 50 mM sodium
phosphate buffer (pH 8.0). Data points were normalised to the difference between
the signals yielded by folded PagP at 40 °C and unfolded PagP at 79 °C according
to the following equation:

(sigr - sigzs)

Z5i94o - Si9795

where sigy is the intensity at T °C, and sig4o and sigy are the signals at 40 and 79

SIgT normatised =

°C, respectively. For mutant proteins that did not unfold completely at fhe highest
accessible temperature the signal of the unfolded state in 9 M urea was used as the
reference signal for unfolded PagP.

2.2.5.6 Quenching of Trp fluorescence

Overnight folding and insertion of PagP into diC,,,PC LUVs at room temperature
was performed as described above (Section 2.2.5.2.) in 50 mM sodium phosphate
buffer (pH 8) containing 7 M urea. Liposomes were pelleted at 100000 g for 1 h at 4
°C and subsequently separated from non-reconstituted protein aggregates by
floating the liposomes on a discontinuous sucrose gradient at 100000 g for 1 h at 4
°C. Accordingly, the pelleted liposomes were then mixed with 500 pl 40 % (w/v)
sucrose and overlaid successively with 2.5 ml 20 % (w/v) sucrose and 300 pl 0 %
(w/v) sucrose. All solutions were made in 50 mM sodium phosphate buffer (pH 8).

Quenching of Trp fluorescence was carried out at 25 °C by increasing
concentrations of Ki (0 - 500 mM). Sodium thiosulfate (0.1 M) was added to the
iodide solution to prevent |y formation. The fluorescence emission spectrum of the
protein in the absence of iodide (F,) was measured, after which the fluorescence
was quenched by progressive addition of small aliquots from the iodide stock
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solution. Consecutive spectra (F) were taken and analysed according to the Stern-
Volmer equation,*'" which is shown below:

FolF =1 + Ko[Q];
where Kq is the Stern-Volmer constant and [Q] is the concentration of the quencher.
The fluorescence of samples was excited at 280 nm and spectra were taken
between 300 and 380 nm. The ratio F/F was calculated at 335 nm.

2.2.5.7 Folding and unfolding of PagP detected by CD

Formation of secondary and tertiary structure during incubation of 5§ uM PagP
(initially denatured in 6M Gdn-HCI) with diC,,.0PC LUVs in the presence of 7 M urea
was followed by CD spectroscopy monitoring the changes in the molar ellipticities at
218 and 232 nm, respectively. To measure the kinetics of unfolding, PagP was first
allowed to refold in liposomes as described above (Section 2.2.5.2.), after which the
denaturant concentration was increased to 10 M urea, whilst maintaining all other
experimental conditions the same with a final PagP concentration of 5 uM. Samples
were mixed manually, resulting in a dead time of 30 s. All measurements were
acquired with a Jasco J715 instrument using a response time of 16 s at 25 °C or 37
°C in a cuvette with a 1 mm path length. Measurements were taken in 50 mM
sodium phosphate buffer (pH 8) containing 7 M urea for folding and 10 M urea for
unfolding kinetics and averaged over 2 measurements to increase the signal-to-
noise ratio. Folding and unfolding traces were normalised to the difference between
the signals yielded by the folded and unfolded proteins in 7 M and 10 M urea,
respectively, and fitted to a single exponential in Origin Pro 7.5 using the equation y
= Ae™ + C, in which t = time and k = rate constant.

2.2.5.8 Folding and unfolding of PagP in diC,,,PC liposomes detected by Trp
fluorescence

Folding experiments monitored by Trp fluorescence were generally performed at
lower protein concentrations. To investigate the rate dependence of the (un)folding
reaction on protein concentration and LPR (Chapter 4), folding was initiated by
mixing 0.05 - 0.4 uM PagP with preformed liposomes at an LPR between 400:1 and
3200:1 in the presence of 7 M urea. To measure unfolding, PagP was refolded in
the presence of 7 M urea as above, but three times higher in protein concentration,
after which the denaturant concentration was increased to 10 M urea, obtaining a
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three-fold dilution of the protein concentration, whilst maintaining all other
experimental conditions the same.

In all other experiments a final PagP concentration of 0.4 uM was used at a LPR of
3200:1. Thus, in Chapter 4, the influence of changing the composition of the
liposomes on the (un)folding kinetics was measured monitoring the folding and the
unfolding kinetics at 7 and 10 M urea, respectively. In Chapter 6, unfolding kinetics
was measured between 7.6 and 10 M urea. Folding kinetics in this Chapter was was
measured in the presence of 7 — 8.6 M urea and was initiated using the unfolded
species obtained after unfolding PagP, previously refolded in the presence of 7 M
urea, in 10 M urea.

In experiments containing two different liposome preparations (Chapter 4, Section
4.2.6.), liposomes were mixed as indicated maintaining the final PagP concentration
at 0.4 uM.

Changes in Trp fluorescence emission were measured at 335 nm upon excitation at
280 nm with excitation and emission slit widths of 3 nm using a PTI fluorimeter
(Ford, UK) equipped with a thermally-controlled 4 cell changer. The temperature
was regulated to 25 °C using a waterbath, unless stated otherwise. The path length
was 10 mm. Changes in fluorescence were followed for up to 5 h until (un)folding
was complete. Samples were mixed manually, resulting in a dead time of 30 s.
Traces were adjusted to account for photobleaching by substracting a straight line
and fitted to the sum of a single or a double exponential. All fitting was done in

Origin Pro version 7.5 using the generalised equationy = A, + Ae ™! + A,e ™,

2.2.5.9 Interrupted refolding assay - discrimination between sequential and
parallel folding pathways

Folding was initiated at a urea concentration of 7 M by mixing 0.4 uM PagP with
diC12.0PC liposomes at an LPR of 400:1 in 50 mM sodium phosphate buffer pH 8.
After a time delay, t;, a 500 pl aliquot was taken and mixed with 1 ml of 11 M urea in
50 mM sodium phosphate buffer pH 8. The subsequent unfolding signal was
followed for 4 - 5 h at 335 nm upon excitation at 280 nm with excitation and
emission slit widths of 3 nm using a PTI fluorimeter (Ford, UK) equipped with a
thermally-controlled 4 cell changer. The temperature was regulated to 25 °C using a
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waterbath. The path length was 10 mm. The resulting trace was fitted to a single
exponential in Origin Pro verson 7.5 using the equation y = Ae™ + B. All samples
had similar unfolding rates to that for native PagP under the applied conditions of
0.017 £ 0.001 min. The amplitudes, A, were normalised by dividing each amplitude
at t; by the unfolding amplitude of the completely refoided protein (at t; = 90 min).

2.2.5.10 Equilibrium unfolding of PagP

Equilibrium unfolding was investigated under LPR between 200:1 and 3200:1 in
liposomes of different compositions and for different mutants by (i) diluting 1.2 uM
refolded PagP in the presence of liposomes and 7 M urea with appropriate amounts
of urea to yield final solutions of 0.4 uM PagP between 7 and 10 M urea, or (ii)
diluting 1.2 uM unfolded PagP in 10 M urea and in the presence of liposomes in
appropriate amounts of urea to yield final solutions of 0.4 uM PagP between 7 and
10 M urea, or (iii) mixing appropriate amounts of 0.4 uM PagP in the presence of 7
M urea with 0.4 uM PagP in the presence of 10 M urea, or (iv) diluting 1.2 pM
unfolded PagP in 10 M urea and in the presence of liposomes, but previously
refolded in 7 M urea, in appropriate amounts of urea to yield final solutions of 0.4 uM
PagP between 7 and 10 M urea. All mixtures were incubated overnight to reach
equilibrium. Trp fluorescence spectra were obtained for all samples between 310
and 370 nm. Buffer spectra containing all components except PagP were subtracted
and the average wavelength was calculated using the following equation®'%:
>

<A >= -

S

in which <A> is the average wavelength, A; the wavelength and |; the fluorescence
intensity at A, Calculation of the average wavelength significantly increased the
sensitivity of the assays: the variability in absolute intensity at a particular
wavelength, inherent to pipetting an amount of liposomes, is abolished through
normalisation to the intensity.

Average wavelengths were plotted against the urea concentration and fitted globally
to the equation for a two-state equilibrium, with the assumption of linear dependence
on the denaturant concentration of the signal for the native (N) and denatured (D)
states®':
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<A>=fy <A>, +f; <A >,

with =1+:< and f, = —<2d

’
eq +Keq

<A >=<X >y, +m;urea] (i=NorD),

_Aeanl
- RT
and Ko, =e

The equation is rewritten as:

K AGﬂ,’",'zo -M(urea))

_ (<A >y +myfurea]) + (< A >, +mp[urea))e RT
>= _(AG°'"2° -M{urea))

unf

1+e RT

<A

in which <A>y and <A>p are the average wavelengths of N and D, respectively; my

and mp the urea-dependence of <A>\ and <A>p, respectively; M is the global M-

0H,0 ;

value; Keq is the equilibrium constant and AG_*" is the free energy for unfolding

under standard conditions. The m-value herein is a measure of free energy change
upon addition of denaturant to the protein due to the difference in solvent exposure
of hydrophobic residues between the folded and the unfolded state.

This is easily adapted for three-state equilibrium unfolding into:

_(aGR"2°-Murea))

<hoe S A >, +my[urea]+(< A >, +m,[urea))e RT
_(AGR'?° -M[urea]) _(AGR"2° -Murea])
1+ e RT 1+e RT
(AGR2° -Mlurea])  (AGL2° -M{urea))
(<A >p +mp[urea))e RT e RT

_(AG}'2° -M[urea)) _(AG"2° -Murea))
1+|e RT 1+e RT

In which <A>y, <A> and <A>p are the average wavelengths for the native,
intermediate and denatured states, respectively; my, m, and mp the urea-
dependence of <A>y, <A>, and <A>p, respectively; My, Mjp are the global M-values
between N and | and | and D, respectively.



54

3 The N-terminal helix acts as a post-assembly
clamp in the bacterial outer membrane protein
PagP

3.1 Introduction

The three-dimensional structure of the PagP protein has been described in Chapter
1. The 141 C-terminal residues form an 8-stranded transmembrane p-barrel,
preceded by a short amphipathic a-helix, 19 residues in length (Figure 3.1a). The
transmembrane B-barrel is proposed to be tited by 25° with respect to the
membrane normal,'?® ?*® and it has been suggested that this creates a docking
space for the amphipathic helix. The position of this helix with respect to the barrel
could not be determined unambiguously from solution NMR structures obtained in
detergent micelles,'™® but it was found to be closely packed against the barrel in
protein crystals used for X-ray crystallography structure determination.'® In the
latter structure packing of the helix protects an otherwise membrane-exposed
hydrophilic patch at the periplasmic ends of the second and third B-strands (Figure
3.1b). Additionally, the amphipathic helix contributes a tryptophan residue (Trp 17)
which completes the aromatic girdle on the periplasmic side of the protein (Figure
3.1a). Recently, further evidence for a close helix-barrel interaction has emerged
from studies in which solution NMR was used to probe water and oxygen contacts of
PagP in dodecylphosphocholine micelles?®® and from the in silico identification of the
helix as an in-plane membrane anchor.®'* Mutants bearing partial helix deletions
have been shown to be able to be translocated across the inner membrane,
transported to the outer membrane and to form a fully active protein in vivo.?*
However, the precise role of the amphipathic a-helix in PagP stability and folding
has remained elusive.

In this chapter the stability, activity and folding kinetics of full-length mature PagP
(lacking a signal peptide) and of mutant proteins designed to perturb the helix-barrel
interaction in vitro (Figure 3.1) were analysed. These mutant proteins were
characterised after both folding in detergent using a previously published protocol®®
and in a folding assay in which folding occurs into pre-formed small and large
unilamellar vesicles (SUVs and LUVs, respectively). The results demonstrate that

the a-helix and the B-barrel are in close contact in micelles of cyclofos-7, consistent
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Figure 3.1: (a) Ribbon diagram of PagP. An LDAO molecule (grey spacefill) was modelled in
the hydrophobic substrate pocket of the protein. (b) Detail of the position of Trp 17 with respect
to the barrel face. (c) Detail of Arg 59 forming a hydrogen bond with the side-chain of Thr 16 in
the N-terminal a-helix. In (a), (b) and (c) the N-terminal o-helix is shown in orange, Arg 59 in
red, Trp 17 in blue and Thr 16 in green. Residues that complete the periplasmic aromatic
girdle (Tyr 23, Trp 89, Trp 93, Phe 101, Tyr 133, Phe 161) are shown in yellow. (d) Ribbon
diagram of PagP highlighting the position of all Trp residues in PagP in yellow and the
aromatic stacking between Tyr 26 (pink) and Trp 66 (cyan). (e) Detail of Tyr 26 (pink) and Trp
66 (cyan) that give rise to a Cotton effect in the circular dichroism spectrum. The images were
drawn using PyMOL (http://www.pymol.org) (PDB-code: 1THQ'20),
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120:2% and demonstrate, from the effects of mutating Arg

with previous hypotheses
59, that this interaction makes a major contribution to the stability of PagP. While the
helix was shown to be entirely superfluous for membrane insertion into lipid, Trp 17
was found to stabilise PagP in the membrane bound form. By combining these
results with kinetic data the helix is proposed to act as a clamp in lipid membranes,
locking the protein in the native, active conformation once folding and insertion are

complete.

Part of the work described in this chapter has been published as Huysmans G.H.,
Radford S.E., Brockwell D.J. and Baldwin S.A. (2007). The N-terminal helix is a
post-assembly clamp in the bacterial outer membrane protein PagP. Journal of
Molecular Biology, 373, 529-540.

3.2 Results

3.21 Wild-type PagP folds in detergent micelles and in pre-
formed liposomes

Successful refolding to a functional state, by diluting denatured protein into

18: 183- 187 or lipid bilayers?® 188191 193 1% has been reported for

detergent micelles
several bacterial outer membrane B-barrel proteins, as well as for the mitochondrial
outer membrane protein VDAC.3"® In many (but not all) such cases, the
electrophoretic mobility of the folded proteins on SDS-polyacrylamide gel
electrophoresis differs from that of the fully denatured forms if the samples are not
boiled prior to electrophoresis (cold SDS-PAGE).*"® In the present study, this
phenomenon was exploited to provide a simple assay for refolding of PagP in
detergent micelles and to investigate the conditions necessary for successful
refolding of the protein into pre-formed liposomes. Using this assay it was shown
that PagP, initially denatured in perfluorooctanoic acid, was found to refold
successfully into micelles of cyclofos-7 foliowing a previously published protocol:**
the folded protein migrated with an apparent molecular mass of 21 kDa, which was
decreased to 18 kDa when the protein was denatured by heat (Figure 3.2a).
Although the folded states of (-barrel outer membrane proteins usually migrate
faster than their unfolded conformations, inverse shifts for proteins, including PagP,
have been reported previously.''® *' In agreement with the reports of others, PagP

refolded from an SDS-denatured state into B-D-octylglucoside micelles also showed
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Figure 3.2: Electrophoretic analysis of PagP refolding. (a) Insertion and folding of different
PagP variants into cyclofos-7 micelles. (b) Insertion and folding of wild-type PagP into n-octyl-
B-glucoside micelles. The application of heat to unfold the protein is indicated above the gel.
(c) and (d) Insertion and folding of wild-type PagP into diC,,,PC LUVs and SUVs,
respectively, at different urea concentrations with a lipid-to-protein ratio of 800:1 in 50 mM
sodium phosphate buffer (pH 8, 25 °C). F; folded state; U; unfolded state.
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inverted migration shifts similar to those described above (Figure 3.2b). To confirm
that the more slowly migrating band on gels of PagP refolded into cyclofos-7
represents the correctly folded protein, the enzymatic activity of the refolded protein
towards the substrate analogue p-nitrophenylpalmitate (pNPP) was measured. In
previous studies, the catalytic activity of PagP has been determined by the transfer
of palmitoyl chains from various ¥P-labelled phospholipid substrates to
lipopolysaccharides®* or by cleavage of doubly '*C-labelled substrates using
NMR.*® Here, a new assay was developed in which the release of the p-nitrophenol
group from pNPP was monitored directly at 410 nm in a buffer containing Triton X-
100 (Chapter 2, Section 2.2.4.8.). Addition of Triton X-100 to the assay buffer is
necessary to dissolve released palmitate; however, whether Triton X-100 acts as a
substrate in a transferase reaction or merely solubilises palmitate after pNPP
hydrolysis remains unknown. The resulting data demonstrated that PagP refolded
into micelles of cyclofos-7 attained a functionally-active conformation able to
hydrolyse pNPP and release the coloured product p-nitrophenol, whilst heat-
denatured PagP (which has a higher electrophoretic mobility) is inactive (Table 3.1)
(Chapter 2, Section 2.2.4.8.). Consistent with its enzyme activity, PagP refolded in
this manner gave rise to a well dispersed 'H-"°N-TROSY HSQC spectrum consistent
with previously published NMR spectra of the native protein''® %% (Figure 3.3a).

Some integral pB-barrel membrane proteins have been shown to refold
spontaneously from a chaotrope-denatured state into pre-formed lipid bilayers.? 1%
194: 208; 207 315 However, dilution of PagP, denatured in 6M Gdn-HCl, into liposomes
consisting of 100 % diC1,,PC with an LPR of 800:1 did not lead to a stably folded
protein as determined by cold SDS-PAGE (Figure 3.2c, lane 1). Liposomes of
diC42.0PC were chosen for refolding experiments, because folding and insertion into
both SUVs and LUVs with short lipid chain lengths has been reported to produce
better yields for other B-barrel proteins.”" 2'° Moreover, the enzymatic activity of
PagP towards the shorter hydrocarbon chains of these phospholipids was expected
to be minimal.?® To verify this, dynamic light scattering was used to monitor the size
distribution of vesicles for the duration of the refolding experiment and was shown
not to vary over the course of the experiment (Figure 3.4). Building on the
observation that the folding and membrane insertion of OmpA is highly dependent

H?% 318 and temperature,'®” ?*® the insertion and folding of PagP into diC;,0PC

onp
liposomes was attempted through variation of these parameters (pH 7 — 10, 4 — 37

°C), but without success (Figure 3.5). In all such conditions PagP precipitated
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Table 3.1: Enzyme turnover of p-nitrophenylpalmitate measured by the release of p-
nitrophenol with a final enzyme concentration of 2 uM in cyclofos-7. Stern-Volmer constants
derived from Kl quenching experiments with 0.5 uM protein in diC4;0,PC LUVs are also
shown. All experiments were performed in 50 mM sodium phosphate buffer, pH 8, at 25 °C.

enzymatic turnover Ka
(nmol.min”".uM™) x 107 (mM™)
wild-type 0.068 + 0.011 1.28 £ 0.01
W17A 0.051 £ 0.020 1.15+ 0.04
R59L 0.053 £ 0.003 1.11 £0.04
W17A/R58L 0.048 £ 0.011 1.11+£0.02
A(1-19) 0.058 + 0.004 1.10+ 0.09

N-acetyl tryptophanamide 3.561+£0.01
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Figure 3.3: 'H-'SN TROSY HSQC spectra in 50 mM sodium phosphate pH 6.0 in the
presence of cyclofos-7of (a) wild-type PagP; (b) PagPA(1-19).
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Figure 3.4: Histogram of the liposome distribution during refolding of 5 uM PagP in diC,,.,PC
LUVs at a lipid-to-protein ratio of 800:1. Distributions were measured at t = 0 (black), t = 30
min (red), t = 1 h (orange) and t = 2 h (yellow) after mixing of the protein with the lipid vesicles.
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Figure 3.5: Electrophoretic analysis of PagP refolding conditions into diC,,,PC LUVs. (a)
Insertion and folding of wild-type PagP at 25 °C at pH 7 - 10. (b) Insertion and folding of wild-
type PagP at pH 7 at 4, 25 or 37 °C. Refolding was initiated with a lipid-to-protein ratio of 800:1
in 50 mM sodium phosphate buffer at the indicated urea concentration. F; folded state; U;
unfolded state.
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immediately following dilution into the liposome mixture, suggesting a competition
between insertion and aggregation. To disfavour aggregation and hence to maintain
the protein in an insertion-competent state, the folding and insertion of PagP in
diC1,.0PC liposomes in the presence of different concentrations of urea was
analysed for the pH range and temperature range studied above (Figure 3.5). In
general, refolding was obtained at urea concentrations equal to or above 4 M with
higher yields at 25 °C than at 37 °C (the sole exception being 37 °C 6 M urea in
which PagP was unfolded). However, better reproducibility of refolding and higher
yields were obtained at higher urea concentrations (up to 7 M urea) at pH 8 and 25
°C, for which a migration shift in electrophoretic mobility indicative of folding and
membrane-insertion was evident both in LUVs prepared by extrusion (Figure 3.2¢)
and in SUVs made by sonication (Figure 3.2d). In the presence of 6 - 7 M urea 85 -
90 % of PagP migrated as the putatively folded-form, whilst increasing the urea
concentration further to 10 M led to the complete retention of the apparent unfolded
state.

To compare the structure of PagP refolded into cyclofos-7 micelles with that of
protein folded and inserted into diC4,,PC LUVs, the conformational properties of the
protein were examined using tryptophan ﬂuoreécence and far UV circular dichroism
(CD) spectroscopies. For these experiments reconstituted PagP was first separated
from non-reconstituted protein by flotation of the liposomes on a sucrose gradient
(as described in Chapter 2, Section 2.2.5.6.). PagP contains 12 tryptophan residues,
eight in the transmembrane region of the barrel, two in the extracellular loops and
two in the N-terminal region that contains the amphipathic helix (Figure 3.1d).""®
Tryptophan residues in the transmembrane domains of outer membrane p-barrels
typically form aromatic girdles around the protein, located in the interfacial regions of
the lipid bilayer.®® 8¢ 31% 320 Byrig| of eight tryptophan residues upon refolding of
PagP and its insertion into detergent micelles or the lipid bilayer would be expected
to cause a change in intensity and a blue shift of the fluorescence emission
maximum. Consistent with this expectation, fluorescence emission spectra of PagP
refolded into cyclofos-7 micelles or diC,0PC LUVs were characterised by a
substantial increase in fluorescence intensity and a shift in emission maximum from
350 nm for the unfolded protein in 8 M urea to approximately 335 nm for refolded
PagP (Figure 3.6a). As residual denatured PagP was separated from folded and
liposome-inserted protein by ultracentrifugation, retention of a small shoulder at 350
nm in the spectrum of the refolded protein may reflect the presence of the two
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Figure 3.6: (a) Fluorescence emission spectra of 0.5 uM wild-type PagP and (b) circular
dichroism spectra of 5 mM wild-type PagP. (---) unfolded in 8 M urea, (—) refolded in cyclofos-
7 and (---) refolded in diC,,.,PC LUVs. Background spectra without PagP were subtracted. All
spectra were recorded at 25 °C in 50 mM sodium phosphate buffer (pH 8).
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solvent-exposed tryptophan residues, residues 78 and 117, on the extracellular
loops of folded PagP.

The far UV CD spectra of cyclofos-7-refolded and liposome-reconstituted PagP are
similar to spectra of PagP reported previously in LDAO (small spectral differences at
very low wavelengths in some samples presumably resulting from light scattering
effects at very low wavelengths).>*' Both exhibit a minimum at 218 nm, consistent
with the protein folding to a predominantly B-sheet conformation, which is absent in
the spectrum of unfolded PagP in 8 M urea (Figure 3.6b). A band with a positive
molar ellipticity around 232 nm is also observed in the spectrum of both refolded
proteins. This band has been attributed mainly to a Cotton effect between Tyr 26
and Trp 66, two residues which are distant in sequence space, but which pack
closely in native PagP (Figure 3.1e). The presence of this band is thus highly
characteristic of native PagP. Together with the observed changes in electrophoretic
mobility and tryptophan fluorescence emission spectra, these data demonstrate that
PagP is able to refold into its native conformation both in cyclofos-7 and in diC,,,,PC
LUVs.

