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6.1
Introduction

Integral membrane proteins fall into two different classes that can be distin-
guished by their transmembrane secondary structure: a-helical and f-barrel pro-
teins. Within the hydrophobic core of the membrane, all hydrogen-bonding do-
nors and acceptors of the polypeptide backbone form hydrogen bonds. The non-
polar side-chains face the hydrophobic acyl chains of the membrane lipids.
While the more abundant a-helical transmembrane proteins are found in the
cytoplasmic (or inner) membranes, the integral membrane proteins with f-bar-
rel structures are known from outer membranes of bacteria, mitochondria and
chloroplasts. The f-barrel is characterized by the number of antiparallel -
strands and by the shear number, which is a measure for the inclination angle
of the f-strands against the barrel axis. The outer membrane proteins (OMPs)
of bacteria form transmembrane f-barrels with even numbers of f-strands rang-
ing from eight to 22 with shear numbers from 8 to 24 [1]. The strands are tilted
by 36-44° relative to the barrel axis [1, 2]. Examples are OmpA [3, 4], OmpX [5-
7], NspA [8], and PagP [9, 10] (eight f-strands); OmpT [11] (10 fS-strands); NalP
[12] and OmPIA [13] (12 f-strands); FadL [14] (14 f-strands); Omp32 [15], matrix
porin [16], OmpF [17] and PhoE [18] (16 f-strands); maltoporin (LamB) [19] and
sucrose porin (ScrY) [20] (18 f-strands); and FepA [21], BtuB [22, 23] and FhuA
[24, 25] (22 f-strands). Monomers (OmpA, FhuA and OmpG [26]), dimers (Om-
PIA) and trimers (OmpF and PhoE) are known. The f-barrel membrane pro-
teins serve a wide range of different functions. They can be non-specific diffu-
sion pores (OmpA, OmpC and OmpF), specific pores (LamB and ScrY), active
transporters (FhuA, FepA and BtuB), enzymes such as proteases (OmpT), li-
pases (OmPIlA), acyltransferases (PagP) or, like TolC, involved in solute efflux
[27]. Some examples of f-barrel membrane proteins are shown in Fig. 6.1. Re-
cently developed screening algorithms for the genomic identification of f-barrel
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Fig. 6.1 Some representative crystal struc-
tures of f-barrel membrane proteins of the
outer membranes of bacteria are shown.
Transmembrane f-barrels have an even
number of antiparallel transmembrane
strands, which is eight for OmpA (shown
here is the nuclear magnetic resonance
structure from [3]; for the crystal structure,
see [4, 94]), 10 for OmpT [11], 12 for NalP
[12] and OmPIA [13], 14 for FadL [14], 16 for
PhoE [18], 18 for ScrY [11], and 22 for BtuB
[22] and FhuA [24]. OmpA is a small ion
channel [73], OmpT is a protease, NalP is

an autotransporter, FadL is a long-chain fatty
acid transporter, PhoE is a diffusion pore,
ScrY is a sucrose-specific porin and OmPIA
is a phospholipase. BtuB and FhuA are
active transporters for ferrichrome iron and
vitamin By, uptake, respectively. OMPs of
mitochondria are predicted to form similar
transmembrane f-barrels. Examples are the
voltage-dependent anion channels, out of
which more than a dozen have been
sequenced [144]. Protein structures were
generated with MolMol [145].

membrane proteins indicate that there are many still not characterized OMPs,
e.g. in the genomes of Escherichia coli and Pseudomonas aeruginosa [28, 29]. Solu-
ble bacterial toxins that can insert into membranes, such as a-hemolysine from
Staphylococcus aureus [30] and perfringolysine O from Clostridium perfringens [31,
32], also form f-barrels, but these are oligomeric. This chapter focuses on the
stability and folding of monomeric f-barrels from bacteria. For reviews on the
membrane insertion and assembly of pore forming toxins, see, e.g. [33-35]. For
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a review on the oligmeric f-barrels from mycobacteria, such as MspA from
Mycobacterium smegmatis [36], see, e.g. [37].