3.2.2 Kinetics of PagP refolding in pre-formed liposomes

Insights into the folding kinetics of PagP were next obtained by monitoring changes
in the electrophoretic mobility and far UV CD signal of the protein (initially denatured
in 6 M Gdn-HCI) when diluted into buffer containing diC,20,PC LUVs in 7 M urea with
an LPR of 800:1 and 5 uM PagP at 25 °C and pH 8 (Figure 3.7). The time courses
of tertiary and secondary structure formation were examined using far UV CD: the
increase in ellipticity at 232 nm monitors the formation of the native core
characterised by the Tyr 26-Trp 66 phenol-indole ring interaction (Figure 3.7a),
whilst the formation of secondary structure was followed using the p-sheet CD signal
at 218 nm (Figure 3.7b). These time courses could be fitted to single exponential
functions with rate constants of 0.92 + 0.03 min™' and 0.88 + 0.01 min™', respectively.
Consistent with this, gel shift assays showed the quantitative formation of stable
structure, resistant to SDS-denaturation, within 5 min of initiating refolding (Figure
3.7¢), whilst activity assays using pNPP were used to show acquisition of enzyme
activity (Figure 3.7d). Although these assays do not allow a quantitative comparison
with the PagP activity in cyclofos-7 micelles, they qualitatively show that enzyme
activity is present within 2 min after initiation of refolding in diC,,,PC liposomes
(Figure 3.7d). Quantitative comparison with the activity in detergent micelles is
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Figure 3.7: Folding kinetics of wild-type PagP initially denatured in 6 M Gdn-HCI into
diC,,.,PC LUVs monitored by (a) CD at 232 nm; (b) CD at 218 nm, (c) SDS-PAGE and (d)
PNPP conversion; wild-type shown in black, W17A in blue, R59L in red, W17A/R59L in purple,
A(1-19) PagP in orange. All experiments were performed at 25 °C in the presence of 7 M urea
at pH 8 and a lipid-to-protein ratio of 800:1. The data in (a) and (b) are fitted to a single
exponential (red line). The final protein concentration was 5 uM.
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hampered since pNPP is immiscible with the buffers used for refolding into
liposomes, requiring sonication to disperse the substrate. Consequently, the precise
substrate location (either dispersed in the buffer or trapped in the liposomes) and
concentration (sonication also catalyses partial substrate conversion) are not well
defined in the presence of liposomes. However, taken together, the CD and
enzymatic data demonstrate that the folding and membrane insertion of PagP into a
catalytically-active state in diC.,,PC liposomes are complete within ~ § min of

initiating refolding.

3.2.3 Role of the amphipathic helix in PagP folding and stability

A characteristic feature of PagP and its homologues is the presence of an N-
terminal‘amphipathic o-helix. Based on the crystal structure, this helix is predicted to
interact both with the B-barrel and with the inner leaflet of the outer membrane
bilayer, although these interactions were not detected in the NMR structures of the
protein in detergent micelles.”'® '° Residue Trp 17, which is highly conserved in
PagP and 12 homologues (Figure 3.8), has been proposed to contribute to a girdle
of aromatic residues stabilising the protein via interactions with the interfacial region
of the bilayer at the periplasmic surface of the membrane'®® (Figure 3.1a,b,d).
Interestingly, mutation of Trp 17 to Ala has no effect on protein activity.®® The
second residue that may form a key interaction between the helix and the p-barrel,
Arg 59 in strand 2 of the B-barrel, is also highly conserved (in 10 of the 13
sequences of PagP and its homologues) (Figure 3.8). This residue is predicted to
form a hydrogen bond from its side-chain to the side-chain hydroxyl of Thr 16 in the
N-terminal helix (conserved in 8 of the 13 sequences) (Figure 3.8), and to provide
packing interactions with the helix (Figure 3.1a,c). To assess the significance of
these interactions in PagP folding and stability, the effect of removing them by
creating the variants W17A and R59L, as well as the double mutant protein,
W17A/R59L was examined. Additionally, the entire helix was deleted in the variant
A(1-19). The ability of these proteins to fold to an active state in cyclofos-7 micelles
was then assessed by examining their ability to hydrolyse pNPP. In all cases the
activities of the mutant proteins were similar to that of the wild-type PagP (Table
3.1), mirroring the findings of Jia et al. that the W17A variant of PagP, and PagP
variants lacking various parts of the helix, are able to fold to a catalytically active
conformation in vivo.?®® In addition, analysis of the secondary structural content of
the refolded PagP proteins in cyclofos-7 micelles using Fourier transform infrared
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Figure 3.8: Sequence alignment of the mature N-terminal region of PagP with 12 homologues.
Residue numbers of interest are indicated. W17 and R59 are highlighted in the red and blue
box, respectively.
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spectroscopy (FTIR) revealed a 3-sheet content similar to that of wild-type PagP for
the point mutation variants created, whilst A(1-19) showed the expected decrease
in helical content, with a concomitant increase in the percentage of p-sheet structure
(Figure 3.9, Table 3.2). Together the data show that all of the mutant proteins
created are able to fold in cyclofos-7 micelles into a native, active conformation,
demonstrating that the helix is fully dispensable for in vitro folding in detergent
micelles and for the formation of catalytically active PagP.

3.2.4 The N-terminal a-helix stabilises PagP in detergent

Despite the lack of effect of mutating residues involved in helix-barrel interactions on
catalytic activity, the results of gel shift analysis of non-heat-denatured samples
suggested that perturbation of the helix-barrel interactions decreases PagP
resistance to SDS denaturation (Figure 3.2a). These experiments suggested that
whilst the stability of W17A in cyclofos-7 micelles is very similar to that of the wild-
type protein, the variants R59L, W17A/R59L and A(1-19) are significantly
destabilised, since these variants lacked, or partially lacked, an SDS-resistant
structure. Variant A(1-19), which did not yield a stable gel shift, was confirmed to
have a native-like fold in cyclofos-7 using 'H-'"N-TROSY HSQC NMR experiments
(Figure 3.3b). Further analysis of the stability of the mutant proteins in cyclofos-7
micelles was obtained using thermal unfolding monitored at 232 nm using far UV CD
(Figure 3.10a). The extreme stability of wild-type PagP in cyclofos-7 micelles is
exemplified by the observation that a temperature of 91 °C is not sufficient to drive
the unfolding to completion. Complete, though irreversible, unfolding of wild-type
PagP could be achieved, however, at 90 °C in cyclofos-7 micelles after the addition
of 4% (w/v) SDS (Figure 3.10b).

The rank order of thermal stability of the PagP variants measured by far UV-CD is
very similar to that obtained using gel shift assays. Thus, consistent with the results
of gel shift experiments, the stability of W17A was reduced only slightly compared
with wild-type PagP, indicating only a minor contribution of this residue to the
stability of the protein in cyclofos-7 micelles (Figure 3.10a). However, the R59L
mutation decreased PagP stability to a greater extent. Combining both the W17A
and R59L mutations yielded an additive effect on protein stability, such that the
resuiting double mutant protein had a stability close to that of A(1-19): both forms of
PagP unfolded completely, though irreversibly, within the accessible temperature
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Figure 3.9: FTIR component bands of (a) wild-type, (b) A(1-19), (c) W17A, (d) R59L and (e)
W17A/R59L PagP. Solid and dashed black lines represent Fourier deconvoluted FTIR spectra
and fit, respectively. Dashed red lines represent component bands. All experiments were
performed in 50 mM sodium phosphate buffer, pH 8, at 25 °C in cyclofos-7.
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Table 3.2: Component band assignments for wild-type PagP and PagP variants obtained

using FTIR. All experiments were performed in 50 mM sodium phosphate buffer, pH 8, at 25

°C in cyclofos-7.

B-sheet (%) a-helix (%) turns (%) random (%)
Wild-type 45 20 24 11
W17A 50 14 28 8
R59L 58 17 14 11
W17A/R59L 53 15 24
A(1-19) 64 11 17
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Figure 3.10: (a) Thermal denaturation curves determined by changes in molar ellipticity at 232
nm of PagP refolded in cyclofos-7. (b) Far UV-CD spectra obtained in the presence of 4 %
SDS for wild-type at 20 °C (black) and 90 °C (grey) and PagPA(1-19) at 90 °C (orange). (c) %
activities of PagP variants relative to wild-type PagP upon refolding in diC,, ,PC LUVs in the
presence of 7 M urea. (d) and (e) Thermal denaturation curves determined by changes in
molar ellipticity at 232 nm of PagP refolded in diC,,.,PC LUVs in the absence of urea and in
the presence of 7 M urea, respectively. Wild-type PagP is in black, W17A in blue, R59L in red,
W17A/R59L in purple, A(1-19) PagP in orange. The temperature was increased in steps of 3
°C. Data points were normalised to the signals for folded and unfolded protein (see Methods).



73

range (Figure 3.10a). These findings suggest that R59 and W17 provide the vast
majority of stabilising interactions between the helix and the B-barrel. The data
therefore yield an order of thermal stability of wild-type > W17A > R59L > A(1-19) ~
W17A/R59L.

3.2.5 The N-terminal helix stabilises PagP in pre-formed
liposomes

To establish whether the differing stabilities of the PagP variants in cyclofos-7
micelles were also mirrored in their membrane-inserted counterparts, wild-type
PagP and the four variants were next refolded into diC1,.0PC LUVs in the presence
of 7 M urea. Enzyme activity towards pNPP was obtained for each PagP variant
following such refolding (Figure 3.10c). To compare the thermal stability of all PagP
proteins with the results obtained in cyclofos-7 micelles, urea was removed after
reconstitution of the protein by pelleting the liposomes. Retention of folded and
inserted PagP in diC,,,PC LUVs was ascertained by tryptophan fluorescence and
perturbation of the fluorescence of tryptophan residues using Kl in quenching
experiments, performed after removal of protein aggregates on a sucrose gradient
(Chapter 2, Section 2.2.5.6.). All variants gave rise to Stern-Volmer constants similar
to that obtained for wild-type PagP, which were smaller than that measured for N-
acetyl tryptophanamide, suggesting that all PagP proteins were folded and inserted
into the membrane (Table 3.1).

Wild-type PagP and its variants were much more stable in LUVs of diCy,,PC
compared with their stability in detergent: none of the variant proteins nor wild-type
PagP unfolded at temperatures up to and including the maximum temperature at
which liposome integrity was maintained (80 °C; Chapter 2, Section 2.2.5.5.) (Figure
10d). Thermal unfolding of these proteins in diC,,0PC LUVs therefore was also
measured in the presence of 7M urea. Even under these conditions the unfolding of
wild-type PagP was not driven to completion at 79 °C. However, in contrast all of
the variants created showed substantial destabilisation relative to the wild-type
protein. Most dramatically, whilst the variant W17A showed similar thermal stability
to wild-type PagP in cyclofos-7 micelles (Figure 3.10a), this variant was substantially
destabilised in diC,0PC LUVs in 7 M urea, showing a stability similar to A(1-19)
(Figure 3.10e). Indeed, both the W17A and A(1-19) variants unfolded with an
apparent midpoint of ~ 68 °C. The variants R59L and W17A/R59L were aiso
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significantly destabilised relative to wild-type PagP in both cyclofos-7 micelles and in
diC+,:0PC LUVs (Figure 3.10a,e). Thus, in contrast with the order of thermal stability
in cyclofos-7 micelles, the order of thermal stability in diC,,.,PC LUVs was wild-type
> R59L > W17A > A(1-19) ~ W17A/R59L.

3.2.6 Kinetics of insertion/folding and unfolding of PagP are
affected by the N-terminal a-helix

The differences in stability of wild-type PagP and its variants in diC4,,PC LUVs
could have arisen either from a decreased rate of folding and insertion of the
variants into liposomes or from an increase in their rate of unfolding and membrane
dissociation, or from both. To determine the origin of the differences in stability of
the variants created, the rate of folding and membrane insertion of each protein,
denatured initially with 6M Gdn-HCI, into diC.,,PC LUVs in the presence of 7 M
urea was measured for all variants using CD spectroscopy at 37 °C. These
experiments were performed at 37 °C rather than 25 °C to increase the refolding
yield for the variants RS9L and W17A/R59L, as judged by the amplitude of the CD
signal at 232 nm upon refolding (Figure 3.11a). Interestingly, whilst wild-type PagP
and the two variants W17A and A(1-19) differed markedly in their thermal stability,
no differences in the kinetics of their folding and insertion into LUVs in 7 M urea
were observed, the apparent rates being 1.60 £ 0.08, 1.52 + 0.09 and 1.38 + 0.13
min™, respectively (Figure 3.11b). By contrast, the variants R59L and W17A/R59L
folded and inserted into these LUVs more slowly than the wild-type protein
(apparent rates of 0.86 + 0.02 and 0.59 + 0.01 min™', respectively). Overall, however,
the changes in the rate constants were small relative to the very large differences in
thermal stabilities of the membrane-inserted states (Figure 3.10e).

To complement these experiments the effects of the mutations on the unfolding and
dissociation of PagP from membranes were also examined using an assay in which
wild-type or mutant PagP was first inserted into diC4,,PC LUVs in 7 M urea. The
urea concentration was then increased to 10 M in order to displace the equilibrium
towards the unfolded state and the rate of unfolding was monitored using far UV-CD
at 232 nm (Chapter 2, Section 2.2.5.7). Strikingly, all mutants lacking Trp 17 (i.e.
W17A, W17A/RS9L and A(1-19)) unfolded much more rapidly than wild-type PagP,
with apparent unfolding rates of 0.76 + 0.02, 0.71 1 0.02, 0.65 + 0.03 min"' and
0.013 + 0.001 min', respectively, whilst the rate of unfolding of
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Figure 3.11: (a) Folding kinetics of W17A/R59L PagP at 25 (black) and 37 °C (purple). (b)
Folding and (c) unfolding kinetics of PagP followed by circular dichroism at 232 nm of wild-type
(black), W17A (blue), R59L (red), W17A/R59L (purple) and A(1-19) PagP (orange). CD
experiments were conducted using 5 uM PagP at 37 °C in the presence of 7 M urea for folding
experiments and 10 M urea for unfolding experiments with a lipid-to-protein ratio of 800:1 in
diC,,.,PC LUVs. The inset in (a) shows an expansion of the folding data over the first 5 min.
Traces were normalised to the signals for folded and unfolded protein to enable comparison of
kinetics (Materials and Methods, Section 2.2.5.7.).
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R59L, at 0.38 £ 0.02 min™', was much faster than wild-type PagP and slightly, but
significantly, slower than the variants lacking W17 (Figure 3.11c). Thus, whilst the
variants W17A, W17A/R59L and A(1-19) had completely unfolded within 5 min, wild-
type PagP took over two hours to completely unfold from the membrane. Combined
with the thermal unfolding studies shown in Figure 3.10e, therefore, the unfolding
kinetics demonstrate a key role for the side-chain of Trp 17 for maintaining PagP as
a stably-folded entity in lipid bilayers, by disfavouring dissociation of the lipid-
inserted and folded state. By contrast, Trp 17 appears to play little role in PagP
stability in detergent micelles (Figure 3.10a).

3.2.7 Mutation of R59 to W restores stability of PagPA(1-19) in pre-
formed liposomes

To further investigate the role of Trp 17 in determining the thermal stability of PagP
in diC4,,0PC LUVs, presumably by disrupting the aromatic girdle in the inner leaflet
of the membrane, a complementary Trp residue was added on the face of the barrel
and its effect on PagP stabilty measured. A variant was therefore created in
PagPA(1-19) by mutation of Arg 59 to Trp. In comparison with the other variants
created, the folding kinetics of R59W PagPA(1-19) did not differ significantly from
wild-type PagP (Figure 3.12a). Interestingly, however, the unfolding kinetics of the
R59W variant showed slow unfolding, as also observed for wild-type PagP (Figure
3.12b). Consistent with these observations, the thermal stability of this variant was
determined to be similar to that of the wild-type protein (Figure 3.12¢). The data
demonstrated therefore, that reformation of the aromatic girdle by introduction of the
mutation R59W results in a protein similar to wild-type PagP in its properties.

3.3 Discussion

3.3.1 Folding of PagP into detergent micelles and liposomes

To date, detailed studies of the mechanism of folding and assembly of B-barrel
membrane proteins in vitro have mainly focussed on the outer membrane B-barrel
proteins, OmpAZ?®: 199 192 193; 206- 208: 210 gng more recently, FomA™" '*? and the
eukaryotic mitochondrial outer membrane protein VDAC.*'®* Here the thermal
stability and kinetic analysis of the (un)folding of wild-type PagP and variant proteins

is reported, to address the role of the N-terminal a-helix in folding and stability of this
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Figure 3.12: (a) Folding and (b) unfolding kinetics of PagP followed by circular dichroism at
232 nm. CD experiments were conducted using 5 uM PagP at 37 °C in the presence of 7 M
urea for folding experiments and 10 M urea for unfolding experiments with a lipid-to-protein
ratio of 800:1 in diC,,.,PC LUVs. (c) Thermal denaturation curves determined by changes in
molar ellipticity at 232 nm of PagP refolded in diC,, ,PC LUVs in the presence of 7 M urea.
The temperature was increased in steps of 3 °C. Data points were normalised to the signals
for folded and unfolded protein. In all figures, wild-type PagP is in black, R59W in red and A(1-
19) PagP in orange.
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protein. In order to measure the thermal and kinetic stability of PagP and its
variants, it was necessary to fold the protein to a functional form. Previous studies
had shown that wild-type PagP could be folded successfully in the detergent
micelles of cyclofos-7.3® These data were reproduced and, in addition, it was
demonstrated that the protein can be refolded both into SUVs and LUVs of
diC+,.0PC. However, by contrast with OmpA and VDAC, which appear to collapse
into a water-soluble, partly folded conformation prior to membrane insertion,'®* *'°
PagP folding into vesicles required the presence of significant concentrations of
urea: refolding yields close to 90 % were obtained in the presence of urea
concentrations of 6 - 7 M. A likely explanation is that this concentration of denaturant
is necessary to maintain PagP in a soluble and membrane-insertion-competent state
whilst disfavouring protein aggregation, thus allowing successful protein folding and
insertion into lipid bilayers of diC,,.oPC. Periplasmic chaperones such as Skp and

SurA may play a similar role in vivo.'®'

Using a combination of CD, FTIR, Trp fluorescence, Stern-Volmer analysis, SDS gel
migration assays and activity assays, PagP was shown to refold in cyclofos-7
micelles or into lipid vesicles to a conformation with native-like secondary and
tertiary structure and which is catalytically active. Importantly, in the far UV CD
spectra, a Cotton effect between Tyr 26 and Trp 66 gives rise to a maximum in the
spectrum around 232 nm.*" This band provides an extremely sensitive assay for the
formation of the native enzyme. A comparison of the kinetics of formation of this
band with those of secondary structure formation measured by CD at 218 nm
showed that the rate of formation of secondary structure coincides with the

A209; 210 and

formation of the native fold, consistent with previous reports for Omp.
suggesting that under the conditions utilised here the folding of the B-barrel of PagP

is cooperative.

3.3.2 Role of a post assembly clamp

PagP and its homologues are unusual amongst B-barrel membrane proteins in that
the transmembrane p-barrel is extended with an amphipathic a-helix on the
periplasmic side of the membrane. Most known structures of outer membrane
proteins contain a f-barrel transmembrane domain with short periplasmic turns and
longer extracellular loops®®. Some transmembrane p-barrels are extended with

large soluble domains in the periplasm, such as is the case for OmpA, %' or with
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plug domains that fold back into the p-barrel, such as is found for the TonB-
dependent receptors.* The E. coli AIDA autotransporter is extended with a short -
sheet domain (the B;-domain) on the extracellular side of the protein.**® For OmpA
and FhuA (Figure 1.4) their periplasmic domains are dispensable for folding in
vivo. 2" 324 By contrast, the p;-domain of AIDA is not required for folding in vivo, but
it is absolutely necessary for folding in vitro in the absence of a solid support.’®®
Here deletion of the region containing the N-terminal helix of PagP was shown not to
impair the ability of this protein to refold into detergent micelles of cyclofos-7 or into
pre-formed vesicles of diC;,0PC, consistent with previous studies showing that
transmembrane B-barrels can fold efficiently in vitro 2% 184 194 206:315:325:328 However,
by mutation of conserved residues that stabilise the interaction between the helix
and barrel, together with analysis of the thermal stability of the resulting variants, the
PagP helix was demonstrated to contribute significantly to the stability of this -
barrel both in detergent and in LUVs, in the latter case predominantly by decreasing
the rate of unfolding and dissociation of the membrane-inserted native state. Thus,
although the B-barrel forms an independent folding unit, the N-terminal helix plays a
central role in modulating the stability of the native protein. Most importantly, it was
shown that the effect of mutating different residues involved in the helix-barrel
interaction on protein stability is dependent upon whether PagP is assembled into
detergent micelles or into diC,,0PC LUVs. In cyclofos-7 micelles, the side-chain of
Arg 59 situated in the [-barrel was shown to provide most of the stabilising
interactions: indeed, the stability of the RS9L variant resembles that of A(1-19), in
which the entire helix has been deleted. Mutation of this residue also causes
significant destabilisation in diC,,.,PC LUVs. By contrast, mutation of the absolutely
conserved Trp 17 to Ala produced only minor destabilisation in detergent, but
substantial destabilisation in LUVs in 7 M urea, demonstrating that the presence of
the indole ring of Trp 17 is required to maintain PagP in a stably-folded conformation
in the lipid bilayer under these conditions. Consistent with this, all variants that
lacked Trp17 (W17A, W17A/R59L and A(1-19)) were able to fold to an active
conformation, but resulted in less stable proteins in diC4,0,PC LUVs, that unfolded
50-fold more rapidly than wild-type PagP. The data suggest, therefore, that Trp 17
plays a crucial role in modulating PagP stability in the bilayer, possibly because the
aromatic ring of Trp 17 is required to complete the periplasmic aromatic girdle,
clamping the B-barrel in the membrane-inserted state after folding of the barrel itself
is complete. Such a role is supported by the observation that completion of the

periplasmic aromatic girdle on the lipid-face of the B-barrel by a R59W mutation in
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PagPA(1-19) completely restores the thermal stability and the unfolding rate to wild-
type PagP levels. Rather than being superfluous for folding and assembly of PagP,
the N-terminal helix could play a role in maintaining the integrity of the protein within
the lipid bilayer by acting as a post-assembly clamp.
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4 Malleability of the folding pathway of the outer
membrane protein PagP by membrane elasticity

4.1 Introduction

A fundamental question in structural biology that remains unsolved is how a protein
sequence adopts its three-dimensional structure during the folding process of the
linear amino acid chain that constitutes the protein. Excellent progress has been
made by studying the folding of predominantly small soluble proteins’™ ° by
integration of experimental approaches and computer calculations® °.