6.2
Stability of f-Barrel Membrane Proteins

Since most membrane proteins have a high thermal stability and are difficult to
unfold in solution [38], it is not easy to experimentally determine the free en-
ergy of membrane insertion and folding of integral membrane proteins, which
is equivalent to the free energy of unfolding from the membrane. Exceptions
have been the f-barrel membrane proteins, which are generally characterized by
a relatively low average hydrophobicity and can therefore be completely solubi-
lized in concentrated solutions of a chemical denaturant, e.g. urea. The thermo-
dynamic stability of the ferric enterobactin receptor (FepA) was studied after sol-
ubilization of FepA in detergent micelles and a recent study on the stability of
OmpA in lipid bilayers indicated that bilayer properties strongly influence the
stability of integral membrane proteins.

6.2.1
Thermodynamic Stability of FepA in Detergent Micelles

The first report on the thermodynamic stability of integral f-barrel membrane
proteins by equilibrium unfolding experiments came from Feix et al. [39], who
determined the free energy of unfolding of FepA in Triton X-100 detergent mi-
celles. Unfolding was induced with increasing concentrations of urea or, alterna-
tively, of guanidinium chloride as chemical denaturants. The linearity of the de-
pendence of unfolding equilibria on the denaturant concentration has been
demonstrated many times for soluble proteins [40-43] and was confirmed for
FepA unfolding from Triton X-100 detergent micelles [39] and later for OmpA
from phospholipid bilayers [44]. The free energy of unfolding in absence of de-
naturant, AG{(H,0), could therefore be extrapolated from the free energies of
unfolding in presence of different concentrations of denaturant, AGY; ([denatur-
ant]), according to

AGY(H,0) = AGY([denaturant]) + m - [denaturant]

where the m value is independent of the denaturant concentration, but a specif-
ic parameter that depends on the protein, the denaturant, the solvents (aqueous
solutions of soluble proteins, solutions of detergent micelle/membrane protein
complexes or solutions of membrane proteins in lipid vesicles) and on other pa-
rameters, such as temperature and pH. The m value can be linked to the in-
crease of the denaturant exposed surface upon protein unfolding and is also a
measure for the cooperativity of unfolding [45, 46]. Using site-directed spin-la-
beling (SDSL) electron spin resonance (ESR) spectroscopy, Klug et al. [39] re-
ported a free energy AGY(H,0)=6.05+0.6 kcal mol™ at 22°C and pH 7.2 for
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unfolding of FepA from Triton X-100 detergent micelles with an equilibrium
transition midpoint at 5.5 M urea and an m-value of 1.1+0.1 kcal mol™ M.
They obtained a similar value, AG{(H,0)=6.4 kcal mol™", when unfolding was
performed using guanidinium chloride (GdnHCI), but with a transition mid-
point at 2.0£0.1 M GdnHCI and an m-value of 3.3+0.1 kcal mol™ M. The free
energy of unfolding of FepA from Triton X-100 corresponded well with the free
energies of unfolding of many water-soluble globular proteins, such as myoglo-
bin, lysozyme, ribonuclease or barnase, which all have AG{(H,0) values in the
range of 5-10 kcal mol™! [42, 43, 47, 48).

Using SDSL ESR spectroscopy, the local stabilities of FepA along the fourth
transmembrane f-strand (residues 244-256) were determined at pH 7 and at room
temperature after solubilizing FepA in 2% Triton X-100 [49]. The stability of the /-
strand and the cooperativity of unfolding were maximal for amino acid residues
near the center of the f-strand at residue 250. A single-site cysteine mutant that
was spin-labeled at this position and ESR spectroscopy were used to determine
a stability of AG{(H,0)=9.4 kcal mol™ (m=5.8 kcal mol™* M™") at this location
in FepA. When determined for additionally prepared single-site cysteine mutants,
the stability of the f-strand decreased from residue 250 towards residue 244
[AG)(H,0)=7.1 kcal mol ™!, m=3.3 kcal mol ' M™'] and towards residue 256
[AG{(H,0) =2.4 kcal mol™, m=1.3 kcal mol™* M}, respectively [49].