This is in strong contrast with the progress made in understanding the folding
mechanisms of membrane proteins. Limitations that hampered such progress
including the ability to mimick the lipid membrane, the availability of suitable model
proteins and the lack of high resolution structures are being resolved slowly.
Membrane proteins form two classes of proteins depending on the secondary
structure of their transmembrane domain, which can be either completely composed
of a-helices, or take the shape of a pB-barrel. For both classes the folding of only a
few proteins has been studied in detail, with the greatest advances being made
using proteins belonging to the p-barrel class of proteing* 191 194 185 265 274; 276: 327- 332
Several of such B-barrel proteins have been shown to unfold completely in urea and

to refold spontaneously in vitro upon the addition of pre-formed lipid bilayers'®* 3%

329

The lipid membrane is a complex two-dimensional fluid, highly heterogeneous in
lipid composition®®* 3*° that determines the physico-chemical properties of the
membrane®* ¥ Additionally, its bipolar structure presents significant limitations to
the “folding space”. Indeed, the hydrophilic membrane interface constitutes the first
barrier to proteins that refold spontaneously into the membrane before encountering
the hydrophobic membrane interior. The physicochemical heterogeneity in the
membrane interface therefore likely determines how membrane proteins interact
with the lipid environment.

The effect of changing the hydrophobic thickness of the membrane on the folding

yield and kinetics has been studied for various bacterial outer membrane B-barrel

328; 329

proteins , including PagP®®. In addition to the chain length dependence, the
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influence of heterogeneity in the membrane-water interface on the folding and the
unfolding kinetics of PagP were investigated in this Chapter by variation of the lipid
headgroup composition of the bilayer by including lipids with
phosphatidylethanolamine (PE) or phosphatidylserine (PS) headgroups in
phosphatidylcholine (PC) membranes. Refolding kinetics was characterised by a
burst phase, followed by a slower exponential phase that fitted to one or two
exponentials. Examination of the folding kinetics under various conditions suggested
that PagP folds via parallel pathways and was shown to switch between pathways,
depending on the lipid composition. Exploiting the changes of properties in the
membranes studied, the burst phase was further characterised and the resulting
data used to refine a kinetic model for PagP folding.

4.2 Results

4.2.1 Folding kinetics of PagP is dependent on protein and lipid

concentration

In Chapter 3 it was shown that high refolding yields for 5 uM PagP were obtained in
100% diC+20PC membranes in the presence of 7 M urea and a lipid-to-protein ratio
(LPR) of 800:1 (Figure 3.2c). In this Chapter, the refolding kinetics of PagP was
investigated in more detail using tryptophan (Trp) fluorescence. As the increase in
amplitude of the folding reaction was found to decrease with increasing PagP
concentrations above approximately 0.6 pM (Figure 4.1), experiments were
continued at a maximal protein concentration of 0.4 uM. Kinetic studies of refolding
of the outer membrane protein OmpA also showed that the folding rates are
dependent on both the protein and the lipid concentration for lipids with acyl chains
10 to 12 carbon atoms in length®®. To investigate whether PagP folding also
depended on the protein and the lipid concentration, the refolding kinetics of PagP
was monitored using Trp fluorescence at protein concentrations between 0.05 uM
and 0.4 pM and between LPRs of 400:1 and 3200:1. In all cases the folding kinetics
were characterised by a burst phase followed by a slower exponential phase,
examples of which are shown in Figure 4.2 at an LPR of 3200:1. For clarity, both
observed phases will be discussed separately. First, the slower exponential phase
will be investigated independent of the burst phase in the following Sections.
Amplitudes discussed in these Sections will refer to the slow exponential phase
only. The burst phase will be reintroduced in Section 4.2.7., where the burst phase
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Figure 4.1: Concentration-dependence of the amplitude of the PagP folding reaction in the
presence of 7 M urea at a lipid-to-protein ratio of 800:1 in 100 % diC,,.,PC. The dashed
line represents the expected amplitude for concentration independent refolding. All
refolding experiments were performed in 50 mM sodium phosphate buffer pH 8 at 25 °C.
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Figure 4.2: (a) Refolding of 0.4 (black), 0.2 (red), 0.1 (green) and 0.05 (blue) uM PagP in
100 % diC,,,PC liposomes at a lipid-to-protein ratio of 3200:1. Lines through the
experimental traces represent fits to a single exponential and a constant representing the
burst (Materials and Methods, Section 2.2.5.8.). Residuals of the fits are plotted in (b). All

experiments were performed in the presence of 7 M urea in 50 mM sodium phosphate
buffer pH 8 at 25 °C.
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amplitude will be discussed as a percentage of the total amplitude.

At high protein and lipid concentrations, the slower phase fitted well to a single
exponential, characterised by a rate constant k;,, with the most rapid rate obtained
at the highest protein and lipid concentrations tested (Table 4.1). At lower
concentrations of both protein and lipid, a second exponential with a lower rate
constant (ki) was necessary to fit the folding traces (Figure 4.3; Table 4.1), the
amplitude of which increased relative to the amplitude of the fast phase with
decreasing PagP-concentration or decreasing LPR.

Summarised, over all the conditions tested, PagP folding showed complex
behaviour and depended on both the protein and the lipid concentration to a certain
extent. However, at an LPR of 2400:1 or higher, PagP folding became independent
of both the lipid and the protein concentration for final PagP concentrations of 0.2
and 0.4 uM (Figure 4.4 and Table 4.1).

4.2.2 Complex PagP kinetics indicate folding via parallel folding
pathways

Folding kinetics described by two or more phases can either be an indication for a
sequential folding mechanism in which an intermediate state is accessible to the
technique used before reaching the native state of the protein or represent parallel
folding pathways in which the native state is formed by two or more distinct folding
pathways*°. To distinguish between a sequential and parallel folding model, double
jump experiments were performed in which the folding of 0.4 uM PagP at an LPR of
400:1 in the presence of 7 M urea was interrupted after an increasing time delay and
subjected to unfolding in the presence of 9.6 M urea. These conditions were chosen
for the experiment as the refolding of 0.4 uM PagP at this LPR very reproducibly
showed the double exponential folding kinetics (Table 4.1 and Figure 4.3 and 4.4)
and as the unfolding signal upon three-fold dilution in a final concentration of 9.6 M
urea could still be measured accurately. The resulting amplitude of the unfolding
reaction in 9.6 M urea is proportional to the fraction of fully folded PagP in the
refolding mixture at 7 M urea at each interrupted time point, as long as the unfolding
rate is also as expected for the unfolding of the native state®°. Figure 4.5 shows the
amplitudes derived from the fitted unfolding traces against the time delay (Chapter
2, Section 2.2.5.9.). The refolding kinetics measured for 0.4 uM PagP at an



Table 4.1: Fitting parameters® of wild-type PagP folding into 100 % diC,,PC liposomes under the various conditions studied in the

presence of 7 M urea (in 50 mM sodium phosphate buffer pH 8, 25 °C).

Lipid-to-protein ratio [PagP] (uM) ke (min™) kez (min™) A A, Ao
3200:1 0.05 0.229 + 0.003 -0.421 + 0.004 0.984 + 0.000
3200:1 0.1 0.433 + 0.004 -0.521 + 0.003 1.002 + 0.000
3200:1 0.2 0.598 + 0.011 -0.536 + 0.006 1.001 £ 0.000
3200:1 0.4 0.590 + 0.009 -0.474 £ 0.005 1.021 £ 0.000
2400:1 0.05 0.208+0.018 0.051+0.010 -0658+0.050 -0.549+0.052 1.083+0.004
2400:1 0.1 0.318 £ 0.005 -1.000 £ 0.011 0.994 + 0.001
2400:1 0.2 0.535 + 0.006 -1.062 + 0.008 1.020 £ 0.001
2400:1 0.4 0.668 + 0.010 -1.054 £ 0.011 1.021 £ 0.001
1600:1 0.05 0.076 + 0.001 -0.994 1 0.007 0.992 + 0.003
1600:1 0.075 0.059  0.000 -1.012 £ 0.004 1.076 + 0.001
1600:1 0.1 03770020 0.109+0.003 -0.482+0.026 -0.549+0.027 1.01610.001
1600:1 0.2 0.321 £ 0.004 -0.960 + 0.008 0.953 + 0.001
1600:1 0.4 0.517 £ 0.008 -0.989 + 0.010 0.993 + 0.001
800:1 0.05 0.478+0.195 0.065+0.001 -0.047+0011 -0.988+0009 1.004 +0.003
800:1 0.15 0215+0.017 0.044+0001 -0.256+0.015 -0.905+0.014 1.161+0.002
800:1 0.2 0.385+0.032 0.119+0.004 -0.346+0.032 -0.659+0.033 0.967 + 0.001
800:1 0.4 0.333 £ 0.002 -0.967 + 0.004 0.971 £ 0.000
400:1 0.2 0.100+0.003 0.016+0.001 -0.35610.010 -0.669%0.004 1.000+0.010
400:1 0.3 0554 +0.062 0.047+0.001 -0.173+0.010 -0.846+0.006 1.000 +0.002
400:1 0.4 0.205+0.004 005940001 -0.510£0.010 -0.486+0.010  1.000 +0.000

® Fitting equation: nf = Ag+A;exp(-ket)+Asexp(-ket), in which nf = normalised fluorescence and t = time

98
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Figure 4.3: (a) Refolding of 0.4 (black), 0.3 (red) and 0.2 (green) uM PagP in 100 %
diC,,,PC liposomes at a lipid-to-protein ratio of 400:1. Lines through the experimental
traces represent fits to a double exponential, dashed lines represent fits to a single
exponential (Materials and Methods, Section 2.2.5.8.). Residuals using single (b) or double
(c) exponential fits. Inset in (a) is a detail of the first 10 min. All experiments were performed
in the presence of 7 M urea in 50 mM sodium phosphate buffer pH 8 at 25 °C.
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Figure 4.4: Folding rate constants of the fast (ki) and slow (k) experimentally resolved
exponential phase for PagP refolding in diC,, ,PC liposomes in the presence of 7 M urea
(50 mM sodium-phosphate buffer pH 8, 25 °C). Rate constants for PagP at a lipid-to-protein
ratio of 3200:1 are shown in black, 2400:1 in red, 1600:1 in green, 800:1 in blue and 400:1

in purple. See Table 4.1 for details.
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Figure 4.5: (a) Time course for the formation of native PagP measured by interrupted
folding in 100 % diC,,,PC liposomes (black squares). Black and red lines represent
refolding kinetics of PagP determined by a single dilution folding experiment at 7 M urea
and a double exponential fit to the latter, respectively. (b) Unfolding traces of PagP in 9.6 M
urea from interrupted folding in 7 M urea used to construct the time course in (a) after 1
(top), 20 (middle) and 90 min (bottom), respectively. Fits using single exponentials are
shown (black line).
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LPR of 400:1 in the presence of 7 M urea as described in Section 4.2.1, overlaid
well with the folding kinetics for native PagP found from the double jump experiment.
The absence of a delay in the formation of native PagP, which would support a
sequential folding pathway, suggests two parallel folding pathways exist for the
folding of PagP under the conditions employed.

4.2.3 Unfolding kinetics

The effect of the protein concentration and LPR ratio on the folding kinetics was
complemented with measurement of the unfolding kinetics under identical LPR as
used for folding, but in the presence of 10 M urea. Unfolding traces monitored by
Trp fluorescence fitted well to single exponentials (Figure 4.6a; Table 4.2). In
contrast with the folding rate constants, the unfolding rate constants measured did
not depend critically upon the protein or lipid concentration within the reproducibility
of the experiments and were only found significantly different at the lowest PagP-
concentration or LPR examined (Figure 4.7; Table 4.2). The observation that the
unfolding rates are largely independent of both the protein and the lipid
concentration confirm nonetheless that PagP folds to the same native state under
the large variety of conditions studied.

4.2.4 PagP folds efficiently into lipid bilayers of varying
composition

The dependence of the folding kinetics of PagP was recently investigated using PC
lipids of which the acy! chains were Cy, to C,; in length®?®. In this Chapter, the acy!
chain length was further increased to C,4 and C,e. In addition, to examine the effect
of the physicochemical properties of the membrane interface on the folding
mechanism of PagP, the composition of the headgroup region was changed by
incorporating phospholipids with a PS (Figure 4.8b) (up to 40 % (w/w)), or PE
headgroup (Figure 4.8¢c) up to 10 % (w/w) in a diC,0,PC background without
changing the acyl-chain length of the lipids. In this manner, the headgroup charge
and volume were altered, respectively.

Before investigating a potential role on the folding kinetics, the success of PagP-
folding in such membranes was first measured using CD and Trp fluorescence
spectra and by following PagP activity towards the substrate analogue pNPP.
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Table 4.2: Fitting parameters® of wild-type PagP unfolding from 100 % diC4,oPC
liposomes under the various conditions studied in the presence of 10 M urea (in 50 mM
sodium phosphate buffer pH 8, 25 °C).

Lipid-to-protein ratioc  [PagP} (uM) ke (min™) A Ao
3200:1 0.05 0.082+0.002 1.076£0.010 0.000 £ 0.004
3200:1 0.1 0.101+£0.001 0.945+0.005 0.000+0.001
3200:1 0.2 0.125+0.001 0.955+0.003 0.000 £ 0.001
32001 04 0.137+0.001 0917+0.003 0.000+0.001
2400:1 0.05 0.041+0.001 0.968+0.004 0.002+0.003
2400:1 0.1 0.101£0.001 0.987 £0.005 -0.038 £ 0.001
2400:1 0.2 0.118 £0.001 0.946 £ 0.003 -0.002 + 0.001
24001 0.4 0134+ 0.001 0904 £0.004 -0.002+0.001
1600:1 0.05 0.080 +0.001 0.992+0.009 0.000+0.003
1600:1 0.1 0.086 £+ 0.001 0.993+0.005 0.000 + 0.001
1600:1 0.2 0.124 £ 0.001 1.009 + 0.004 0.000 + 0.001
1600:1 04 0.127 £ 0.001 0.957 +0.003 -0.009 1 0.001
800:1 0.1 0.092+0.001 0978 +0.007 -0.001 £0.002
800:1 0.2 0.087 +0.001 0.975+0.003 0.000 £ 0.001
800:1 04 0.104 £+ 0.001 0.935+0.003 0.000 £ 0.001
400:1 0.1 0.012+0.001 0.964 +0.027 0.029 +0.029
400:1 0.2 0.030+0.001 0.856+0.004 0.079 £ 0.005
400:1 04 0.051+0.001 0.898+0.003 -0.002 + 0.001

* Fitting equation: nf = Ay + Ajexp(-knt) + Azexp(-kit), in which nf = normalised

fluorescence and t = time
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Figure 4.6: (a) Unfolding kinetics of 0.4 (black), 0.2 (red), 0.1 (red) and 0.05 (blue) uM
PagP in diC,,,PC liposomes at a lipid-to-protein ratio of 3200:1 in 10 M urea. Lines through
the experimental data represent fits to a single exponential function (Materials and Methods,
Section 2.2.5.8.). (b) Residuals to single exponential fits. All experiments were performed in
50 mM sodium-phosphate buffer pH 8 at 25 °C.
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Figure 4.7: Rate constants k, for the unfolding of PagP in diC,,,PC liposomes in the
presence of 10 M urea (50 mM sodium-phosphate buffer pH 8, 25 °C). Rate constants for
PagP at a lipid-to-protein ratio of 3200:1 are shown in black, 2400:1 in red, 1600:1 in green,
800:1 in blue and 400:1 in purple.
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Figure 4.8: Chemical structure of di-acyl phosphatidylcholine (a), phosphatidylserine (b)
and phosphatidylethanolamine (c). Differences in headgroup composition are highlighted in
the red box.
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In the previous Chapter and consistent with the results of others®', it was shown
that two aromatic residues, Tyr 26 and Trp 66, form a specific interaction,
characteristic for the native core of PagP, which is visible around 232 nm in the far-
UV region of CD spectra. CD spectra of 5§ yM PagP in 100 % diC42,PC, in mixed
membranes of diC,,0PC containing 10 % (w/w) diC4,.(PE or 40 % (w/w) diC4,.,PS or
in membranes consisting of 100 % diC,4,PC with an LPR of 3200:1 all exhibited the
positive maximum around 232 nm, characteristic of native core packing of PagP in
all the lipid environments (Figure 4.9a). Additionally, the negative maximum
observed in the spectra between 215 and 220 nm indicated that all the proteins had
adopted the p-sheet structure of the native protein (Figure 4.9a)*"' (Chapter 3). By
contrast, a spectrum of the protein taken in 7 M urea in the absence of liposomes,
lacked both features characteristic of native PagP (Figure 4.9a).

Similarly, the Trp fluorescence emission spectrum of 0.4 uM PagP in the absence of
liposomes has low fluorescence intensity with a peak around 350 nm (Figure 4.9b).
in the presence of liposomes, at an LPR of 3200:1, PagP displayed high
fluorescence intensity around 335 nm and a shoulder at 350 nm (Figure 4.9b),
characteristic of the native protein as described in Chapter 3 (Figure 3.6). Similar
spectra were obtained for PagP in the different lipid environments, again consistent
with the protein folding to the native state in each condition.

Consistent with both the CD and the Trp fluorescence emission spectra, conversion
of the substrate analogue pNPP could be measured in all membranes, although the
activity measured varied in each membrane system (1.8 £+ 0.2, 06 £+ 0.0 and 0.3 £
0.2 nmol/s/uM in the presence of 40 % (w/w) diC,.0PS, 10 % (w/w) diC,,.,PE and
100 % diC44.0PC, respectively (raw data not shown)).

Together, the data indicate that in addition to membranes that consist of 100 %
diC42.0PC, PagP could also fold to a native conformation in membranes containing
up to 10 % (W/w) diC.,.0PE or 40 % (w/w) diC4,,PS and in membranes consisting of
100 % diC14.0PC.

By contrast, attempts to refold PagP into membranes of 100 % diCg,cPC did not
yield far-UV CD spectra characteristic of the native protein (Figure 4.10). In
agreement, the maximum in the Trp fluorescence emission spectrum was shifted
towards longer wavelengths with a Ama around 340 nm and displayed a lower
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Figure 4.9: (a) Circular dichroism and (b) tryptophan fluorescence emission spectra of
PagP refolded in the presence of 7 M urea in 100 % diC,, ,PC (solid black line) and 100 %
diC,,,PC (blue) liposomes and in diC,, ,PC liposomes containing 10 % diC,, ,PE (red) or
40 % diC,, ,PS (green). Unfolded PagP in 7 M urea in the absence of liposomes is also
shown (dashed line). PagP-concentrations were 5 uM for circular dichroism and 0.4 uM for
tryptophan fluorescence experiments. All experiments were in 50 mM sodium phosphate pH
8 at25 °C.
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Figure 4.10: Refolding of PagP in gel-phase liposomes at a lipid-to-protein ratio of 3200:1 in
the presence of 7 M urea. Tryptophan fluorescence (a) and circular dichroism (b) spectra of
stalled PagP folding in diC,,,PC (blue) and diC,;,PC (purple) at 10 °C and 25 °C,
respectively. Burst phase spectra of PagP in diC,,,PC liposomes at 25 °C are shown in
grey. PagP folded in diC,, ,PC liposomes in the presence of 7 M (solid black line) and
unfolded PagP in 7 M urea in the absence of liposomes (dashed line) are also shown.
PagP-concentrations were 5 uM for circular dichroism and 0.4 puM for tryptophan
fluorescence experiments. All experiments are performed in 50 mM sodium-phosphate
buffer pH 8 at 25 °C.



97

intensity, suggesting that PagP had not folded completely in this membrane
environment. The high melting temperature of diC,s.,PC (which lies around 45 °C3‘”)
likely prevents PagP folding in such membranes, in agreement with reports on the

folding of other outer membrane proteins'®® 2'°

. This is supported by the
unsuccessful folding of PagP at 10 °C in 100 % diC4.0PC liposomes (which have a
transition temperature around 23 °C*") (Figure 4.10), in which folding was shown to

be successful at 25 °C (Figure 4.9).

4.2.5 Lipid headgroup composition controls a shift between two

alternative folding pathways

Having confirmed that PagP could fold into the bilayers under study, the refolding
kinetics in bilayers of differing composition was then measured using a final PagP
concentration of 0.4 uM at an LPR of 3200:1.

The results showed that the folding kinetics decreased significantly with increasing
diC4,.0PE concentration in the lipid membrane. In comparison with 100 % diC,,.(PC
bilayers in which PagP folded according to a single exponential with a rate constant
of 0.590 + 0.009 min"' (Table 4.1), introducing 5 % (W/w) diC,,,PE resulted in
double exponential kinetics (Table 4.3). Interestingly, whilst the population of PagP
molecules folding via the faster folding pathway decreased, upon increasing the
diC4,.0PE content, the population using the slower rate constant became dominant
until folding occurred entirely following the siower pathway at 10 % (w/w) and 15 %
(wiw) diC,0PE (Table 4.3). Folding kinetics were complemented with unfolding
kinetics measured in the presence of 10 M urea and showed similar dependence on
the presence of diC,,oPE in the lipid bilayer, but less pronounced (Table 4.4).
Indeed, where the folding half time increased at least five-fold with increasing the
amount of diC,,(PE in the membrane (approximately 9, 47 and over 500 min for 5,
10 and 15 % diC+,.0PE, respectively, compared with 1 min in 100 % diC,,.,PC), the
unfolding rates decreased approximately three-fold with increasing diC4,,PE in the
membrane (Table 4.4).

By contrast with folding in the presence of diC,;oPE, a switch between two
pathways was not observed upon the addition of diC,,.,PS to the lipid bilayer under
otherwise identical conditions. Indeed, as observed for PagP folding in 100 %
diC120PC liposomes, folding in membranes containing up to 40 % (w/w) diCy2.0PS
fitted to a single exponential phase with the rate constant decreasing with increasing



Table 4.3: Fitting parameters® of wild-type PagP folding into liposomes with varying composition under the various conditions studied in the

presence of 7 M urea (in 50 mM sodium phosphate buffer pH 8, 25 °C).

Liposome composition LPR®  [PagP] (uM) ke (min™) ke (min™') Ay A, Ao

diC1,0PC complemented with

5 % diC2oPE  3200:1 0.4 0.163+0.006 0.044+0.001 -0432+£0.013 -0.580+0.014 1.000 +0.000

10 % diCy,0PE  3200:1 0.4 0.015 + 0.000 -1.001 £0.001 1.000 + 0.000

15 % diC4,0PE  3200:1 04 0.001 £ 0.000 -0.995+0.016 1.000+0.016
diC4,0PC complemented with

2.5% diCy,oPS 3200:1 04 0.186 1+ 0.002 -1.007 £ 0.006 1.000 £ 0.001

5% diC20PS  3200:1 0.4 0.203 £ 0.002 -1.008 + 0.006 1.000 £ 0.001

10 % diC120PS  3200:1 04 0.113 £ 0.001 -1.011 £ 0.005 1.043 £ 0.001

20 % diC,0PS  3200:1 0.4 0.032 + 0.000 -1.047 £ 0.003 1.000 + 0.002

30 % diCy20PS  3200:1 04 0.017 £ 0.000 -1.032 £ 0.004 0.997 £ 0.005

40 % diC,oPS 3200:1 04 0.009 £ 0.000 -1.077 £ 0.012 1.002 £ 0.013

* Fitting equation: nf = Ag + Aexp(-ket) + Asexp(-ket), in which nf = normalised fluorescence and t = time

*lipid-to-protein ratio
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Table 4.4: Fitting parameters® of wild-type PagP unfolding from liposomes with varying composition under the
various conditions studied in the presence of 10 M urea (in 50 mM sodium phosphate buffer pH 8, 25 °C).

Liposome composition LPR®  [PagP] (uM) kes (Min™) A Ao

diC420PC complemented with

5 % diC20PE  3200:1 04 0.038+0.000 0934+0.003 0.000+0.000

10 % diCy20PE  3200:1 04 0.012+0.000 0.921+0.002 0.030 £ 0.001

15 % diC120PE  3200:1 0.4 0.005+0.000 0946+0.002 0.066 + 0.002
diC420PC complemented with

2.5 % diC120PS  3200:1 0.4 0.133+0.001 0919+0.006 0.039 % 0.001

5 % diC120PS 3200:1 0.4 0.220+0.001 1.052+0.003 0.000 £ 0.000

10 % diC120PS  3200:1 0.4 0.109+0.000 1.055+0.002 0.000 + 0.000

20 % diC120PS  3200:1 0.4 0.061+0.000 1.060+0.002 -0.002+ 0.001

30 % diC120PS  3200:1 0.4 0.077£0.000 1.012+0.001 -0.001 £ 0.000

40 % diC120PS  3200:1 04 0.079+0.000 0.996+0.001 0.000 + 0.000

Ylipid-to-protein ratio

? Fitting equation: nf = Ay + Aexp(-knt) + Azexp(-kst), in which nf = normalised fluorescence and t = time

66
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diC12.0PS concentration in the membrane (Table 4.3). Unfolding kinetics in 10 M
urea in such membranes also fitted to a single exponential, with rates that
decreased with a similar dependence on the diC12oPS concentration in the bilayer
as the folding rates (Table 4.4).

4.2.6 Lipid acyl chain length-dependence of PagP folding

In addition to headgroup heterogeneity, the effect of the hydrophobic thickness of
the membrane on the folding kinetics of PagP was investigated. The hydrophobic
thickness was increased using PC lipids with an acyl chain length of 14 and 16
carbon atoms, diC,40,PC and diCs.0PC, respectively. Liposomes consisting of 100 %
diC160PC liposomes are below the transition temperature to the liquid crystalline
phase at 25 °C*'. Refolding in gel phase lipid bilayers has been shown to be
incomplete for OmpA, however, such membranes can kinetically trap possible
intermediates®”’. Consistent with these observations, PagP did not yield folded
protein upon incubation with 100 % diC4s,PC vesicles in the presence of 7 M urea.
Interestingly, however, the product of this folding reaction yielded Trp fluorescence
emission and far-UV CD spectra similar to that obtained after the burst phase when
folding in diC,,.,PC liposomes (Figure 4.10a, b). These CD spectra lacked a positive
band around 232 nm, but displayed increased negative ellipticity below 220 nm
compared with unfolded PagP, suggesting that at least part of the 3-sheet structure
is formed during the burst (Figure 4.10b). Consistent with the observed spectra, the
folding kinetics in diC4,PC vesicles revealed a burst without folding proceeding into
the exponential phase (Figure 4.11a).

To assess whether the observed species was associated with the diCq6,PC
liposomes after folding was initiated, diC,,,,PC liposomes were added 30 s after
mixing with the diC.,PC liposomes or after approximately 75 min to the stalled
folding complex of PagP in diC+60PC liposomes in the presence of 7 M urea (Figure
4.11a). Both additions of diC1,.0PC liposomes resulted in an immediate continuation
of PagP folding with rate constants of 0.466 + 0.012 and 0.485 = 0.016 min™,
respectively, which were approximately half of the rate constant for folding in
diC120PC liposomes in the absence of diC¢,,PC liposomes (Table 4.1).

By contrast with folding in diC,6.,PC liposomes, PagP folded readily into liposomes
of diC140PC at 25 °C (the transition temperature to the liquid crystalline phase of
diC140PC is approximately 23 °C**'). Folding kinetics fitted well to a single
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Figure 4.11: (a) Refolding of 0.4 uM PagP at 25 °C in the presence of diC,,,PC only
(purple, t = 0 — 75 min) at a lipid-to-protein ratio of 3200:1 and rescued by the addition of
an equal amount of diC,, ,PC at t = 75 min (purple) and in the presence of diC,, ,PC and
diC,,,PC att = 30 s (orange). (b) Refolding of 0.4 uM PagP at 10 °C in the presence of
diC,,,PC only (blue) at a lipid-to-protein ratio of 3200:1and in the presence of diC,,,PC
and diC,, ,PC (orange). Folding was rescued by increasing the temperature to 25 °C after
2 hours (blue; the temperature increase results in a decreased fluorescence of unfolded
PagP, hence the lower fluorescence intensity at t = 135 min shown). PagP folding in
diC,,,PC liposomes in the presence of 7 M (solid black line) and unfolded PagP in 7 M
urea in the absence of liposomes (dashed line) are also shown. All experiments are
performed in 50 mM sodium-phosphate buffer pH 8.



102

exponential with a rate constant of 0.132 + 0.002 min™' (raw data not shown).

Lowering the refolding temperature to 10 °C brings diC44.cPC liposomes into the gel
phase, similar to diC.cPC at 25 °C. Trp fluorescence emission and CD spectra
taken for stalled PagP folding in diC,4,,PC liposomes at 10 °C are very similar to the
spectra taken with diC.c,PC at 25 °C (Figure 4.10a, b). Similar to liposomes of
diC,¢.0PC, rescue of the stalled PagP folding can be obtained upon the addition of
diC4,.0PC liposomes (Figure 4.11b). In contrast with rescue of diC.,PC stalled
refolding, addition of diC.,.0PC liposomes resulted in an immediate completion of
refolding with similar rates as in the absence of diC,,,,PC liposomes (0.255 £ 0.007
and 0.267 + 0.004 min"', respectively). Additionally, the completion of PagP refolding
can also be obtained by increasing the temperature above the transition
temperature of diC,4,,PC lipids (Figure 4.11b).

Together the data show (i) that PagP undergoes a conformational change in the
presence of liposomes regardless of its ability to fold to completion and (ii) that this
species continues to fold when brought in folding competent conditions. This
conformational reorganisation is likely to occur when PagP interacts with the
liposomes as it does not occur in the absence of the latter (Figure 4.11).

4.2.7 Attenuation of the burst phase amplitude by bilayer
properties

To unambiguously determine whether PagP rapidly interacts with the liposomes

during the burst phase, changes in burst phase amplitude under the various folding

conditions applied in Sections 2.2.1. and 2.2.5. were examined measuring the burst
phase amplitude by Trp fluorescence.

The burst phase amplitude was found to be constant relative to the total amplitude
within the variation of the protein concentration as shown for example in Figure 4.2
at an LPR of 3200:1 where the burst amplitude constituted around 60 % of the total
amplitude for all concentrations measured. The burst phase amplitude decreased
relative to the total amplitude with a decreasing LPR to ~50 % at an LPR of 1600:1,
~30 % at 800:1 and ~20 % at 400:1 all using a final PagP concentration of 0.4 uM
(raw data not shown).
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At an LPR of 3200:1 the amplitude was also found to decrease with increasing the
diC,2.0PE fraction in the membrane to 35, 20 and 10 % of the total amplitude in the
presence of 5 % (w/w), 10 % (w/w) and 15 % (w/w) diC,,cPE, respectively (raw data
not shown). Including 2.5 — 10 % (w/w) diC+,.0PS in the lipid bilayer also decreased
the burst phase amplitude to approximately 40 % of the total amplitude, however,
further increase in the diC,,.(PS concentration did not result in a further decrease of
the burst amplitude (raw data not shown).

The dependence of the burst phase amplitude on bilayer characteristics suggests
the burst phase represented rapid interaction between PagP and the liposomes.

4.3 Discussion

4.3.1 Parallel folding pathways for p-barrel membrane proteins

Refolding kinetics of OmpA revealed at least three kinetically resclved phases
preceded by an unresolved hydrophobic collapse'® ®. Each kinetically resolved
phase was suggested to arise from distinct intermediates on pathway to the native
state, characterised spectroscopically after arresting the folding at different

temperatures'®% %%

208; 208

and by the position of the tryptophan residues with respect to the
membrane . Such a model was reanalysed to represent parallel folding
pathways in the light of refolding kinetics of the larger outer membrane protein
FomA''. Folding kinetics of FomA analysed using the difference in migration on
cold SDS-PAGE of unfolded FomA compared with refolded protein with the absence
of a species running at intermediate apparent molecular weight, as was observed for

OmpA'®, led the authors to conclude that FomA folds via paralle! pathways.

The existence of parallel folding pathways for PagP was derived directly in this study
by the use of double jump experiments. PagP has been shown to exist in two
alternative dynamically interconvertible states in detergent micelles of cyclofos-7
with an open and a closed conformation in a 30/70 ratio at 25 °C*®. Although it is
unknown whether both conformations exist in liposomes, the possibility arises that
the presence of two such conformations resulted in the observation of two
pathways. However, this would not explain the similar folding behaviour described
above for FomA, and possibly OmpA. The results presented here allow for a second
interpretation, in agreement with Pocanschi et a/'®', which is unifying for all proteins

studied thus far and suggests that the absolute amount of lipid and protein control
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the folding behaviour: at high lipid-to-protein ratios fast rates dominate as the
majority of the protein can partition quickly into the membrane. By contrast slow
rates become more important in the absence of sufficient amounts of lipid
membrane, which increases the presence of a population of PagP in search for a
lipid area to adsorb upon.

4.3.2 Insights into the folding mechanism of PagP

The close interaction of the protein with the membrane it is folding into is inherent to
the membrane protein folding problem. Part of the solution of this problem therefore,
is the ability to delineate the contributions of the membrane to the folding
mechanism. In a model membrane consisting of 100 % diC1,,PC folding kinetics of
PagP, followed by Trp fluorescence (Chapter 4) and CD spectroscopies (Chapter 3),
indicate that PagP folding occurs in two phases: a burst phase followed by one or
two slow phases, the latter shown to represent parallel folding pathways. By
changing membrane properties it was able to investigate how the membrane
influences these phases in the folding of PagP, the results of which are summarised
in Figure 4.12.

The burst phase was isolated using membranes in the gel phase, which prevent
complete folding, to reveal a species that folded to completion immediately when
brought into folding-competent conditions. Thus, the species present in the burst
phase was shown by CD spectroscopy to have some B-sheet structure, but no
native core, and by Trp fluorescence spectroscopy to have partial burial of the
tryptophan residues. This burst phase was shown kinetically to represent a first step
in the folding pathway of PagP (Figure 4.12), either being a soluble state in which
the hydrophobic exterior of the p-barrel is collapsed or a liposome-associated state.
Several observations support the latter interpretation: (1) the high amount of urea
present in the refolding reaction would disfavour a water-collapsed state; (2) the
burst phase amplitude decreased with lipid depletion; (3) the burst phase amplitude
is also decreased when folding into membranes that generally disfavour rapid
folding, either by incorporating negatively charged diC,.PS lipids** *° that
effectively repulse the negatively charged PagP molecules under the pH applied or
by incorporating diC.,,PE lipids that increase the lateral pressure in the membrane
effectively disfavouring PagP insertion (Figure 4.12). Double jump experiments by
adding diC.,0PC liposomes to PagP in the presence of diC..(PC gel-phase
liposomes further support a rapidly formed and partially folded liposome adsorbed
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Figure 4.12: Schematic representation of the folding mechanism of PagP. Folding is initiated by rapid adsorption (1), which is increased with
increasing amount of lipid and decreased by incorporation of diC,,.,PS. Folding proceeds to the native state by a fast (2) or a slow folding route (3),
influenced by the lipid-to-protein ratio, protein concentration and diC,,,PE fraction in the liposome as indicated. Including diC,, ,PS in the liposome
does not change the folding route, however, influences the rate of the fast exponential phase. Increasing the number of C-atoms in the lipid acyl-
chains have a similar effect as diC,, ,PS. *indicates a folding intermediate characterised by mutational analysis (Chapter 3), but not kinetically
resolved. See text for details.
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state, as the refolding rate upon the addition of diC,.,PC liposomes to the stalled
folding complex is reduced by half compared with refolding in diCy20PC in the
absence of diC¢0PC liposomes, suggesting PagP has to dissociate from diC1¢,PC
liposomes before associating with diC,,.,PC vesicles.

Based on far-UV CD and Trp fluorescence emission spectra folding then proceeds
co-operatively to the native state. The absence of an additional intermediate, as
suggested for OmpA?®, further favours the presence of a burst-related membrane
associated intermediate rather than a hydrophobic collapse in buffer.

The formation of the native state was shown to be achieved along two parallel
pathways. The decreased flexibility in thicker bilayers®* was suggested to control
the switch between a dominant fast folding rate in thin bilayers and a dominant slow
folding rate in thicker bilayers in the folding of FomA™'. The results presented for
PagP folding in diC,,.0PC and diC,4,PC bilayers agreed with this hypothesis, folding
rates being slower in thicker bilayers (Figure 4.12). Similarly, incorporating diC,.(PE
in diC1,.0PC bilayers results in increased bilayer rigidity**> 3¢ Thus in agreement
with the observations made in thicker membranes, the relative contribution of the
slower phase increased with the percentage of diC4,.(PE in the bilayer. By contrast,

347-349 and, consistent with this,

diC4,-0PS does not change bilayer rigidity significantly
an alternative slower refolding pathway was not observed (Figure 4.12). Rather, the
decrease of the folding rate likely arose from the presence of increasing overall
negative charge on the membrane surface, which repulses the negatively charged

PagP.

So although bilayer properties do not change the folding mechanism, they modulate
the relative contributions of the phases observed to reach the native state.

The membrane properties, such as elasticity and curvature stress, were also shown
to change the unfolding rate of PagP. It is therefore evident that the bilayer is much
more than a solvent for the hydrophobic surface of PagP, and likely membrane
proteins in general, however, it is difficult to rationalise the observations made
without high resolution structures of membrane proteins in their native—like
environments. The decreased unfolding rate in the presence of diCi,,PE could
possibly be explained by the reduced plasticity of such membranes, which, as for
folding, increases the kinetic barrier for unfolding. How diC:,,PS decreases the
unfolding rate is, however, less clear. The increase in overall negative charge on the
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membrane can possibly change the loop conformations of PagP to stabilise the
protein, however, without high resolution structural evidence this is highly
speculative.
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5 The influence of general bilayer properties on the
stability of PagP

5.1 Introduction

Membrane proteins fold into an environment which is distinctly different from that for
water soluble proteins. Contributions of the solvent to folding and stability have been
studied extensively for the latter®® **° In comparison with aqueous solvents, the
biological membrane is a very complex, though well defined, two-dimensional
structure, the properties of which are influenced by the lipid composition®® 3%
Although membranes interact intimately with embedded proteins, as evidenced by
the increasing number of high resolution structures of membrane proteins showing
lipid molecules tightly bound to their transmembrane surfaces®*® %', the dynamic
interaction between the bilayer and the protein has only rarely been investigated

(e.g. Hong and Tamm, 2004%; van der Brink-van der Laan et al., 2004%°%%%7),

A role for the membrane lipids in membrane protein stability and integrity is indirectly
suggested by the observation that solubilising primarily a-helical transmembrane
proteins in detergent micelles often results in unstable proteins®*® %' Such o-helical
membrane proteins are proposed to assemble by the association of individually
stable helices, according to a two-state model*®’. Association of helices is believed
to be driven mainly by charged residues and specific motifs in the transmembrane
helices that favour helix-helix interaction over solvation by lipid*®?. Alternatively,
spontaneous association in the membrane may also be promoted by disfavouring
lipid-helix interactions, by for example increasing the hydrophobic mismatch
between the membrane and the protein®®® or by applying the membrane lateral

pressure as a driving force for association?>® 2°7: 384: 365

Coupling between the curvature stress in artificial membranes and the stability of the
outer membrane B-barrel protein OmpA has been studied recently by following the
equilibrium unfolding of this protein in artificial bilayers of differing compositions,

created by increasing the amount of a guest lipid in a
C16:0,C1s.1phosphatidylcholine:Cyg.0,C1s.1phosphatidylglycerol (92.5:7.5) liposome?.

The AGﬁzo for unfolding was shown to depend in a quantitative manner on the

degree of hydrophobic mismatch and/or curvature stress, induced by varying the
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amount of guest lipids, their headgroup structures and charges, and their acyl-chain
lengths and structures.

The work described in this Chapter investigated the stability of PagP in artificial
membranes of varying bilayer structure produced by variation of the lipid headgroup
structure and/or charge and the acyl-chain length. The results show that the
membrane is not only a solvent for membrane proteins, but in addition that
increasing membrane curvature stress decreases PagP stability, in agreement with
the kinetic studies reported in the previous Chapter. Additionally, equilibrium
unfolding of full-length PagP in membranes with an increased hydrophobic thickness
was compared with that of the previously described truncated form of PagP,
PagPA(1-19), a variant lacking the 19 N-terminal residues that comprise the a-helix
of PagP. Unfolding of the N-terminal a-helix is shown to become uncoupled from f-
barrel unfolding in such membranes, which adds to the evidence shown in Chapter
3 that the helix and the barrel form independent folding units.

5.2 Results

5.2.1 Limitations to investigating the reversible unfolding of PagP
in liposomes

To investigate how the lipid membrane alters PagP stability, the equilibrium
unfolding of PagP was determined under different conditions and lipid compositions
at 25 °C and pH 8 with liposomes of nominal diameter 100 nm (Chapter 2, Section
2.2.5.10). Reversibility of unfolding was first investigated at a lipid-to-protein ratio of
3200:1 and a final protein concentration of 0.4 uM, because under such conditions
the folding and unfolding rates were independent of both the protein and the lipid
concentrations (Chapter 4, Section 4.2.1.). Equilibrium unfolding curves were
obtained either by (i) diluting a stock solution of PagP, that had been refolded into
liposomes in the presence of 7 M urea, with buffer containing a higher concentration
of urea, or by (ii) diluting a stock solution of unfolded PagP, in buffer containing 10 M
urea and liposomes, with buffer containing a lower concentration of urea, or by (iii)
mixing appropriate amounts of 0.4 uM PagP that had been refolded into diC,,.,PC
liposomes in the presence of 7 M urea with 0.4 uM unfolded PagP, in buffer
containing 10 M urea and diC,,,PC liposomes (Chapter 2 Section 2.2.5.10). All
methods thus resulted in equal final PagP concentrations under identical lipid-to-
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protein ratios in all samples and were at equilibrium after overnight incubation
(Chapter 2, Section 2.2.5.10.).

Equilibrium unfolding curves obtained by method (i) and (ii) could be closely overlaid
at urea concentrations between 7 and 8.8 M. However, the curves diverged
significantly towards different final average wavelengths (<A>) at higher urea
concentrations (Figure 5.1a). For example, PagP unfolded overnight in 10 M urea
from a liposome-inserted state in diC4,,PC vesicles in the presence of 7 M urea (i.e.
method (i)) yielded a tryptophan fluorescence emission spectrum that was
characterised by <A> = 345.35 + 0.03 nm, whilst unfolded PagP in a buffer
containing 10 M urea and an equivalent amount of diC,.,PC liposomes (i.e. method
(ii)) had <A> = 346.29 + 0.07 nm after overnight incubation (Figure 5.1a). Equilibrium
unfolding curves obtained using method (iii) were very similar to the curves obtained
using method (ii) and although curves obtained using methods (i) and (ii) diverged at
higher urea concentrations, all equilibrium curves overlaid well when normalised
(Figure 5.1b).

Fluorescence spectra obtained in 10 M urea showed that this difference in <A>
arose from an increased intensity in the lower wavelength region of the spectrum for
the sample obtained by using method (i) (Figure 5.2a). By contrast, the far-UV CD
spectra of both species in 10 M urea (measured at a higher protein concentration of
5 uM, whilst maintaining the lipid-to-protein ratio at 3200:1), were very similar and
lacked any residual ellipticity characteristic of the native fold, around either 232 nm
or 218 nm, indicating complete loss of secondary structure (Figure 5.2b).
Additionally, when analysed by cold SDS-PAGE neither sample showed the
presence of a band corresponding to the folded protein, which should have been
detectable if unfolding had been less than complete in the sample obtained using
method (i) (Figure 5.2c). Taken together, the results of CD spectroscopy and SDS-
PAGE indicate that the difference in tryptophan fluorescence intensity of the
unfolded states produced using the alternative methods described does not arise
from a residual population of folded PagP in the membrane.

In comparison, Hong and Tamm? did not observe a difference in <A> upon the
unfolding of OmpA using methods similar to those described here for PagP. In the
liposomes used in their study, phosphatidylglycerol, which bears a net negative
charge, was included at a concentration of 7.5 %. The resultant more negatively-



111

(@)
346+

3451
344

<A> (nm)

343

342 . : :
7 8 9 10

(b)

normalised <i>

[urea] (M)

Figure 5.1: (a) Equilibrium unfolding measured according to method (i) (red), (ii) (green)
and (iii) (black) (see text for details) using 0.4 uM PagP in diC,, ,PC liposomes (100 nm) at
a lipid-to-protein ratio of 3200:1 (50 mM sodium phosphate buffer pH 8 at 25 °C). (b) Data
normalised by expression as a fraction of native PagP present based on the difference
between the <A> values measured at 7 and 10 M urea, being assigned a value of 1 and 0,
respectively. Lines show fits to a two-state transition.
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Figure 5.2: (a) Tryptophan fluorescence spectra of 0.4 uM PagP in the presence of
diC,,.,PC liposomes at a lipid-to-protein ratio of 3200:1, folded in 7 M urea (black) and
unfolded in 10 M urea using method (i) (red) and using method (ii) (green). (b) Circular
dichroism spectra of 5 uM PagP in the presence of diC,,,PC liposomes at a lipid-to-protein
ratio of 3200:1, folded in 7 M urea (black) and unfolded in 10 M urea using method (i) (red)
and using method (ii) (green). (c) and (d) Gel-shift assays of 5 uM PagP folded in 7 M urea
and unfolded in 10 M urea, using method (i) and method (i), respectively. All experiments
were performed in 50 mM sodium-phosphate buffer pH 8 at 25 °C. F and U indicate the
mobilities of the folded and unfolded forms of PagP respectively.
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charged nature of the liposome surface, in comparison with the purely phosphatidyl
choline-containing liposomes used for the PagP studies described above, together
with the higher pH used in the OmpA studies (pH 10.0), which increases the
negative charge of OmpA itself, might have reduced non-specific adsorption of
protein to the membrane. To investigate whether the residual fluorescence observed
with PagP indeed originated from absorption to the liposome surface, the effect of
including 5 to 10 % diC20PG at an increased pH of 9.3 was therefore next
examined. This resulted in species with identical <A> in 10 M urea when the starting
material was either already unfolded in 10 M urea or had previously been folded into
liposomes at 7 M urea (data not shown). However, it was decided not to include this
acidic lipid in liposomes used for subsequent experiments, because its inclusion led
to a significant hysteresis between the equilibrium curves in the folding and the
unfolding direction and because of the significant destabilisation of PagP, which
would have interfered with the experiments described in the foliowing sections.

Taken together, the results described above indicated that PagP unfolded reversibly
from the liposomes, but that at least a fraction of the protein probably remained
associated with the liposomes after unfolding. The complete unfolding pathway is
therefore only represented by equilibrium unfolding experiments started from
unfolded protein in the presence of 10 M urea and liposomes. However, since
equilibrium curves obtained by each method were practically indistinguishable from
each other upon normalisation, it was decided for technical reasons to continue
using method (iii) in this study. Because equilibrium curves were only compared
relative to each other, use of this method did not compromise the conclusions drawn
from the further investigations described below.