6.2.2
Thermodynamic Stability of OmpA in Phospholipids Bilayers

First experimental data on the thermodynamic stability of an integral membrane
protein in lipid bilayers was presented recently by Hong and Tamm [44] for
OmpA. Since OmpA folds quantitatively at pH 10 from a fully denatured state
in 8 M urea upon dilution of the denaturant in the presence of preformed lipid
bilayers of phosphatidylcholine [50, 51] or mixtures of phosphatidylcholine and
phosphatidylglycerol [52], Hong and Tamm studied the equilibrium unfolding
of OmpA from model membranes using intrinsic fluorescence spectroscopy. Un-
folding/folding equilibria were studied at 37.5°C, i.e. above the gel-to-liquid-crys-
talline phase transition temperature of the phospholipids and with small unila-
mellar vesicles (SUVs) prepared by ultrasonication. It was found that the free en-
ergy of unfolding of OmpA from lipid bilayers depends on the length of the fatty
acyl chains and on the headgroup of the phospholipid. In a reference bilayer, com-
posed of 92.5% palmitoyloleoylphosphatidylcholine (Cy6.0Cis.:PC) and 7.5% pal-
mitoyloleoylphosphatidylglycerol (Cy5.0Cis.1PG) the free energy of unfolding was
AGY(H,0)=3.4 kcal mol™" (pH 10, 37.5°C, m=1.1kcal mol™* M™"). The study
nicely demonstrated the large dependence of the thermodynamic stability of
OmpA on the composition of the lipid bilayer and on the chemical structure of
the lipids, highlighting the important role of membrane phospholipids in the sta-
bilization of integral membrane proteins. Based on the reference bilayer, the ef-
fects of the lipid chain length, degree of unsaturation of the acyl chains and lipid
headgroup were investigated by varying the content of such a phospholipid at the
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expense of Cyg.0Cqg.1PC and at constant 7.5% Cy.0C1s.1PG in this lipid bilayer.
The stability AGY(H,0) of OmpA decreased with decreasing chain length of the
phospholipids upon incorporation of increasing percentages of short-chain lipids
(diC10:9PC to diCy4.0PC). When phospholipids with longer acyl chains (e.g.
Cis.0Cis.1PC) were incorporated, the stability of OmpA increased with increasing
amounts of Cyg.0Cis.1PC. An even stronger stability increase was observed, when
the phosphatidylcholine lipid Ci.0C1s.1PC was replaced by the corresponding
phosphatidylethanolamine (Cj4.0Cig.1PE). For example, the free energies of
OmpA unfolding from membranes composed of 7.5% Ci4.0Cis.1PG and 62.5%
Ci6:0C1s:1PC host lipids and 30% of guest lipid were AG%(HZO)=5.O keal mol™
with  Ci6.0Cis:1PE, AGY(H,0)=3.9 kcal mol™ with Cig.¢C1s.1PC, AGY(-
H,0)=2.9 kcal mol™" with diCy,.oPC or diCy4.o,PC and AG%(H20)=2.2 keal -
mol™ with diCyy.,PC. For each lipid species, the dependence of AG%(HZO) on
the concentration of this lipid appeared to be linear, when increased at the expense
of Ci6.0C15.1PC in bilayers containing a constant amount of 7.5% of
Ci6.0C1s:1PG. Surprisingly, when lipids with two unsaturated acyl chains were in-
corporated into the reference bilayer, values for AGY(H,0) increased with decreas-
ing length of the fatty acyl chains, reversing the effect seen for saturated and
mono-unsaturated lipids. Two unsaturated acyl chains in a diacylphospholipid in-
duce smaller elastic moduli and larger curvature stresses in lipid bilayers [53],
which might explain these observations.