5.2.2 Stability of PagP refolded in diC,,.,PC liposomes depends
on the lipid-to-protein ratio

In the previous Chapter the folding and unfolding rates of PagP were examined
using a range of protein concentrations and lipid-to-protein ratios. The folding rate
was found to be enhanced by increases in either protein or lipid concentrations,
while the unfolding rate was essentially invariable (Chapter 4, Table 4.1 and 4.2). To
correlate these effects with those on PagP stability, the equilibrium unfolding of
PagP under different lipid-to-protein ratios and PagP concentrations was next
investigated. Consistent with the increase in folding rate observed at increased lipid
concentration, PagP stability increased with increasing lipid-to-protein ratio between
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200:1 and 3200:1 at a final PagP concentration of 0.4 uM (Figure 5.3). Equilibrium
curves appeared to follow a two-state transition and were fitted as described in
Chapter 2 (Section 2.2.5.10.) yielding unfolding midpoints of 8.25 + 0.34, 8.79 + 0.39
and 9.05 + 0.41 M for lipid-to-protein ratios of 200:1, 800:1 and 3200:1, respectively
(Figure 5.3). Consistent with the (un)folding rate constants being invariable at LPRs
above 2400:1 and final PagP concentrations above 0.2 uM (Chapter 4, Section
4.2.1), the equilibrium unfolding curve was found to be invariant under those
conditions (data not shown). Therefore an LPR of 3200:1 at a protein concentration

of 0.4 uM was used for all subsequent experiments.

5.2.3 Lipid headgroup properties modulate PagP stability in
diC,2.0-liposomes

To gain insights into the elastic coupling between the membrane interface and
PagP, the effects of the membrane interface structure on PagP stability and
(un)folding kinetics were assessed by incorporating lipids of differing headgroup into
diC420PC liposomes. First, the effect of incorporating phospholipids with varying
headgroup structure and charge was investigated using lipids carrying two C;2c-acyl
chains and a phosphatidylethanolamine (PE) or phosphatidylserine (PS) headgroup
(Chapter 4, Figure 4.8).

The results of these experiments showed that PagP was destabilised in liposomes
of diC4,0PC containing increasing concentrations of diC,,.,PE lipids, which bear a
significantly smaller headgroup relative to PC lipids, but maintain the charge
distribution on the liposome surface at pH 8.0 (Figure 5.4a). When included at
concentrations of < 7.5 % (w/w), there was little effect of diC,,PE on the unfolding
curves for PagP in diC,0PC liposomes, the midpoints being 9.05 £ 0.41, 8.97 *
0.50, 8.87 + 0.48 and 8.94 1 0.49 kJ.mol™ for 0, 2.5, 5 and 7.5 % (W/w) diC2,PE,
respectively. However, in the presence of 10 % (w/w) diCy,0PE, the unfolding
midpoint decreased to 8.51 + 0.42 kJ.mol", which decreased further to 7.60 + 0.30
kJ.mol" in the presence of 15 % (w/w) diC1,,PE (Figure 5.4a). These results were
consistent with the analysis of (un)folding kinetics in Chapter 4, which indicated that
the folding and unfolding half times were decreased, in parallel, by approximately
three to four-fold upon inclusion of 5% diC,,(PE in diC4,,PC bilayers, whereas the
folding rate was decreased beyond measurable timescales by further increasing the
diC,,oPE concentration up to 15 % (Chapter 4, Table 4.1 and 4.2).
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Figure 5.3: Equilibrium unfolding of 0.4 uM PagP in diC,, ,PC liposomes at a lipid-to-
protein ratio of 3200:1 (black), 800:1 (red) and 200:1 (blue). Experiments were performed in
50 mM sodium phosphate buffer (pH 8) at 25 °C. Lines show fits to a two-state transition.
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Figure 5.4: Equilibrium unfolding of 0.4 uM PagP in mixed liposomes. (a) Mixed
diC,, ,PC/PE liposomes [100/0 (black), 97.5/2.5 (red), 95/5 (orange), 92.5/7.5 (green),
90/10 (blue) and 85/15 (purple) PC/PE (w/w)]. (b) mixed diC,, ,PC/PS liposomes [100/0
(black), 97.5/2.5 (red), 95/5 (orange), 90/10 (yellow), 80/20 (green), 70/30 (blue) and 60/40
(purple) PC/PS (w/w)]. All experiments were performed with a lipid-to-protein ratio of 3200:1
in 50 mM sodium-phosphate buffer pH 8 at 25 °C. Lines show fits to a two-state transition.
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Phospholipids with a phosphatidylserine headgroup bear a net negative charge at
pH 8*% *3 in addition to possessing a smaller headgroup than PC (Chapter 4,
Figure 4.8). Incorporation of diC,,,PS into bilayers of the zwitterionic diC42.,PC thus
changes the charge distribution of the membrane interface. Interestingly,
incorporation of a small fraction (2.5 % (w/w)) of diC,.(PS into diC,,.(PC liposomes
lowered the unfolding midpoint of PagP by approximately 0.4 M urea relative to that
for the protein in 100 % diC,,,PC liposomes. However, incorporation of higher
concentrations of diC20PS, up to 40 % (w/w), did not result in a further
destabilisation of the protein (Figure 5.4b). Examination of the folding and unfolding
kinetics of the protein in diC4,0PS:diC42oPC (2.5:97.5 (w/w)) liposomes, detailed in
Chapter 4, showed that this decrease in stability resulted from a decreased folding
rate and an increase in the unfolding rate compared with 100 % diC,,,PC liposomes
(Chapter 4, Table 4.1 and 4.2). However, further increases in the diC,,,PS fraction
in the liposomes resulted in comparable decreases in both the folding and unfolding
rate constants, maintaining the unfolding midpoint constant around 8.81 + 0.36 M as
calculated from the equilibrium unfolding of PagP into liposomes containing 60 %
(Wiw) diC4,.0PC and 40 % (w/w) diC42.0PS (Figure 5.4b).

Several studies have shown that binding of sodium ions to the PS headgroup

%6388  Because the experiments

change membrane structure and properties
described in the present study were performed in the presence of 50 mM sodium
phosphate buffer, it was next investigated whether the binding of sodium ions to the
membrane could be in part responsible for the small destabilisation of PagP
observed in the presence of diC,2,PS lipid. To this end, equilibrium unfolding curves
for PagP were measured in diC2oPS:diCy,0PC (40:60 (w/w)) liposomes in the
presence of increasing amounts of NaCl. The unfolding midpoint was found to be
further decreased from 8.81 £ 0.36 M in the absence of NaCl to 8.46 + 0.17 M and
8.10 £ 0.16 M in the presence of 100 mM and 300 mM NaCl, respectively (Figure
5.5a). In contrast, addition of equivalent amounts of NaCl to 100 % diC,,PC
liposomes increased the unfolding midpoint from 9.05 £ 0.41 in the absence of NaCl
t0 9.35+ 0.03 M and 9.84 + 0.02 M in the presence of 100 mM and 300 mM NaCl,

respectively (Figure 5.5b).

5.2.4 Increasing the hydrophobic thickness of the membrane
uncouples helix and barrel unfolding

In addition to headgroup heterogeneity, the effect of the hydrophobic thickness of
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Figure 5.5: Equilibrium unfolding of 0.4 uM PagP at a lipid-to-protein ratio of 3200:1 in the
presence of 100 and 300 mM NaCl, red and green, respectively, compared to equilibrium
unfolding in the absence of NaCl (black) in (a) mixed liposomes of diC,,,PC/PS (60/40
(w/w)) and (b) 100 % diC,,.,PC liposomes. All experiments were performed in 50 mM
sodium-phosphate buffer pH 8 at 25 °C. Lines show fits to a two-state transition.
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the membrane on PagP stability was investigated. The hydrophobic thickness was
increased by using phosphatidylcholine with an acyl-chain length of 14 carbon
atoms, i.e. diC14,0PC. The equilibrium unfolding curve obtained for PagP in diC44,PC
was consistent with a three-state unfolding mechanism (with transitions
characterised by midpoints of 7.98 + 0.64 M and 9.17 ¢+ 0.32 M), the second
transition being superimposable upon part of the two-state equilibrium curve
obtained in diC1,0PC (Figure 5.6). The structure of PagP comprises an eight-
stranded B-barrel, preceded by a short N-terminal helix that stabilises PagP in
vivo®S and in vitro (see Chapter 3). To determine whether interactions between the
barrel and the helix were involved in the switch from a two-state mechanism in
diC42.0PC liposomes to a three-state mechanism in diC44,0PC liposomes, equilibrium
unfolding curves were next investigated for PagPA(1-19), the previously
characterised, truncated form of PagP lacking the first 19 residues that make up the
o-helix. The equilibrium unfolding curve for PagPA(1-19) was consistent with a two-
state mechanism both in diC4,,PC liposomes and in diC:40PC liposomes, with a
higher stability in diC4.0PC liposomes (unfolding midpoints of 7.75 + 0.60 and 9.05 ¢
0.62 M urea for diC120,PC and diC,4.0PC, respectively) (Figure 5.6). Interestingly, the
midpoint corresponding to the unfolding transition for the truncated protein in
diC44.0PC liposomes agreed very well with that associated with the second transition
in the proposed three-state unfolding mechanism of full-length PagP in diCq4,0PC
(Figure 5.6). The data therefore strongly suggested that this latter transition reflects
unfolding of the B-barrel and that the first transition corresponds to unfolding of the

a-helix.

5.3 Discussion

5.3.1 Membranes are solvents for PagP

In essence the role of the membrane is to solvate the native form of a membrane
protein. As such the membrane is required to cover as much hydrophobic surface of
the protein as possible. If the membrane is thinner than the hydrophobic thickness of
the embedded protein, the lipid bilayer will deform in order to cover the hydrophobic
protein surface®® %% The energetic cost of “stretching” the lipids in this fashion
reduces the stability of the protein, as shown for OmpA in response to changing the
acyl-chain length from 10 to 20 carbon atoms® and in this Chapter for wild-type

370. 372

PagP by adding sodium ions to diC:,,PC bilayers and for a truncated
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Figure 5.6: Equilibrium unfolding of wild-type PagP (black) and PagPA(1-19) (red) in
diC,,,PC (filled squares) and diC,, ,PC (open squares) liposomes. All experiments were
performed with a lipid-to-protein ratio of 3200:1 in 50 mM sodium-phosphate buffer pH 8 at
25 °C. Lines show fits to a two-state or three-state transition.
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Variant, PagPA(1-19), by increasing the acyl chain length from 12 to 14 carbon
atoms.

The hydrophobic thickness of PagP is roughly 24 A, measured by the position of the

120

aromatic girdles in the protein'®®, which is approximately 4.5 A more than the

average thickness of a diC,0PC bilayer measured between the phosphate groups

341

of the lipids®'. Increasing the hydrophobic thickness of the membrane should
provide a better match with the hydrophobic thickness of PagP, as illustrated in
Figure 5.7a. The membrane thickness is more significantly increased with diC14.0PC
bilayers to essentially match the hydrophobic thickness of PagP (diC14.0PC has a
hydrophobic thickness of 23 A*') (Figure 5.7b), which explains the increased
stability of PagPA(1-19). Unexpectedly, equilibrium unfolding of wild-type PagP in
diC140PC liposomes involved an intermediate, likely reflecting the unfolding of the
helix prior to the unfolding of the p-barrel, the unfolding transition of which overlaid
well with that of PagPA(1-19). It is possible that the helix clamp (discussed in
Chapter 3) prevents optimal positioning of PagP in such membranes, essentially
overestimating the hydrophobic thickness of PagP (Figure 5.7b). Only after the helix
is unfolded, can the barrel assume its ideal position and be stabilised by the thicker
Cis-membrane. Conversely, the unfolding behaviour of wild-type PagP in diC,,,PC
and diC,4,PC also re-emphasises the function of the helix as a post-assembly
clamp (discussed in Chapter 3), stabilising the wild-type protein in the thinner

bilayer.

The observation that membranes are primarily solvents from a thermodynamic point
of view is additionally illustrated in diC,,,PC membranes containing a variable
concentration of diC,,,PS lipids. Although the overall change in charge distribution
of the membrane in the presence of diC,,.,PS significantly changed the (un)folding
kinetics of PagP (Chapter 4), the high similarity in physical properties between 100
% diC120PC bilayers and mixed diC1,0PS/diC1,0PC bilayers*’ **° rendered the
stability of PagP relatively insensitive to the inclusion of diC4;0,PS in diC420PC
bilayers. The small decrease in stability nevertheless observed in such membranes
is discussed further below.

5.3.2 Membranes modulate PagP stability

Whilst membranes primarily are solvents for membrane proteins, the elastic
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Figure 5.7: Schematic representation of (a) increased hydrophobic matching between the
bilayer and the hydrophobic thickness of PagP (indicated by the dashed lines) by sodium
ions (red) induced increase of membrane thickness in diC,, ,PC membranes; (b)
hydrophobic matching (top panel) or overestimation (bottom panel) in bilayers of diC,, ,PC
membranes; (c) induced bilayer stress in mixed diC,, ,PC (white)/diC,,,PS (grey)
membranes induced by sodium ions (®); dashed circles in (c) represent water; (d) bilayer
curvature in mixed diC,, ,PC (white)/diC,, ,PE (grey) membranes.
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properties of the membrane are crucial in determining whether a protein can be
embedded stably in the membrane. Protein stability is decreased when membrane
curvature stress is increased.

This is evidenced by the example of equilibrium unfolding of PagP in bilayers
containing diC,,.0PS in which PagP stability is decreased only in the presence of
sodium ions. Sodium ions bind to the serine moiety of the lipid headgroup which
reduces the volume of the headgroup and induces curvature stress in the

membrane (Figure 5.7¢)¢ %7373,

Curvature stress was also induced in the lipid bilayers of diC4,.0PC by the addition of
the non-bilayer forming lipid diC12o,PE®® **®, Similarly to the effect described for
diC.,0PS in the presence of sodium ions, the increased stress results from the
relatively small PE-headgroup, which forces the membrane to laterally compress the
acyl-chains in the hydrophobic core (Figure 5.7d)**® ¥4%7 The observed decrease
in PagP stability therefore could result from a loss of membrane elasticity*> 4.
Consistent with observations for OmpA following inclusion of Ci.0Cs.4PE in a
C16:0C18:1PC/C160C1s:1PG bilayer®*, the decreased PagP stability exhibited a non-
linear dependence on the diC,0PE concentration. An explanation for this
phenomenon might be that the addition of small amounts of diC4,,PE perturbs the
membrane structure only locally. Indeed, PE-lipids are known to have a tendency to
form isolated domains in PC-bilayers®* %% %° A small percentage of PE therefore
can locally change membrane properties without affecting the stability of membrane-
embedded proteins, which predominantly will reside in the large amount of diC,,PC
present. Increasing the diC,,,PE concentration above a threshold value could

however decrease membrane plasticity overall, therefore destabilising the protein.

The importance of modulating curvature stress was also evident from the effects of
varying the ratio between the protein and the lipid used in the experiments, PagP
being more stable at higher lipid concentrations. indeed, in a mode! in which the
membrane adapts to the shape of the protein, increasing the volume of lipid in which
PagP can be solubilised decreases membrane deformations resulting from inserting
the protein in the membrane®®.

The average buried perimeter of PagP is estimated to be 78 A, based on an
average diameter of approximately 25 A according to the crystal structure'?’. Given
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that a diC20PC lipid molecule occupies an area of the membrane surface of
approximately 66.5 A2 ', on average 12 lipid molecules could fit around each PagP
molecule in each leaflet of the membrane. Considering the radius increases with the
equivalent of one lipid molecule per layer, 3 additional diC,,,PC molecules are
required around PagP in the second layer of lipid, i.e. the second layer consists of
approximately 15 lipid molecules, even more molecules will be necessary to
complete the third layer and so on. By consequence, at the lower lipid-to-protein
ratio of 200:1, 5 layers of lipid maximally surround each PagP molecule, extending
less than 50 A in the membrane. Membrane deformations resulting from PagP
insertion in a bilayer with a mismatch up to 2.25 A possibly could be very large®®
and likely extend much further in the membrane than 5 lipid molecules in diameter,
thereby resulting in a less elastic fluid to stabilise the native PagP fold. The area
between two PagP molecules will be much larger with a lipid-to-protein ratio of
3200:1, allowing the membrane more readily to accommodate the bilayer
deformations around each PagP molecule.

Kleinschmidt and co-workers recently estimated the lipid-to-protein ratio in a

1% The results discussed here

biological outer membrane to be around 4000:
suggest that such a high lipid-to-protein ratio is crucial to maintain the stability of
PagP and probably other membrane proteins, because it minimises the effects of
protein insertion on the bilayer itself. Clearly, at the systemic level, it would be
undesirable for bacterial viabilty were insertion of newly assembled outer

membrane proteins to disrupt the integrity of the membrane.
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6 Towards mapping a transition state of the outer
membrane protein PagP

6.1 Introduction

The study of protein folding has been driven by the determination of folding
pathways, which initially relied predominantly on the thermodynamic
characterisation of accessible folding intermediates'® ' 3" 3% |n the absence of
such intermediates, additional information about the folding mechanism can be
obtained from the transition states along this pathway® ***. To determine transition
states in protein folding, ¢-value analysis was introduced in the late 1980s and has
been proven to be a popular technique which has since been successfully applied to

a variety of soluble proteins®*® *'%,

Although some progress has been made in studying the folding kinetics of
membrane proteins®®® ***, thermodynamic characterisation of species along the

414

folding pathway has largely eluded investigation by current techniques®™®. A popular
way to measure the stability of membrane proteins uses SDS as the unfolding agent
in a mixed micelle. Thus, the association energies of the helix dimer of the single-
membrane spanning a-helical membrane protein glycophorin A%*® 2*° and model
peptides®*®, which can serve as models to study helix packing of multi-spanning o-
helical membrane proteins, were addressed. However, as these experiments have
been performed in the presence of a detergent micelle, the likely contributions made

27: 236, 237 gre excluded. In addition to

by the membrane to these interaction energies
the measurement of single helix association energies, the energetic contributions to
the dimerisation of the B-barrel OmpLA have been investigated in a detergent

415 4% The same technique has also been used for a combined

micelle
thermodynamic and kinetic characterisation of the native state and a partially
unfolded state of bacteriorhodopsin in a mixed micelle with SDS?™, although the use
of this technique inherently holds uncertainties as to the extent of unfolding and to
which energies are measured*'’. Curnow and Booth?* used this technique and from
their results suggested that the transition state for folding closely resembles the
unfolded state of the protein. However, the unfolded reference state in these
experiments was characterised to contain a large part of the secondary structure of
bacteriorhodopsin and as a-helices from membrane proteins are thought to form

stable entities in the membrane®® and the space of a detergent micelle is confined,
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such a transition state resembling the unfolded state might be inherent to the
experiment.

In the previous Chapters the folding and unfolding pathway of the outer membrane
protein PagP was described extensively in the presence of artificial membranes and
a partly irreversible membrane bound state described. In this Chapter the complete
reversibility between the folded and the unfolded state of PagP is achieved in
artificial membranes constituting of 100 % diC,,,PC. Variant proteins of PagP in
which specific interactions in various parts of the protein are probed were created
and the transition state for the unfolding reaction determined. The results support
previous conclusions that the N-terminal helix acts as a post-assembly clamp and
additionally show that the core of PagP is largely formed in the transition state. In
addition, the periplasmic part of the protein in the vincinity of the N- and C-termini
was found to be largely unstructured. The results are further discussed within the
framework of the mechanism derived in previous Chapters.

6.2 Theory of protein folding

6.2.1 The two-state folding model

Protein folding is a transient process involving a high number of low energy
interactions whilst probing the conformational space. Often though, only the fully
unfolded and the native conformation of the protein are observed experimentally,
highly simplifying the complex process in a transition between the native or folded
state (N) and the unfolded state (U) of the protein*'® 4'°. Under reversible conditions
the transition between the two populated states is characterised by a folding and an
unfolding rate constant, k; and k,, respectively, as shown:

According to transition state theory, each transition goes through an unstable high
energy activated complex*?® *% the transition state (Figure 6.1). The folding and
unfolding rate constants are then defined by (i) the fraction of molecules in the
transition state given by the Boltzmann equation according to the height of the

energy barrier, AG* (all energies quoted are under standard conditions), between
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Free energy

v

Reaction coordinate

Figure 6.1: Free energy diagram for a two-state reaction. U and N represent the unfolded
and native state, respectively. 1 mdlcates the transntlon state, k, and k, the unfolding and
folding rate constant, respectively. AG and AG are the acttvatlon energy for folding and
unfolding, respectively. AG,, is the difference in free energy between the native and unfolded
states. Free energies indicated are under standard conditions.
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aGt
the folded or unfolded state and the transition state energy [e RT j (i) the

frequency that a molecule with sufficient energy crosses this barrier (k—;I) and (jii)

the chance that a critical vibration in the activated complex leads to the formation of
product, given by the transmission coefficient (x). Thus, for example, the folding rate
ksis defined as:

in which kg is the Boltzmann constant, R is the ideal gas constant and T the
absolute temperature.

6.2.2 Kinetics of a reversible two state transition

In the case of a reversible transition the population change in both U and N depend
on the concentrations of the reactants themselves, meaning, recalling the scheme
for a reversible two-state transition:

k
Ky
that the changes in concentration of U and N with time, —————d[U] and ————dcl:]

respectively, are determined by a pair of differential equations:

duj _
— =kuN]- kU]
N -+

The concentration of native protein at each time t, [N](t), is found by solving the
differential equation above using the limits that the total protein concentration is
constant, i.e. [U] + [N] = [U + N] = constant:
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Nk, QNI IND -k =, [0 N, 4k N

The associate homogeneous equation is solved by separation of the variables to
give:

[Nkt) = C et

The non-homogeneous equation has the solution:

[Nfkt)=C,e ™™ +C,

in which C, and C, are integration constants that can be determined using the limits
that at the start of the folding reaction (t = 0) [N] = [N], and that at equilibrium (t = «)

[leku[um]

f u

. The solution then yields:

Nkt = ([N] K, [U+N]]e_(k,+k o, KuU+N]

+k, k, +k,

And consequently:
[UI) = [U + N] = [N](t)

The solution of the set of differential equations shows two important characteristics
for a two-state folding mechanism. First, that the folding and the unfolding reactions
both are characterised by a single exponential with the observed rate constant, Keps
= ks + k,. Second, that the observed folding rate is independent of the protein
concentration.

6.2.3 Equilibrium unfolding of a reversible two-state transition

— k, _ U]
At equilibrium %] is equal to zero, thus ku[N]eq =k,[U]‘aq or ﬁ:lﬁﬁ. Th

equilibrium constant for unfolding Keq (: t—“) is related to the free energy for
f
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unfolding via the van 't Hoff equation:

u
AG® = -RTINK,, = —RTIn[EU—) = -RTIn[[ L"J
ki N.q

Thus the protein stability can be determined either through kinetic analysis or
through equilibrium measurements. It is obvious that both approaches should yield
the same free energy.

In the kinetic approach the free energy is obtained by measuring the rates of folding
and unfolding in the presence of, for example, an increasing concentration of a
chemical denaturant like urea. Tanford found experimentally that the free energy of
transfer of the side chains and polypeptide backbones into the denaturant solution
during unfolding is linearly proportional to the concentration of urea by the

relationship*'®:

AG, = AG!° —mlurea)

This is consistent with the observation that the free energy of unfolding is linearly
proportional to the urea concentration*'®.

The m-value is a measure of free energy change upon addition of denaturant to the
protein due to the difference in solvent exposure of hydrophobic residues between
the folded and the unfolded state. The rate constants change accordingly, following

_AG
Arrhenius [k =e RT ] :

Ink =|nk”2°+———"“[urea]
’ - RT
Ink, = Ink® - 2 __— lurea)
' ' RT

And the van't Hoff equation reveals the relation between the kinetic m-values m,

and m, and the M-value measured in equilibrium experiments:
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m, [urea]
_AG?% Miurea] | H0 —or—
e RT @ RT r_©

kLizo _my, [urea]
e RT

Or after rearrangement:
M = mk' + mku

6.2.4 Transition state and ¢-value analysis

The linear dependence of the unfolding rate constant, k,, on the denaturant
concentration also implies the same relation exists for the activation energy for
unfolding to the transition state:

AG! = (AG"™°)* —m[urea]

The concept of a transition state of a reaction was developed in the early 20"
century to explain the rate of chemical reactions. In transition state theory, the rate
of chemical reactions depends on the configuration of the reactants to overcome the
reaction energy barrier. Similarly, protein folding can be interpreted as a sequence
of many interactions, all of which proceed through an activated complex. Each of
these interactions can then be probed by mutational analysis of the protein. In ¢-
value analysis interactions between residues in the wild-type protein are removed
using non-disruptive mutations, i.e. a specific amino acid is replaced by another one

without making new interactions*?®. The ¢-value for unfolding herein is defined as:

b = (AGH™ - AGE™) _ AAGE
"7 (AG™M-AG™)  AAG,

The difference in free energy between the transition state of wild-type protein and

the variant under study, AAGﬁ, is determined experimentally by measurements of

the unfolding rate constants*®:

mt
u

wt
AAG = —RTIn[k“ J
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AAG, is the difference in free energy between the free energy of the unfolded and
folded states of wild-type and mutant proteins and is usually derived from
equilibrium unfolding experiments using the equality

AAG, =<M > ([urea]y;,, —[urea]s,, ), which uses the high reproducibility of

determining the urea concentration at which 50 % of the protein is unfolded**.

The definition given above for ¢, can easily be rewritten using the equality
AAG? = AGH™ — AG}™ as:

AAG}  AG, - AG,
MG, AG, - AG,

In the case that the region of mutation is equally exposed in the transition state as in

the unfolded state of the proteins under study, AG, = AG,, which yields a ¢-value

equal to 1. By contrast, a ¢-value is equal to 0 is obtained when AG, = AG, , which

occurs in a region of the protein under study in which the interaction energies in the
folded and transition state are similar. In both cases explained above, the ¢-value
represents a measure for the extent of bond formation in the transition state,

identical to the Bronsted p-value for traditional chemical reactions*?. This is also the
case when AG, =0. This is true when amino acid residues are replaced by

residues which have similar characteristics, like for example the mutation of leucine
to alanine, both of which are likely to have similar solvation energies in the unfolded
state of the protein. Deviations could arise when polar residues are substituted for
apolar residues or when residual structure exists in the unfolded state of the
protein*®.

6.3 Results

6.3.1 Mutagenesis

Mutations in PagP were chosen to cover the entire protein (Figure 6.2). Usually
residues were mutated to alanine unless stated otherwise. Alanine was chosen
because of its non-disruptive nature, removing small interactions without introducing
steric effects (although only conservative when replacing apolar amino acids)*®.

W17 is part of the N-terminal PagP helix and was mutated as a probe for helix-
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Y23 S58 Q160

Figure 6.2: Cartoon representation of PagP highlighting the mutated residues, side view
(left) and top view (right). Residues part of the barrel interior are shown in red, residues of
the hydrophobic surface in blue and residues of the aromatic girdles in yellow. Images are
drawn using PyMOL (http://www.pymol.org) [PDB-code: 1THQ'2).
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interaction with the p-barrel. It was suggested in Chapter 3 that this tryptophan
completed the periplasmic aromatic girdle. The periplasmic aromatic girdle was
further probed by mutation of residue Y23, whereas the formation of the external
aromatic girdle was probed by mutation of residues W51 and Y153. The
hydrophobic surface of the protein in contact with the lipid bilayer was probed by
mutation of a ring around PagP constituting of residues F55, A85, L105 and M157.
A salt bridge is formed between the N- and C-terminus of the barrel between
residues D24 and R158 and was disrupted by mutation of the D24 to asparagine.
The internal core of PagP is formed by residues that are hydrogen bonded in the
bottom half of the barrel. Core residues chosen for mutation were S58, S130 T137,
Q139 and Q160. In addition to an extensive hydrogen bonding network, two cation-
7 interactions, one between residues R158 and W66 and a second one between
residues R94 and W60, are formed in the core. Only the latter was investigated by
mutation of R94, as mutation of R158 was expected to yield results that would be
difficult to interpret as R158 is also part of the salt bridge. Residue M72 lines the
hydrophobic binding pocket, however also represents the only residue that is
hydrogen bonded and might provide a unique probe to study the formation of the
binding pocket. A full list of all the mutations made is given in Table 6.1.

6.3.2 Equilibrium measurements

In Chapter 5, reversibility tests of the equilibrium unfolding of PagP in diC,.,PC
liposomes were shown to result in unfolded states at 10 M urea in the presence of
liposomes that differed in their Trp fluorescence emission spectrum, which was
attributed to adsorption of at least part of the unfolded protein to the liposome when
PagP was previously folded into liposomes at 7 M urea. Here complete reversibility
of equilibrium unfolding was demonstrated when PagP, initially folded in 7 M urea in
the presence of liposomes, was unfolded in 10 M urea and subsequently refolded by
mixing with lower urea concentrations (Figure 6.3). Equilibrium unfolding of PagP
was then also measured for the variants described above. Equilibrium unfolding
curves fitted well to a two-state mechanism. Although the global M-values showed
significant variation between variants, the data fitted equally well or even better
when restricting the M-value to an average over all the mutants (Figure 6.4, 6.5 and
6.6). This is most likely due to the absence of well defined baselines for several
variants. However, such information could be retrieved for all mutants fitting the data
globally. Most of the mutations made were found to destabilise PagP (Figure 6.4,
6.5 and 6.6), with the exception of Q160A, which had a stability similar to wild-type.
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Table 6.1: Parameters determined from restricted fits from unfolding kinetics and equilibrium
unfolding of 0.4 uM PagP and a lipid-to-protein ratio of 3200:1 in 50 mM sodium phosphate
buffer (pH 8) at 25 °C.

PagP variant  [urea]sos AAG? k. AAGE® b
M) (kdimol) (min") (kJ/mol)
Wild-type  8.77 £ 0.04 0.044+ 0.000

Variants on the hydrophobic surface
F55A 813+0.05 4341046 0.058+0.000 0.69+0.03 0.16 £ 0.01
A85G 8241005 359+045 0.072+0.000 1.25+0.02 0.35+ 0.01
L105A 830+0.04 3171042 0.02910.000 -1.01+002 -0.32+0.01
M157A 8301004 3191042 0.04710.000 0.19%0.02 0.06 £ 0.01

Variants in the aromatic girdies
W17A 817+0.07 410+058 0.230+0.013 4.11+£0.14 1.00+0.03
Y23A 822+0.05 3751044 0.321+0.006 4.94+0.05 1.3210.01
W51A 850+0.04 185+040" 0.035:0.000 -058%003 -0.3210.02
Y1563A 8431004 2314039 0.060+0.000 0.77%0.03 0.33+0.01

Variants in the barrel interior
D24N 840+005 2511044 011110.001 230%0.03 0.92 ¢+ 0.01
S58A 8.01 £ 0.06 5.21+0.51 0.211+0.004 3.9010.05 0.75+ 0.01
M72A 856+0.03 142+0.37 0033+0000 -0.71:£0.03 -0.50%0.02
R94A 784+005 636+051 0105+0.001 2.18+0.02 0.34 £ 0.01
S130A 800+0.04 5281042 0.125+0.002 2.61+0.04 0.49 £ 0.01
T137A 846+004 211+039 003210000 -080+0.02 -0.38+0.01
Q139A 818+004 4.01+044 00751+0.001 1.3210.03 0.3310.01
Q160A 8.88+ 005 -0.75+045° 0.015+0.000 -2.660.02 3.56 1+ 0.03

*AAG, =<M > ([urea]?,, —[urea]sy, ) with an <M> = 6.86 £ 0.20 kJ/mol/M

Punfolding rates measured in the presence of 8.8 M urea

*AAG? =

“AAG, lower than the generally accepted cut-off in ¢-value analysis of 2 kJ.mol™

wt
u
mt
u

k
—RTIn(———}, calculated at 8.8 M urea
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Figure 6.3: Equilibrium folding (w) and unfolding (o) of 0.4 uM wild-type PagP in diC,,,PC
liposomes at a lipid-to-protein ratio of 3200:1. Solid and dotted black lines represent fits in
the folding and unfolding direction, respectively. All experiments were performed in 50 mM
sodium phosphate buffer pH 8 at 25 °C.
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Figure 6.4: Equilibrium unfolding of PagP variants (0.4 uM) on the hydrophobic surface
[wild-type (black), F55A (red), A85G (green), L105A (blue) and M157A (purple)]. Solid lines
are fits to a two-state mechanism (Materials and Methods, Section 2.2.5.10) with variable
M-value (a) and restricted M-value (b). Residuals are shown above each graph. All
experiments were performed in diC,, ,PC liposomes at a lipid-to-protein ratio of 3200:1 in
50 mM sodium phosphate buffer pH 8 at 25 °C.
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Figure 6.5: Equilibrium unfolding of PagP variants (0.4 uM) in the aromatic girdles [wild-
type (black), W17A (red), Y23A (green), W51A (blue) and Y153A (purple)]. Solid lines are
fits to a two-state mechanism (Materials and Methods, Section 2.2.5.10.) with variable M-
value (a) and restricted M-value (b). Residuals are shown above each graph. All
experiments were performed in diC,, ,PC liposomes at a lipid-to-protein ratio of 3200:1 in
50 mM sodium phosphate buffer pH 8 at 25 °C.
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Figure 6.6: Equilibrium unfolding of PagP variants (0.4 uM) in the barrel interior [wild-type
(black), D24N (red), S58A (orange), M72A (yellow), R94A (light green), S130A (dark green),
T137A (blue), Q139A (purple), Q160A (pink)]. Solid lines are fits to a two-state mechanism
(Materials and Methods, Section 2.2.5.10.) with variable M-value (a) and restricted M-value
(b). Residuals are shown above each graph. All experiments were performed in diC,, ,PC
liposomes at a lipid-to-protein ratio of 3200:1 in 50 mM sodium phosphate buffer pH 8 at 25
°C.
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6.3.3 Kinetic measurements

The folding kinetics of PagP is complicated by a burst phase and parallel folding
pathways (Figure 6.7a). By contrast, unfolding kinetics of wild-type PagP fitted well
to a single exponential (Figure 6.7b). The denaturant dependence of the folding and
unfolding rate constants is shown in Figure 6.7c. Both folding and unfolding rates
showed linear dependence on the denaturant concentration, consistent with
experimental observations for soluble proteins*'® and the o-helical membrane
protein bacteriorhodopsin®*. The faster refolding rate constants fitted well to a two-
state mechanism with parameters derived from kinetic unfolding rates and the
equilibrium unfolding experiment (Figure 6.7c). However, since the folding kinetics of
PagP is complex, only the unfolding kinetics were studied further to compare PagP

variants.

Unfolding rates of variant proteins generally displayed similar dependence on the
denaturant concentration as the wild-type protein (Figure 6.8, 6.9, 6.10). For those
variants that displayed a significantly different denaturant dependence, there was no
correlation with the variation in the global M-value derived from equilibrium
unfolding; for example, where the m, for the variant AB5G was larger compared to
wild-type PagP (1.54  0.16 and 1.31 £ 0.30 kJ.min"'M"', respectively), the global M-
value was found to be significantly smaller for this variant compared to the wild-type
protein (3.92 + 0.54 and 7.36 + 0.65 kJ.min'M™, respectively) (Table 6.1). As for the
equilibrium unfolding experiments, the data were equally well described using an
average my-value for all PagP variants. Considering the large extrapolation from
around 8 M urea to obtain the unfolding rate constant in the absence of urea, the
differences in activation free energy for unfolding between wild-type PagP and PagP

variants, AAGE, were calculated around the midpoint of wild-type unfolding at 8.8 M

urea using the experimental data directly (Table 6.1). ¢-values for the unfolding
reaction were then computed using the differences in free energy between wild-type
and PagP variants, AAG,, derived from equilibrium unfolding. Considering the large
experimental variation AAG, was calculated according to Kellis et al.*?* (Section
6.2.4) (Table 6.1). This allowed for errors on computed ¢-values to remain low
considering the large experimental variability, with the exception of Q160A that also
displayed an unusually high ¢-value (Table 6.1). The latter is likely due to the very
similar AG, of the two proteins, complicating a quantitative analysis.

Most variants with high ¢-values were located near the membrane interface at the
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Figure 6.7: Urea dependence of folding and unfolding rate constants of wild-type PagP. (a)
Representative refolding traces in 7 (black), 7.2 (red), 7.4 (green) and 7.6 (blue) M urea.
Lines represent fits to a double exponential. (b) Representative unfolding traces in 10
(black), 9.8 (red), 9.6 (orange), 9.4 (green), 9.2 (blue) and 9 (purple) M urea. (c) Denaturant
dependence of the observed rates. Fast folding rate constants (filled black squares), slow
folding rate constants (red) and unfolding rate constants (open squares). The solid line
represents a linear fit to the unfolding rate constants; the dashed line is calculated using the
fit through the unfolding rate constants and parameters derived from equilibrium unfolding.
All experiments were performed in diC,, ,PC liposomes at a lipid-to-protein ratio of 3200:1
in 50 mM sodium phosphate buffer pH 8 at 25 °C.
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Figure 6.8: Urea-dependence of the unfolding rate constants of PagP variants (0.4 uM) in
the aromatic girdles [wild-type (black), W17A (red), Y23A (green), W51A (blue) and Y153A
(purple)). Solid lines represent linear fits with free m -value (a) and restricted m -value (b).
Residuals are shown above each graph. All experiments were performed in diC,, ,PC
liposomes at a lipid-to-protein ratio of 3200:1 in 50 mM sodium phosphate buffer pH 8 at 25

°C.
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Figure 6.9: Urea-dependence of the unfolding rate constants of PagP variants (0.4 uM) in
the hydrophobic surface [wild-type (black), F55A (red), A85G (green), L105A (blue) and
M157A (purple)]. Solid lines represent linear fits with free m -value (a) and restricted m,-
value (b). Residuals are shown above each graph. All experiments were performed in
diC,,.,PC liposomes at a lipid-to-protein ratio of 3200:1 in 50 mM sodium phosphate buffer

pH 8 at 25 °C.
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Figure 6.10: Urea-dependence of the unfolding rate constants of PagP variants (0.4 uM) in
the barrel interior [wild-type (black), D24N (red), S58A (orange), M72A (yellow), R94A (light
green), S130A (dark green), T137A (blue), Q139A (purple), Q160A (pink)]. Solid lines
represent linear fits with free m -value (a) and restricted m -value (b). Residuals are shown
above each graph. All experiments were performed in diC,,,PC liposomes at a lipid-to-
protein ratio of 3200:1 in 50 mM sodium phosphate buffer pH 8 at 25 °C.
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periplasmic side of the protein on the strands constituting the N- and the C-terminus
of the B-barrel (Table 6.1). W17A and S58A, situated on the N-terminal o-helix and
on the neighbouring strand of the N-terminus, respectively, were the only residues
not part of these strands that showed such low ¢-values, grouping all residues with
¢-values above 0.7 at the same topological site on the protein (Table 6.1 and Figure
6.11). The majority of the residues probed (W51, F55, M72, A85, R94A, L105, T137,
Q139, Y153 and M157) had ¢-values between 0 and 0.5, suggesting the transition
state resembles the folded structure at the sites probed by the mutations made
(Table 6.1; Figure 6.11). Variant S130A had an intermediate ¢-value of 0.50 £ 0.01.

6.4 Discussion

6.4.1 Transition state structure

Summarised, the results of the ¢-value analysis performed in these experiments
suggested that the transition state of unfolding is highly polarised with a compact
structure, close to the native fold, in the core of the protein and which is highly
unstructured on the periplasmic side near the termini of the protein (Figure 6.11).

The compact structure of the PagP core is evidenced by the low ¢-value found for
residues on different B-strands and location in the protein: residues W51 (strand B)
and Y153 (strand H) on the extracellular aromatic girdle, residues F55 (strand B),
A85 (strand D), L105 (strand E) and M157 (H) on the hydrophobic surface in the
middle of the membrane, residue M72 (strand C) in the substrate binding pocket in
the top half of the p-barrel, R94 (strand D), T137 (strand G) and Q139 (strand G) in
the hydrogen bonded bottom half of the B-barrel (Figure 6.11).

Consistent with results reported in Chapter 3 where the N-terminal a-helix was
suggested to act as a post-assembly clamp, W17 is unstructured in the transition
state for unfolding (Figure 6.11). Three other residues that were found to be highly
unstructured (Y23 (strand A), D24 (strand A) and Q160 (strand H) are also part of
the N- and C-terminus of the B-barrel (Figure 6.11). S58, which also had a high ¢-
value, lies at the bottom of strand B and forms a hydrogen bond with D24 (Figure
6.12a), which was shown to be unstructured.

Residue S130 has a ¢-value of 0.49 £ 0.01 stabilising the native-like structure of the
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Figure 6.11: Transition state structure of PagP. Scale of ¢-values is shown on the right.
Residues that resemble the native state have low ¢-values (coloured red); residues that are
unstructured in the transition state have high ¢-values (coloured blue). Images are drawn
using PyMOL (http://www.pymol.org) [PDB-code: 1THQ'20].

Figure 6.12: Cartoon representation of PagP highlighting interactions made by residues
D24 and S130. (a) Detail of H-bond between D24 and S58. (b) Detail of H-bonding network
including E90, S130, Q139 and R158. Images are drawn using PyMOL
(http://www.pymol.org) [PDB-code: 1TTHQ'29).
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transition state. This is expected as S130 (in the lower half of strand F) makes a
hydrogen bond with ESO on the C-terminal end of strand D in a wider network with
Q139 and R158 (Figure 6.12b).

6.4.2 Folding pathway

The folding mechanism of PagP was shown to behave according to a two-state
mechanism in equilibrium unfolding experiments. The transition state of unfolding
measured here, by microscopic reversibility, should then be the same as the
transition state for the refolding reaction®®. Such interpretation is not compromised
by the presence of parallel folding pathways for PagP. Indeed, parallel folding
pathways arose from two PagP populations, one adsorbed to the liposomes and one
free in solution, not from different folding mechanisms of the proteins, thus the
transition state for both pathways should be the same. Consequently, the transition

state for folding was determined.

Extensive folding studies on OmpA suggested that refolding into liposomes is
unidirectional for this protein and occurs through a concerted mechanism in which
secondary and tertiary structure are formed co-operatively®® '** 2'° The transition
state described in this study supports such a mechanism. Indeed, fraying of the
structure at the N- and C-termini, both of which are on the periplasmic side of the
membrane, is in agreement with a unidirectional concerted mechanism.
Furthermore, co-operative formation of secondary and tertiary structure in PagP
(Chapter 3) and the compact core in the transition state of PagP agree with a
concerted folding mechanism.

The approach presented here allowed the first glimpse of the transition state for the
folding mechanism of a membrane protein and can now be further applied to
improve the transition state structure of PagP by working towards a full integrated
analysis of the thermodynamic and kinetic data.
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7 Final reflections and summary

Christian Anfinsen is universally recognised as a pioneer in the protein folding field
for his fundamental contributions, in particular his discovery that the information
required to yield a biologically-active conformation of ribonuclease A is inherent in
the sequence of its amino acid residues'® “*’. Cyrus Levinthal argued that, because
of the number of degrees of freedom in a typical unfolded polypeptide chain, the
conformational space that would need to be explored in a random search would be
so large that the correct native conformation could not be found within the lifetime of
the universe. He therefore proposed that proteins must fold by following folding
pathways*?®. This led the field to search for the folding pathways for various soluble
proteins and subsequently for unifying mechanisms of folding that could be applied
to other proteins®. However, the existence of a unique folding pathway for each

42 it was

protein was challenged when, initially based on theoretical considerations
accepted that an ensemble of structures at the early stages of the folding reaction
would create a myriad of routes on a folding landscape that led to the native
conformation through a folding “funnel”. However, although a funnel-like landscape
is now widely recognised, the whole spectrum of pathways is not necessarily

430 431 As a consequence, experimental

accessible by experimental methods
research efforts are still very much targeted towards the identification of folding

routes through the folding energy landscape.

The description of folding pathways for membrane proteins is an area in protein
folding that is still very much under development. To date these proteins have
occupied a rather minor place in structural biology investigations, due to the
experimental difficulties associated with their study*?. However, a better
understanding of the unique nature of membrane proteins and the development of
high throughput methods to overcome bottleneck procedures such as expression
and purification®®® ** 4% have resulted in substantial progress in the field of

membrane protein structural biology in the past few years*®

. Although in most cases
relatively stable in the membrane, a key problem in working with membrane proteins
remains their usually limited stability when extracted from the membrane in a
detergent micelle for subsequent detailed characterisation®® 4. Because of its
evident importance to such stability, the lipid bilayer must therefore be regarded as

" an integral part of the complete thermodynamic description of a membrane protein.
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The understanding and realisation of this interplay between the protein and its lipid
environment not only holds the key to membrane protein stability, but also poses
challenging questions about how stability, dynamics and function are achieved in the
membrane environment. An additional question concerns how the correct fold of a
membrane protein is achieved. Folding of membrane proteins is a dazzling enigma,
the contributions to which of the protein itself and of the lipid bilayer cannot easily be
separated. The unusual properties of membrane proteins require a complex,
polarized environment so that the hydrophobic parts of the proteins can be
accommodated within the apolar core of the membrane, whilst the more hydrophilic
parts of the proteins are accessible to the aqueous environment. To create an
environment of this type for folding studies, two approaches thus far have been
successful, each for a different class of membrane proteins.

For some a-helical membrane proteins it has been shown that these proteins can
fold and unfold reversibly in a mixed micelle consisting of lipids and detergents when
mixed with a denaturing detergent such as SDS to drive unfolding® %% 8 Although
such experiments have considerably advanced our understanding of the folding and
stability of a-helical membrane proteins, they are difficult to interpret and, in
particular, spectroscopic changes seen upon treatment with SDS do not necessarily
reflect extensive unfolding of some membrane proteins*'”. Furthermore, such an
approach is unlikely to be widely applicable due to the limited stability mentioned
above of these proteins in such micelles.

In an alternative approach, the ability of p-barrel membrane proteins to
spontaneously fold into artificial membranes has been used to study the folding
pathway and the contributions of the membrane and the protein sequence to the
stability of the bacterial outer membrane protein OmpA using the chemical
denaturant urea®” 2 ' Such an approach is likely to be more widely applicable
within the class of B-barrel membrane proteins, however, it could prove difficult to

expand to a-helical membrane proteins as these are not readily unfolded by urea®,

The latter of the two strategies has been applied in the present study for
investigating the bacterial outer membrane protein PagP. The energetic coupling
between the membrane protein and its environment became evident from the results
obtained by refolding PagP in a variety of lipid membranes. A key feature which
seems to contribute to determining PagP stability is the the flexibility of the
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membrane and how the membrane can adapt to deformations resilience response
of the system to the deformations made by the (un)folding reaction of the protein.
Thus it is important that the membrane retains certain plasticity. Removing plasticity,
by for instance including non-bilayer lipids (Chapter 5), increases the energetic cost
of protein partitioning in the membrane. Furthermore, the energetic cost paid by
partitioning is not regained in the membrane and PagP stability is decreased.

So what about the protein sequence? How does PagP fold? There is a kinetic
argument that is highly in favour for chaperones to aid in the folding of B-barrel
membrane proteins in vivo **°. This is likely to also be true for PagP. However, so far
it is unclear to what extent chaperones in the periplasm assist in the folding process
and it is unclear whether the membrane folding/insertion process itself wouid be
different in the presence or the absence of chaperones. Thus studying the folding of
B-barrel membrane proteins in the absence of the in vivo machinery could prove to
yield useful insights into the assembly of pB-barrel membrane proteins. If nothing
else, folding studies teach what is necessary to create a stable and functional
membrane system, how it is possible for a membrane protein to exist in stable form
in a lipid environment and provide the framework to determine how molecular
chaperones may modulate or change the folding mechanism.

The PagP structure is an eight-stranded B-barrel which is preceded by an N-terminal
a-helix, a unique feature for a bacterial outer membrane protein. It was shown that,
generally, the folding mechanism of PagP is very similar to that of the other well-
studied outer membrane proteins OmpA and FomA®®® with fast adsorption to the
membrane, followed by parallel pathways that via a concerted insertion mechanism
reach the native state of the protein. The N-terminal helix of PagP was shown to be
dispensable for folding, however, it was shown to modulate the stability of the
membrane-inserted state of PagP by acting as a post-assembly clamp. This was
shown not only by mutational analysis, but also by comparing the relative stabilities
of wild-type PagP and a variant that lacks this helix in lipid bilayers of varying
thickness.

To dissect the contributions of the protein sequence to the stability and the folding
mechanism, work was initiated to elucidate the transition state involved in PagP
folding. The resultant findings were consistent with this state comprising a compact
PagP core, together with essentially unstructured regions corresponding to the



1561

termini of the folded protein. This picture of the transition state fits in well with a
concerted mechanism of folding, in which secondary and tertiary structure form co-
operatively, and confirms the proposed action of the N-terminal a-helix as a post-

assembly clamp.

Thermodynamic and kinetic characterisation of the «-helical membrane protein
bacteriorhodopsin suggested the transition state to lie close to the unfolded state of
the protein. This was not very surprising at the time as the denatured state was
considered to retain a high percentage of o-helicity?’*. In addition, a-helices are
known to be inserted into the membrane as stable structural elements either
individually or as pairs by the Sec-translocon in vivo*®. It might therefore be
predicted, perhaps naively, that the transition state for the folding reaction of an a-
helical membrane protein would resemble the unfolded, but a-helical rich, state,
reinforcing the validity of the observations made by Curnow and Booth?*. It is
therefore even more intriguing that the transition state of PagP determined here
seems to approximate the native state. In the light of these findings it would be
interesting to investigate how much of the core of a-helical membrane proteins
might be formed in the transition state for their folding.

With the experimental techniques developed and outlined above, that enable studies
of the folding mechanisms of membrane proteins to be performed with relative ease,
the field is now poised for a rapid expansion. In particular, it will be important to
investigate differences and similarities between the folding of membrane proteins
from different families and topologies. By such means it is hoped that the key will be
found to unlock the secret of how the amino acid sequences determine the
enormous variety of biological activities to be found in different membrane proteins,
within the restrictions imposed by the quasi two-dimensional structure of the cell
membrane.?’*
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homologues are unique in that the eight-stranded barrel is tilted by about
25° with respect to the membrane normal and is preceded by a 19-residue
a'nl:l\ipaﬁtk a-helix. To investigate the role of this helix in the folding and
stability of PagP, mutants were generated in which the helix was deieted
(A(1-19)), ar in which residues predicted to be invalved in helix-barrel
interactions were altered (W17A or R39L). The ability of the variants to
insert into detergent micelles or liposomes was studied in witro using
circular dichroism, fluorescence, Fourier transform infrared spectroscopy,
retic mobility and gain of enzyme activity. The data show tﬂ
PagP, initially unfolded in 5% (w/v) perfluoro-octancic acdd or 6 M
guanidinium chloride, inserts spontanecusly and folds quantitatively to an
active canformation into ent mielles of cyclofos7 or into e
vesicles of diC 5 o-phosp hatid ylcholine (diC 1, ,PC), respectively, the latter in
the of 7 M urea. Successful refolding of all variants into both
mi and liposomes ruled out an essential role for the helix or helix-
barrel interactions in folding and membrane insertion. Measurements of
thermal stability indicated that the variants R%9L, W17A/R59Land A(1-19)
were destabilised substantially com with wild-type PagP. However, in
contrast to the other variants, destabilisation of the W17A variant relative to
wild-type PagP was much greater in liposomes than in micelles. Analysis of
the kinetics of folding and unfolding of all variants in diC120PC liposomes
suggested that this destabilisation arises predominantly from an increased
dissociation of the refolded variant proteins from the lipid-inserted state,
The data suppart the view that the helix of PagP is not required for folding
and assembly, but instead acts as a clamp, stabilising membrane-inserted
PagP after folding and dacking with the membrane are complete.
0 2007 Elsevier Ltd. All rights reserved.

Kﬁwdc: membrane protein folding PagP; outer membrane protein;
f#-barrel; stability

Introduction

Integral membrane proteins are typically cate-
gorised into two classes according to the fold of their

transmembrane domains which can either be pre-
dominantly a-helical in nature or form a closed
f-barrel.’ {iembm of the p-barrel class of mem-
brane us form very stable entities in
the membpm:ﬁ mmllz's manomers (e.sg.OmpA),’ or
as ali;

Conespondmg author. E-mail address:

s.abaldwin@leadsac. uk

gomeric assemblies (e.g. OmpF).” Itis generall
accepted that the extensive hydrogen bond nelwm{

Abbrev lations used: diCy20PC,
diCyag-phosphatidylcdholine; FTIR, Fourier trassform
infrared y; Gdn-HQ, guanidirdum chloride;
LDAQ, Jauryldimethylamine-oxide; LUV, large
undlamellar vesicles; PFO, uom-octanoic ackd; pNPP,
pnitrophenylpalmitate; SUVs, small undlamellar vesicles.

between the transmem brane strand s forms the basis
of the extreme stability of these $
Escherichia coli PagP and its homologues are
f-barrel membrane proteins found in the outer
membranes of a number of Gram-negative bacteria,
including Salmanella and other * Pagp
transfers a palmitate chain from phospholipids to

0022283 /% - see fromt matter © 2007 Blacvier Lad. All rights reserved.
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Foiding and Stability of PagP

the lpid A moiety of lipopolysaccharides in the
mmplea.flﬁ nf‘e&e mefn‘aar}\e, reinforcing the
hydrocarbon core of the outer leaflet.® Such a
reinforced membrane protects the bacterium from
host immune defenses by (i) counteracting scaven-
ging of Mg®* by cationic antimicrobial peptides™®
and (ii) attenuation of the ability of lipid A to
activate these immune respanses.”

‘The three-dimensional structure of the 161-residue
PagP ein has been solved both by solution
NMR?*® and by X-ray crystallography.” The 141
C-terminal residues form an eightstranded trans-
membrane f-barrel, preceded by a short amphi-

ic a-helix, 19 residues in length (Figure 1(a)).

th the NMR and X-ray structures suggest that
PagP is monomeric, although dimers have been
abserved after solubilisation in lauryldimethyla-
mine-oxide (LDAQ) micelles.”” The transmembrane
p-barrel of PagP contains a hydrophobic binding
cleft for the phospholipid substrate, ariented per-
icular to the membrane plane (Figure 1{a)). The
p-barrel of PagP is proposed to be tilted by 25° with
respect to the membrane normal,**** and it has been
suggested that this creates a docking space for the
amphipathic helix. The position of this helix with
respect to the barrel could not be determined
unambiguously from the solution NMR structures
in detergent micelles, " butit was found to be closely
packed against the barrel in the protein aystals.” In
the latter structure packing of the helix protects an
otherwise membrane-exposed hydrophilic patch
at the periplasmic ends of the second and third
p-strands (Figure 1(b)). Additionally, the amphi-
pathic helix contributes a tryptophan residue
{Trp17), which completes the aromatic girdle on the
periplasmic side of the protein (Figure 1(a}). Re-
cently, further evidence for a close helix-barrel inter-
action has emerged from studies in which solution
NMR was used to probe water and axygen contacts

of PagP in dodecylphosphacholine micelles™ and
from ﬁ in n'hme?u):lmﬁﬁaﬁon of the helix as an in-
El:ne membrane anchor.”® Mutants bearing partial

lix deletions have been shown to be able to be
translocated across the inner membrane and trans-
ported to the outer membrane, and to form a fully
active protein in vivo.'* However, the predise role of
the amphipa thic a-helixin PagP stability and folding
has remained elusive.

Here we have analysed the stability, adi\'it‘\(' and
folding kinetics of full-length mature PagP (lacking a
signal ide) and of mutants desi to urb
lhguhe ix-barrel interaction n t'itrag(:idgl.lmple{t We
characterised these mutants after folding in deter-
gent using a previously published protocol” and in
an assay in which falding occurs into ormed
small and lrge unilamellar vesicles (SUVs and
LUVs, respectively). The results demanstrate that
the a-helix and the p-barrel are in close contact in
micelles of cgclnfns—?, consistent with previous
h‘)ganﬂwses"' and by mutagenesis of Arg39 reveal
that this interaction makes a major cantribution to
the stability of PagP. We also show that the helix is
entirely superfluous for membrane insertion into
lipid and that Trp17 stabilises PagP in the membrane
bound form. By combining these results with kinetic
data we propose that in lipid membranes the helix
acts as a clamp, locking the protein in the native,
active conformation once folding and insertion are
complete.

Wild-type PagP folds in detergent micelles and
in pre-formed liposomes

Successtul refolding to a functional state by dilu-
ting denatured pratein into detergent micelles**!

Figure 1. (a) Ribbon diagram (left) and surface model (right) of PagP An LDAO molecule

space fill) was

modelled in the hydmphobic substrate pocket of the protein (left). (b) Detall of the position of Trp17 with respect to the

barrel face (¢) Detall of A 3
Fig ures the N-terminal a-helix is shown in orange, Arg59
the periplasmic aromatic girdle (Tyr23, Trpas,
drawn using PyMol [http:/ / www pymolorg]

9 forming a hydrogen bond with the side-chain of Thrl6 in the N-terminal a-helix. In al
i red, Trp17 inblue and Thrl6in green. Residues that complete
| Phel01, Tyri33 Phels1) are shown in yellow. The images were

e, 1THO)™.
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or lipid bilayers™ has been ted for several
bacterial outer membrane f-barrel proteins, as well
as the mitochondrial outer membrane protein
VDAC?® In many (but not all) such cases, the
electrophoretic mability of the folded proteins on
SDS-polyacrylamide gel electrophoresis differs from
that of the fully denatured kmmihhesuwhsm
not boiled prior to electrophoresis (cold SDS-
PAGE).*® We exploited this phenomenan to provide
a simple assay for refolding of PagPin tand
tosg\?eﬁgateyd\e comhl?:ga rm‘zsslrya8 mmmedul
refalding of the protein into pre-formed

Using. this sy, we showed that PagP. intialy
denatured in perfluaro-octanoic acid (PFO), could be
refolded successfully into micelles of cyclofos-7
following a published protocal:” the folded protein
migrated with an apparent molecular mass of
21 kDa, which was decreased to 18 kDa when
denatured by heat (Figure 2(a)). A though the folded
state of B-barrel outer membrane proteins usually
migrate faster than the unfolded conformatian,
inverse shifts for same proteins, including PagP,
have been %% In agreement with the
reparts of ot PagP refolded from an SDS-
denatured state into f- Iglucoside showed
inverted migration shifts similar to those described
above (data not shown). To confirm that the more
slowly migrating band on gels of PagF refolded u;:

fos-7 ts thecorrectly folded

et b lmerialy b o
the substrate analogue p-nitrophenylpalmitate
{pNPP) was measured. In i studies, the
catalytic activity of PagP has been determined by
the transfer of palmitoyl chains from various *P-
labelled phospholipid substrates to lipopoly-
saccharides™ or by manitoring the cleavage of
doubly ®C- substrates using NMR.* ;
we developed a new assayin which the release of the
p-nittophenol group fram pNPP was manitored
directly at 410 nm in a buffer containing Triton X-
100 (see Methods). Addition of Triton X-100 to the
assay buffer is necessary to dissolve released
palmitate; however, whether Triton X-100 acts as a

(@) wiza wizamse
widtype  RSOL

& . u
“eTelele.. |
(b) —

AR -
-.“ai@».‘.- 4

01234867 & 910 [uwes] M)

Figure 2. oretic of refolding .
u)ki‘:!rﬂm and fo "ddmmpmm&
cyclofos-7 micelles. The ation of heat to unfold the
proteinis indicated above the gel. (b) Insertion and folding
of wild into diCuoPC LUVs at different urea
concentrations with a lipid-to-protein ratio of 300:1 in
50 mM sodium tebuffer (pH 8) 4t 25 °C_F, folded
T el

531

Table 1 En tumover of Imitate

measured by the release of pni enol with a final
enzyme concentration of 2 uM in cyclofos-7

Fnzymatic umover Kg <102

(nmol min ' uM") (mM )

Wild-type 0068 £0.011 1284001

WI7A 00510020 1154004

R39L 005340000 1112004

WITA/R39L 048 20011 1112002

A(1-19) 00580004 1104009

N-Aatyl 2 a514001

Stern-Volmer constants (K} derived from K1 quenching experi-
ments with 0.5 uM proteinin #C, 2 0PC LUVs are also shown. All
experiments were perrmed n 50 mM sodium phasphate buffer
(pH8) 2t 25 °C

substrate in a transferase reaction or solubilises
palmitate after pNPP hydmxds is currently under
investigation. The resulting data demonstrated that
PagP refolded into cyclofos-7 attained a functionally
active conformation able to hydrolyse pNPP and
release the coloured product p-nitraphenol, whilst
heat-denatured PagP (which has a hi electro-
phoretic mobility) is inactive (see Methods and Table
1). Consistent with its enzyme activity, PagP
refolded in this manner gave rise to a well dispersed
'H-BN-TROSY HSQCN;ﬁ;ctmm cor;ismt with
i lished spectra of the native
meﬂln"x (data not shown). e
Same integral f-barrel membrane proteins have
been shown to refald lponhnenbmly from a chao-
denatured state into rmed lipid bilay-
:12.%""“” However, cﬁl\;’t?;lof Pagf,gg\annhe):i
in 6 M guanidinium chloride (Gdn-HCl), into lipo-
somes consisting of 100% diCy; op |-
chaline (diCy20PC) did not lead to a stably folded
as determined by cald SDS-PAGE (Figure
b), lane 1). Wechc:cd'c?‘ﬁzc li:s:mu for
geblding i s because i insertion
into bot 33. and l.lz/s with ::grt lipid chain
lengths has been reparted to Produte better yields
for other p-barrel ';%m& Moreover, ﬁ\e);:zy.
matic activity of PagP towards the shorter hydro-
carbon chains of these phospholipids was expected
to be minimal.’* Building on the d:uerfvation that
the folding and membrane insertion of OmpA j
et I -
ted the insertiona into
i through vm ? these

ameters (pH 7-10; 4-37 “C), but without success
data not wn). In all such conditions Pagp

ipitated immediately following dilution into
ﬁmmc mixture, suggesting a competition
between insertion and aggregation. To disavour
aggregation and hence to maintain the protein inan
insertion-competent state, we next analysed the
folding and insertion of PagP in diC;,oPC liposomes
in the of different concentrations of urea.
At concentrations of ca 4 M-8 M urea a migration
shift in electropharetic mobility indicative of fo
and membrane-insertion was evident both in SUVs
made by sanication (data not shown) and in LUVs

wea
diCy
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by extrusian (Figure 2(b)). In the presence
db—?MmussmdPing'gnwgud\e
putatively folded farm, whilst increasing the urea
concentration further to 10 M led to the complete
retention of the apparent unfolded state.

To compare the structure of PagP refolded into
cyclofas-7 with that of protein folded and inserted
into diC , P'C LUVs, the conformational properties
of the protein were examined using tryptophan
fluorescence and far UV arcular dichroism (CD). Far
these experiments reconstituted PagP was first
separated from non-recanstituted protein by flota-
tion of the lipopsomes on a sucrose gradient (see
Methods). PagP contains 12 tryp residues,
eight in the transmembrane region of the barrel, two
in the extracellular loops and two in the N-terminal
region that contains the amphipathic helix.”® Tryp-
tophan residues in the transmembrane domains of
auter membrane f-barrels typically form aromatic
girdles around the protein, located in the interfacial
regions of the lipid bilayer.”° Burial of eight
tryptophan residues upon refolding of PagP and its
insertion into detergent micelles or the lipid bilayer
would be expected tacause a change in intensity and
a blue shift of the fluorescence emission maximum.
Consistent with this expectation, fluorescence emis-
sion spectra of PagP refolded into cyclofos-7 micelles
ar diC . oPC s were characterised by a substan-
tial increase in fluorescence intensity and a shift in
emission maximum from 350 nm for the unfolded

in in 8 M urea to approximately 335 nm far
refolded Pag!s’otﬁgure 3(a)). Retention of a small
shoulder at nm in the spectrum of the refolded
may reflect the presence of the two solvent-

e tr;ptnphan md\.nmm an the extracellular

loops of PagP.

ﬂ: far tﬁ' CD spectra of cyclofos-7-refolded and
liposome-reconstituted PagP are similar to rted
spectra of PagPinLDAOP(:fmI spectral diﬂxu at
very low wavelengths in some s resumably
n:?x’lting from light nueringeﬁxts;.“ Edh spectri:
of the refolded protein exhibita minimum at 218 nm,
consistent with the protein folding to a predominantl
a—d\eaconhma&g\, wlﬁch'uahmtintl!q:edrm)\'
of unfolded PagP in 8 M urea (Figure 3(b)). A band
with a positive maolar ellipticity around 232 nmisako
abserved in the of both refalded proteirs.
This band has been attributed mainly to a Cotton
effect between Tyr26 and Trp66,* two residues which
are distant in sequence space, but which pack closely
innaﬁvePagl’.TbarmdﬂﬁsMisﬂ\m
highly characteristic of native PagP. Together with the
abserved changes in electrophoretic mobility and

fluorescence emission spectra, these data

demanstrate that PagP is able to refold into its native

mﬂbLUV mation both in cyclofos-7 and in diCi20PC
S.

Kinetics of PagP refolding In pre-formed
liposomes

Insights into the foldi
abtained by monitoring ¢

kinetics of PagP were next
in the Te-

—

fluorescence x 108 (A.U.)g

300 320
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(b) wavelength (nm)
4
E" r
01
§§-z
S 4
g =
>
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Figure 3. (a) Fluorescance emision spectra of 0.5 uM
wild-type PagP and (b) cireular dicdhrolsm spectra of 5 yM
wild liﬁl’ () Unfolded in 8 M urea; () refolded in
cycbofos-7 and {---) refolded in diCy,FC LUVs. Back-
ground spectra without PagP were subtracted. All spectra
:;e: a:oudedn 25 °C in 50 mM sodium phosphate buffer

tic mobility and far UV CD signal of the protein
(initially denatured in 6 M Gdn-HCl) when diluted
into buffer containing diCy,,PC LUVs and 7 M urea
(Figure 4). The time courses of secondary and
t structure formation were examined using
far CD. Thus, by monitoring the increase in
ellipticity at 232 nm (Figure 4{a)) the formation of
the native core characterised by the Tyr26-Trp66
phenol-indale ring interaction could be measured,
whilst the formation of secondary structure was
followed using the psheet CD signal at 218 nm
(Figure 4(b)). time courses could be fitted o
single exponentials with rate constants of 0.88(x0.01)
min * and 092(+0.03) min~*, respectively. Consis-
tent with this, gel shift assays showed the quantita-
tive formation of stable structure, resistant to
camplete SDS-denaturation, within 5 min of initiat-
ing refolding (Figure 4(c)), whilst activity assays
using pNPP were used to show acquisition of
enzyme activity. Although the latter assays do not
allow a quantitative comparison with the PagP
activity in cyclofos-7 micelles, since the

substrate cancentration is not well defined in the
presence of liposomes, they qualitatively show that
enz acti is present within 2 min after
initiation of refolding in diC,;oPC liposomes (data
not shown). Together the data demonstrate that the
folding and membrane insertion of PagP into a
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Figure 4 Folding kinetics of wild-(yﬁJ\P’qP indtally
denatured in 6M Gdn-HQ into diCy oPC 's mond tored
by (a) CD at 232 susy; (b) CD at 218 nm and (¢) SD5-PAGE.
All experiments were at25°Cin the presence of
7 Murea at pH 8 and a lipid-to-protein ratio of 800:1. The
datain{a)and (b) are fitted toa single ential (red ine)
The final protein concentration was .':ﬁn

catalytically active state in diCy20PC ?:soma are
comgle;l\tdyi&ﬁn ~5 min of initiating refolding,

Role of the amphipathic helix in PagP fokding
and stability

A characteristic feature of PagP and its homo-
logues is the presence of an N-terminal amp hipathic
a-helix. Based on the al structure, this helix is
predicted to interact both with the f-barrel and with
the inner leaflet of the outer mmw
although these interactions were not d in
the NMR structures of the protein in detergent
micelles. "™ Residue Trp17, which is absolutely
conserved in PagP and 12 homologues, has been

roposed to contribute to a girdle of aromatic
residues stabilising the protein via interactions
with the interfacial of the bilayer at the
periplasmic surface of the membrane” (Figure 1(a)
and (b)). Interestingly, mutation of Trp17 to Ala has
no effect on protein” activity.’® The second residue
that may form a key interaction between the helix
and the p-barrel, Arg59 in strand 2 of the p-barrel, is
also highly conserved (in 10 of the 13 sequences of

Pa?l’and its homologues). This residue is predicted
to form a hydrogen from its side-chain to the
side-chain hydmxo‘yl of Thrl6 in the N-terminal helix
{conserved in 8 of the 13 sequences), and to provide

king interactions with the helix (Figure 1(a) and
E:‘);. To assess the significance of these interactions in
PagP folding and stability, we examined the effect of
removing them by creating the variants W17A and
R39L, as well as the double mutant protein, W17A/
R59L. Additionally, the entire helix was deleted in
the variant A(1-19). The ability of these proteins to
fold to an active state in cyclofos-7 was then assessed
by examining their ability to hydrolyse pNPP. In all
cases the activities of the mutant proteins were
similar to that of the wild-type PagP (Table 1),
mimri.nﬁ the of Jia ef al. that the W17A
variant of PagP, and PagP variants lacking various
parts of the helix, are able to fold to a catalytically
active confarmation in oivo. ™ [n add ition, analysis of
the secondary structural content of the Ided
PagP proteins in cycofos-7 micelles using Fourier
u:snsbrm infrared s (F'I'IR)":gv-hd a
p-sheet content similar to that of wild-type PagP for
the variants created, whilst A(1-19) wed the
expected decrease in helical content, with a con-
comitant increase in the percentage of p-sheet
structure (Table 2). Together the data show that the
mutant created are able to fold in cyclofos-7
to a native, active canformation, demonstrating that
the helix is fully dispensable for in vifro fol in
detergent and for the formation of catalytically
active PagP.

The N-terminal a-helix stabllises PagP in
detergent

Despite the lack of effect of mutating residues
involved in helix-barrel interactions on catalytic
activity, the results of gel shift analysis of non-heat-

denatured samples that urbation of
the Mu-bar:? mhmd deuu:“l'ag? Tesis
tance to SDS denaturation (Figure 2(a)). These
iments smfd that whilst the stability of
ﬁn is very to that of the wild-type pro-
tein, the variants R59L, W17A/RS9L and A(1-19)
are significantly destabilised, since these variants
lacked, or pam'.nll{r lacked, an SDS-resistant struc-
ture. Variant A(1-19), which did not yield a stable
shift, was confirmed to have a native-like fold

in cyclofos-7 using "H-"*N-TROSY HSQC NMR ex-
periments (data not shown). Further analysis of the

Table 2 C t band for wild-type
PagP and PagP varants obtained using FTTR

#-Sheet (%) a-tlelix (%) Tums (%) Randam (%)

Wild-type 45 20 24 1
WIZA 50 14 28 8
RIL 58 17 1 1
WI7A/RSL 53 15 24 8
A(1-19) 64 n 17 8

All experiments were perfarmed in 30 mM sodium phosphate
buffer {pH §) at 25°C in yclobe-7.
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stability of the mutant proteins in cyclofos-7 micelles
was obtained using unfolding monitored
at232 nm using far UV CD (Figure 5{a)). The extreme
stability ofwilgtype PagP in cyclofos-7 is exemplified
by the observation that a ature of 91 °C is not
sufficient to drive unfolding to completion. Complete,

ireversible, unfolding of wild-type PagP
uld be achieved, however, at 88 °C in cyclofos-7
after the addition of 4% SDS (data not shown).

The rank arder of thermal stability of the PagP
variants measured by far UV-CD s very similar to
that obtained using gel shift assays. Thus, the
stability of W17A was reduced only slightly com-

pared with wild PagP, indicating anly a minar
contribution of Ku’;ﬁue to the stability of the
protein in cyclofos-7 (Figure 5(a)). However, the
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Figure 5. Thermal deratumation curves determined by
changes in molar ellipticity st 232 run of PagP refolded in
(a) cychofos-7, {b) dC PC LUVs and {¢) dC,,,PC LUVs
in the of 7 M urea. Wikd-type PagP & in black,
WI7A in blue, RBL in red, WI7A/RSIL in purple and
A(1-19) PagP in orange. The temperature was sed in
steps of 3°C. Data ts were nomalised to the sigraks
for folded and unfolded protemn (see Methods).
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R39L mutation decreased PagP stability to a greater
extent. Combining both the WI7A and RL
mutations yielded an additive effect on protein
stability, such that the resulting double mutant
protein had a stability close to that of A(1-19): both
these variants of PagP unfolded completely, though
irreversily, within the accessible temperature range
(Figure 5(a)). These findings suggest that these two
residues provide the vast majority of stabilising
interactions between the helix and the p-barrel. The
data therefore yield an arder of thermal stability of
wild-type>WI7A>R¥L> A(1-19)~ WI7A/R59L.,

The N-terminal helix stabllises PagP in
pre-formed liposomes

To establish whether the differing stabilities of the
PagP variants were also mirrored in their membrane-
inserted counterparts, wild-type PagP and the four
variants were next refolded into diCyoPC LUVs in
the ence of 7 M urea. Enzyme activity towards
meu obtained for each Pagl variant following
such refolding (data not shown). To compare the
thermal stability of all PagP proteins with the results
obtained in cyclofos-7, urea was removed after
reconstitution of the protein. Retention of folded
and inserted PagP in diC ,,oPC LUVs was ascertained
by tryptophan fluorescence and perturbation of this
fluarescence using Kl in quenching experiments,
performed after remaval of protein aggregates on a
sucrose gradient. All variants had Stern—Volmer
constants equal to wildt PagP, which were
smaller than that measu or N-acetyl tryptopha-
namide, su that all PagP proteins were
folded and i;‘g:ndsh\m the mPr(qhble 1).

By contrast with the thermal unfolding data ob-
tained in detergent, wild-type PagF and its variants
were much more stable in LU Vs of d& 5 oPC: none
of the variant proteins nor wild-type PagP unfolded
before the maximum accessible turx::mm 80 °C;
Figure 5(b)). Thermal unfolding of proteins in
diC 15 0PC LUVs was therefore also measured in the

ence of 7 M urea. Under these conditions wild-
type PagP retains significant native structure and
remains membrane-associated even at 79 °C.
contrast, all of the variants created showed sub-
stantial destabilisation relative to the wild-type
protein. Most dramatically, whilst the variant

W17A showed similar thermal stability to wild-
type PagP in cyclofos-7 (Figure 5(a)), variant
was substantially destabilised in diC3oPC LUVs in
7 M urea, showing a stability similar to A(1-19)

(Figure 5(c)). Indeed, both the WI7A and A(1-19)
variants unfolded with an apparent midpoint of
~68 °C. The variants R59L and W17A/R59L were
also significantly destabilised relative to wild-type
PagP in both cyclofos-7 and in diC poPC LUVs.

Kinetics of Insertionffolding and unfolding of
PagP are afected by the N-terminal a-helix

The differences in stability of wild-type PagP and
its variants in diC;;oPC LUVs ¢ have arisen
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either from a decreased rate of folding and insertion
of the variants into posomes or from an increase
in their rate of unfalding and membrane dissocia-
tion, or from both. To ine the origin of the
differences in stability of the variants created, the
rate of folding and membrane insertion of each

rotein, denatured initially with 6 M Gdn-HCl,
into diC ;2 PC LUVs in the of 7 M urea
was measured for all variants using CD at 37 °C.
We performed these experiments at 37 °C rather
than 25 °C to increase the refolding yield for the
variants R59L and WI7A/R55L. Interestingly,
whilst wild-type PagP and variants WI17A and
A(1-19) differed markedly in their thermal stability,
no differences in the kinetics of their folding and
insertion into LUVs in 7 M urea were observed, the
apparent rates bleing L&+ 08), 1.52(x009) and
135(x0.13) min™", respectively (Fi 6(a)). By
contrast, the varia'::gecRSQL) andguxWA/RS‘)L
folded and inserted into these LUVs more slowly
than the wild-ty tein ( Earmt rates of
056(x0.02) and 'a?;xmu m:\p , respectively]).
Overall, however, the ¢ es in the rate constants
were small relative to the very large difference in
thermal stability of the membrane-inserted states
(Kigure 5(c)).

on " me )

0 5 10 15 20
time (min)

0 5 0 B 2
ime (min)

Figure 6. {a) Folding and (b) unfolding kinetics of
PagP followed by circular dichroism at 232 nm of wikl-
type (black), WI7A (blue), RSIL {red), WITA/RIIL

urple) and A(1-19) PagP (orange). CD experiments
(\ge:amdlmd using 5 pﬁppagP :?37"(3 in ﬂ:;ﬂcme
of 7 M urea for folding experiments and 10 M urea for
unfolding experiments with a lipid-to-protein ratio of
S0GT in dCi20PC LUVs. The inset in {a) shows an ex-
pansion of the folding data over the first 2. 5 min. Traces
were normalised to the signals for folded and undolded
protein to enable comparison of kinetics (see Methods).

To complement these experiments the effects of the
mutations on the unfolding and dissociation of PagP
from membranes were alsoexamined using an assay
in which wild-type or mutant PagP was first inserted
into diCy, oPC LUVs in 7 M urea. The urea concen-
tration was then increased to 10 M in order to
f:rhce the equilibrium towards the unfolded state

the rate af unfalding was monitored using CD
(see Methods). Strikingly. all mutants lacking Trp17
(ile. WI7A, WI7A/R59L and A(1-19)) unfolded
much more rapidly than wild- PagP, with
apparent unfolding rates of 0 76(+0.02), 0.71(+0.02),
0.65(+003) and 0.013(0.001) min™, ively,
whilst the rate of unfolding of R59L. was 0 38(+0.02)
min~? (Figure 6(b)). Thus, whilst the variants W174,
WI17A/R59L and A(1-19) had completely unfolded
within 5 min, wild-type PagP took over two hours to
campletely unfold from the membrane. Combined
with the equilibrium studies shown in Fgure 5(c),
therefore, the unfolding kinetics demonstrate a key
role for the side<hain of Trpl7 for maintaining
PagP as a stably folded entity in lipid bilayers, by
disfavouring dissociation of the lipid-inserted and
folded state. By contrast, Trpl7 appears to play
little role in PagP stability in detergent micelles
(Figure 5(a)).

Discussion

Folding of PagP Iinto detergent micelles and
liposomes

To date, detailed studies of the mechanism of
folding and assembly of p-barrel membrane proteins
in vifro have mainly focussed on the outer membrane
f-barrel proteins, OmpAX25732-4%42 ang more
recently, FomA™*? and the eukaryotic outer mem-
brane protein VDAC? Here we report on the
thermodynamic and kinetic analysis of the (un)
folding of wild-type PagP, an eight-stranded trans-
membrane f#-harrel with an N-terminal amphiphatic
a-helix, and of variant proteins, to add ress the role of
the N-terminal a-helixin folding and stability of this

tein. In order to measure the thermal and kinetic
stability of PagP and variants, it was necessary to
fold the protein to a functional farm. Previous
studies had shown that wild-type PagP cagld be
folded successfully in the detergent cyclofos-7." Here
we reproduced these data showing, in addition, that
the protein can be refolded both intoSUVs and LUVs
of diCy20PC. However, by contrast with OmpA and
VD AC, which appear to collapse into a water soluble
partly folded conformation prior to membrane
insertion, ** PagP folding into vesicles required
the ence of significant concentrations of urea:
mbmg yields close to %)% were obtained in the
presence of urea concentrations of 6-7 M. We suggest
that this concentration of denaturant is necessary to
maintain PagP in a soluble and membrane-insertion-
competent state whilst disfavouring protein aggre-
ation, thus allowing successful protein folding and
insertion into lipid bilayers. Periplasmic chaperanes
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such as Skp and SurA may play a similar role
n pive. ¥

Using a combination of CD, FTIR, fluarescence,
Stzm-aolmer analysis, SDS—gel migration assays
and activity assays, we show here that PagP refolds
incyclofos-7 or into lipid vesicles to a conformation
with native-like secandary and t structure
and which is catalytically active. Importantly, in the
far UV CD spectra, a Cottan effect between Tyr26
and Trpé6 gives rise to a maximum in the
around 232 nm.*' This band provides an extremely
sensitive assay for the formation of the native
enzyme. A comparison of the kinetics of formation
of this band with those of secondary structure
formation measured by CD at 218 nm that
the rate of formation of scondar{:ruam coin-
cides with the formation of the native fold

" . 3444
consistent with ious lzms for Om
the folding of the g-barrel of PagP is cooperative.
Role of a post-assembly clamp

PagP and its homologues are unusual amongst
f-barrel membrane in that the transmem-
brane p-harrel is extended with an amphipathic
a-helix on the periplasmic side of the membrane.
Most known structures of outer membrane pro-
teins contain a p-barrel transmembrane domain
with short periplasmic turns and longer extracel-
lular ¥ Same transmembrane f-barrels are
extended with soluble domains in the
p&un,axhuhi:sed\ecmbf ?‘mm
plugdomnimthd hldbnckinbthes-bml,mg
as und for the TonB-dependent

The E. coli AIDA autotransporter is extended with
a short p-sheet domain (the f,-domain) on the
extracellular side of the For A and
FhuA their periplas n\km are g;"mbb
for folding in viva. ¥ By contrast, the f-domain
of AIDA is not required for folding in mivo, but it is
absolutely necessary for folding i vitm in the
abmdd::i;nmlid suppoﬁ.” Here we have shown

that of the region containing the N-
terminal helix of PagP does not the ability
af this protein to refold into detergent micelles of

cyclofes-7 or into pre-formed vesicles of diCi20PC,
consistent with previous studies showing that
transmembrane f-barrels can fold efficently in
vifro, 'R HAIIIR Lawever, by mutation of con-
served residues that stabilise the interaction
between the helix and barrel, together with
of the thermal sta of the resultin
:'MIY*M, we have &mm% that the Pag
helix contributes significantly to the stability of this
B-hmlbdhindﬁ:rnmdhulvs,hh
latter case predominantly by decreasing the rate of
unfolding and dissocdation of the membrane-
inserted native state. Thus, the p-barrel
forms an independent folding unit, the N-terminal
helix plays a central role in modulating the sta-
bility of the native protein. Most i ) we
have shown that the effect of mutating di

residues invalved in the helix-barrel interaction on
protein stability is ent upon whether PagP
is assembled into detergent micelles or into
aiCy0PC LUVs. We show that the sidechain of
ArgH situated in the p-barrel pravides most of
the stabilising interactions in cyclofos7: indeed,
the stability of the R39L variant resembles that of
A(1-19), in which the entire helix has been deleted.
Mutation of this residue also causes significant
destabilisation in diCi20PC LUVs By contrast,
mutation of the absalutely merwJ Trpl7 to
Ala produced only minor destabilisation in deter-
gent, but substantial destabilisation in LUVs in
7 M urea, demonstrating that the presence of the
indole ring of Trpl7 is required to maintain PagP
in a stably folded confarmation in the bilayer
under these conditions. Consistent with this, all
variants that lacked Trpl7 (W17A, WI7A/RSL
and A(1-19)) were able to fold to an active con-
formation, but resulted in less stable proteins in
@&iCy20PC LUVs that unfald 50-fold mare rapidly
than wild PagP. The data suggest, therefare,
that Trpl7 plays a crudial role in modulating PagP
stability in t!;e'rbﬂtya, possibly because the aro-
matic o 17 is red to lete the
perip umms . 14 p‘:dﬁlm:ph\gwahnd
in the membrane-inserted state after folding of the
barrel itself is complete. Rather than super-
fluous for folding and assembly of PagP, the
N-terminal helix of PagP could play a role in
maintaining t‘t:e integrity of the protein within the
| bila acting as a post-assembly ¢ 1
gfo&s«wwwaﬂyp‘?ﬁﬂw ﬁmtyh:d:?n
into how this family of membrane f-barrel proteins
fdd,buliwyal-o::vehwayfotmu detailed
inv into the mechanisms of PagP fo
:\dmmm insertion, building on m‘nf .uul?yhg
fold and assemble Pml;’u\d its variants quantita-
tively into diCyoPC 5

Methods

Mutagenesis and protein purification
Site-directed mutants were introduced into plasmid

pETCreAHAS™ the Qulcl:f method (Strata-
gene). Deletion of the a-hellx wand\hnv:
a 3

inverse PCR to incorporate a uniqu

gﬁdmdh Thesubsequent digestion of the PCR -
uct with BamHI and ovemight ligation T4 ligase
yiekled the construct designated p A(1-19).
The presence of the desined mutations and the absence of
unwanted additional mutations weme verified by DNA

. PagP was in E coli strain Rosetta 2
(Novagen) and grown in LB medium (orminimal medium
for production of "N-labelled n). mnscduc-d
protein was purified from inclusion bodies u adm;
turing conditions as described. lllkph“ 50 m,
pu-l&d n was obtained tre ofv wlm‘md
stored at 20 °C either a a pel tated from the
denaturing buffer by dialysis agairst distilled water or 25 a
solution in 6 M Gdn-HCI, with a typical protein
concentration of 0.5 mM.
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Refolding of PagP in cyclofos-7 and
SDS-paolyacrylamide gel electrophoresis

PagP was refolded in cydofos-7 (Anatrace, Maumes,
OH) using the method described by Hwanget al’ Briefly,
precipitated PagP was solubilised in 5% (w/v) PFO after
which 50 mg cyclofos-7 per 10 mg te was added
and dialysed for three days aga mM sodium

te buffer (pH 6). Successful refolding in these
and other experiments was assessed by SDS-palyacry la-
mide gel el * but without heat-denaturation
of the samples {cold SDS-PAGE). To this end aliquots of
the reaction mixture were mixed with an volume of
100mM Trs-HQ (pH 6.8), containing 4% (w/v) SDS, 2%
{v/v) glycerol and 0.01% (w/v) bromo blue and
were analysed 10 min later on 15% (w /v) acrylamide gels
(3754, acry lamide/bis-ac rylamide). Heat-denatured con-
trol sa were boiled for at least 10 min pdor to
analysis. Incubation for longer times both with and
without heat resulted in a similar pattern of bands
demonstrating that equilibrium had been reached in

each case.

Preparation of liposomes

diC . oPC (Avanti, Alabaster, AL, USA) dissolved in a
1:1{v/v) chloroform/ methanol mixture was dred on the
bottom of a test tube under a ﬂ:mmdnlﬂﬁ:
gas and i a desiccator u high vacuum.
resulting thin ki films were hydmted to give a
20 lipid solution in 50 mM sodium phosphate
buffer (pH 8) and brieflly vortexed. LUVs were formed
by extruding the lipid dispersions 11 times through

100 lycarbonate membran, cleo-
Mnm(g’ﬁm, NJ) using a m:df::udc

(Avanti, Al‘f:n:!’&', A.Lsolfl‘\l).‘ SUVs were fam?
son ke abion min, cycle at setting -
225R, Ultrasamics Inc.). Titani ’yp-rﬂdu were removed

by centrifugation (1 min, 13,000g).

Refolding of PagP in pre-formed liposomes

Conditions for the folding of purified and precipitated
PagP in diCyPC LUVs were investigated at room
temperature by mixing 5 uM denatured PagP in 6 M
Gdn-HC1 with lipid vesicles in a molar lipid-to-protein
ratio of 800:1 in 50 mM sodium tebuffer (pH 8) in
the of (~10 M urea, ly diluting the Gdn-
HCE"‘QMIQ oluti "W~¥,1m4 d. Refold-
ing was assessed by gelshift analysis as described above.
Liposome integrity in the presence of high concentrations
of unea was denwmstrated using dynamic light scatterng.

Thermal denaturation of PagP in cyclofos-7
and diC20PC liposomes

Refolded PagP in cyclofos-7 was diluted to a final
m;n:wﬂm 5 uM in 50 mM sodium phosphate buffer
{pH 8) containing 1% (w/v) eydofos-7. CD were
hhenau]msw qum%nm
and 250 nm using a lwlhlmgdhlo , & scan
speed of 50 nm min " and a bandwidth of 1 nm. The

re was regulated to 25 °C using a Jasco PTC-
3518 peltiessysten. Yor cycloton? Fag? e
unfolding was monitored by the change in lp&:l!x at
232 nm resulting from increasing the temperature in 3 °C

steps between 10 °C and 91 °C. Highly thermostable wild-
and mwtant s were also measured by the
addition of 2-4% to enable unfolding between 10 °C
and 91 °C. Thermal denaturation of lip t th
tuted PagP was measured between 40 °C and 80 °C (the
highest temperature the I were ascertained to be
J&h 3 °C steps. For
t urea, the lipo-
dhcem;mpﬂm 100, for
sodium-phosphate
lmﬂchS). Data points were normalised between the
signal of folded PagF at 10 °C and unfolded PagP at 91 °C
for eyclofos-7 refolded protein according to:

sigr(mormalisad) = S8 —58s1)
(sig1p — 51gsy)

whete sigr is the intensity at 7 °C, sigip and sige at
10°Cug91 °C, respectively. For ref cdprotfhh
dCuoPC LUVs the signal was normalised relative to
the signal of folded PagP at 40 °C and unfolded PagP at
79 °C. For mutants that did not unfold completely at the
highest accessible temperature the signal of the unfolded
state in 2% SDS or 9 M unea was used as the refemnce
nﬁvi for unfolded PagP in cydofos-7 and diCy, (PC

LOV, respectively.

Fluores cence spectroscopy

Fluorescence emission spectrs of 05 uM PagP were
obtained between 300 nm and 380 am at 25 °C and a slit
width of 2 mm using an excitation wa of 280 s
using a Photon Technology Intemational fluodmeter
(Ford, UK) and a cuvette of 10 mm path length. Similar

were obtained using an excitation wavelength of
295 nm. The concentration was determined
according to Gill & von Hippel’

Quenching of tryptophan fluorescence

Overnight folding and insertion of PagP into diC, PC
LUVs at mom ture was performed as described
above in 50 mM sodium phosphate buffer (pH 8)
containing 7 M urea. Liposomes were pelleted at
100000g 1 hat 4 °C and subsequently separated
from non-recorstituted protedn aggregates by floating the
liposomes on a discontinuois sucrose gmdient at 100,
for 1h at 4 °C. Pelleted liposomes were then mixed with
500 ul of 40% (w/v) sucrose and ovedaid successively
with 2.5 ml of 20% sucrose and 300 ul of (% sucrose. All
solutions were made in 50 mM sodium phosphate buffer

H &)

(PQueadthg of tryptophan fluorescence was carried out
at2s 'ClnSOmMnodlmorb@a buffer (pH 8 by
increasing concentrations of KI (0-500 mM). Sodium
thiosulfate (01 M) was added to the lodide solution to
prevent Iy formation. The fluorescence endssion

of the mﬂa in the absence of lodide (Fy) was measuned,
after the was quenched by progressive
addition of small aliquots from the lodide stock solution.
Consecutive specima (F) were taken and analysed accord-
ing to the Stern-Volmer equation:**

Fo/F =1 +KglQ|

where Kg is the Stern-Volmer constant and [Q] Is the
concentration of the quencher. Samples were excited at
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280 nm and spectra were taken between 300 nm and
380

Folding and unfolding of PagP detected by CD

Formation of secondary and tertlary structure during
incubation of 5 uM Pua,ﬁuiﬂaly denatured in 6 M Gdn-
HCl with diCy ,PC in the presence of 7 M urea was
followed by changes in the molar ellipticities at 218 nm
and 2 nm, vely. To measure the kinetics of
unfolding, PagP was first allowed to refold inl =
Mh}bo‘v’;, after which the denaturant m’@::m
was increased to 10 M urea, whilst maintaining all other
experimental conditions the same. Similar undfolding rates
were obtained at 218 nm and 232 nm (data not shown).
Samples were mixed manually, resulting in a dead time of
A 5. All measurements were acquired with a Jasco [715

instrument using a time of 16sat 25 'C or 37 °C
in a cuvette witha 1 mm path length. Measurements were
taken in 50 mM sodium ph buffer (pH 8) and

aver: over two messurements to increase the signal-

ratio. Folding and unfolding traces were normal-
sedbetween the signal of the folded and unfolded protein
in 7M and 10 M ures, respectively, and fitted to a single

exponential.
Fourier transform infrared spectroscopy (FTIR)

Attenuated total reflection FTIR measurements were
carried out on a Nicolet 560 FTIR trometer equipped
with a germanium ATR plate o muyﬁ‘ugd
PagP in 50 mM sodium phosphate buffer (pH 8), contain-
ing 1% cycofos-7, was dried under a stream of
nitrogen gas to form a thin flm on the surface. Buffer and

in spectra were recorded at a spectnal resolution of
dcm " by avera 1024 scans. were anal
MqOMNtEE!‘! Oand C‘mﬂuﬂw:c:
105 software and component bands in the amide 1
abomption band were assigned according to Goormaght-
igh & al.

Activity assays

The enzymatic assay for PagP in cyclofos-7 was
adapted from an assay commonly wsed fotB:sne
acﬂ-:gi’ The ereymatic activity of PagP, refolded in
cyclofos-7, towards the substrate analogue p-nitrophe-
nylpalmitate was assayed in a final assay volume of 1 ml
using a final substrate concentration of 1 mM. The
substrate (20 mM in &0 ) wa mixed with
5 mM sodium phosphate 8), containing 2% (v/v)
Triton X-100 and 0.05% cyclofos-7 before addition of the
awyme to a final concentration of 2 uM. The rate of
reacion was monitored for 15 min, measuring the
increase in absorbance at 410 nm generation of

upon hydmolysis of PagP. Controk
e i M Ay
Candida oylsedracen (6216-10G; Fluka, Biochemica), which
showed the rapid formation of p-nd {with a rate
of L7R(0.066) nmol 5 * wM ), a5 well as PagP denatured
by heating to 100 °C for 10 min in refolding buffer, which
showed no sl ﬂcmtlncznetnah,ahmaulom
(with a rate of 0.004 (+10.001) nmol s~ ' uM Y.

To measure enz adivm Paﬁduhg tdddhs in
lipid vesicles, was a to the lposome solution

sondeation o obtain a dispersion of S5UVs and
PNPE, after which PagP was added in the presence of 7 M

urea as described above. Substrate conversion was
followed at 410 nm for 20 min
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