6.2.3
Thermal Stability of FhuA in Detergent Micelles

The thermal stability of ferric hydroxamate uptake protein A (FhuA) in N,N-di-
methyl-N-lauryl amine N-oxide (LDAO) detergent micelles was recently studied
by Bonbhivers et al. [54]. FhuA showed two unfolding maxima in differential
scanning calorimetry. In the absence of the ferrichrome iron ligand, wild-type
(wt)-FhuA unfolding maxima were at T;=65°C and at T,=74.4°C with corre-
sponding enthalpies of 140 and 160 kcal mol™" [54], suggesting that there are
two autonomous folding units in FhuA. In presence of ferrichrome iron, the
first transition was shifted up to 71.4°C, while T, remained constant. A mutant
form, FhuAA21-128, in which a large part of the N-terminal cork domain was
removed, showed only one transition at 62°C and an enthalpy of 200 kcal mol™,
independent of the presence of ferrichrome iron. This indicated that ferri-
chrome iron stabilized the cork domain and that the cork domain stabilized the
22-stranded f-barrel. However, reversibility of unfolding was not investigated
and free energies of unfolding were not determined. Klug et al. had previously
found that ferric enterobactin has limited stability at room temperature and,
therefore, they could not compare the effect of this ligand on the thermody-
namic stability of FepA. However, they also reported that the unfolding kinetics
of FepA were slower in presence of ferric enterobactin [39], indicating a stabiliz-
ing effect of ferric enterobactin on FepA, which is consistent with the effect of
ferrichrome iron on the denaturation temperature of FhuA [54].
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6.3
Insertion and Folding of Transmembrane b-Barrel Proteins

6.3.1
Insertion and Folding of b-Barrel Membrane Proteins in Micelles

First in vitro refolding studies of integral membrane proteins were performed
by Henning et al. in 1978 and demonstrated that the eight-stranded p-barrel
OmpA develops native structure when incubated with lipopolysaccharide (LPS)
and Triton X-100 after dilution of the denaturants sodium dodecylsulfate (SDS)
or urea [55]. Similarly, Dornmair et al. [56] showed that after heat-induced un-
folding in SDS micelles, OmpA refolds into micelles of the detergent octylgluco-
side even in the absence of LPS. These results on the f-barrel OmpA, and the
successful refolding of bacteriorhodopsin that consists of a bundle of seven
transmembrane a-helices and was first refolded by Khorana et al. in 1981 [57],
suggest that the information for the formation of native structure in integral
membrane proteins is contained in their amino acid sequence, as previously de-
scribed by the Anfinsen paradigm for soluble proteins [58].

6.3.2
Oriented Insertion and Folding into Phospholipid Bilayers

Surrey and Jihnig [51] showed that OmpA spontaneously inserts and folds into
phospholipid bilayers. Oriented insertion and folding of OmpA into lipid bi-
layers in absence of detergent was observed when unfolded OmpA in 8 M urea
was reacted with SUVs of dimyristoylphosphatidylcholine (diCy4.oPC) under
concurrent strong dilution of the urea. The insertion of OmpA into vesicles was
oriented, because trypsin digestion resulted in a 24-kDa fragment, while the
full-length OmpA (35 kDa) was no longer observed. Translocation of the peri-
plasmic domain of OmpA across the lipid bilayer into the inside of the vesicle
would have lead to a full protection of OmpA from trypsin digestion. The 24-
kDa fragment corresponded to the membrane inserted f-barrel domain
(19 kDa) and a smaller part of the periplasmic domain, which was largely di-
gested by trypsin. In contrast, only 50% of detergent-refolded OmpA that was
reconstituted into diCy4.oPC vesicles after refolding into micelles could be di-
gested with trypsin, indicating random orientation of the periplasmic domain
inside and outside of the phospholipid vesicles [51]. Since OmpA assumed a
random orientation after micelle-bilayer fusion [51], it is unlikely that OmpA
would first fold into LPS micelles in the periplasm, which then fuse with the
outer membrane as first proposed for PhoE based on the appearance of a folded
monomer in mixed micelles of LPS and Triton X-100 in vitro [59]. However, a
PhoE mutant was later shown to fold in vivo and also in vitro into LDAO mi-
celles, but not into mixed micelles of Triton X-100 and LPS, leading to doubts
about the existence of a folded monomeric intermediate of PhoE in LPS in vivo
[60].
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For direct oriented insertion of OmpA into the bilayers, the preformed lipid-
vesicles had to be in the lamellar-disordered (liquid-crystalline) phase and the
vesicles had to be sonicated [52, 61]. By contrast, insertion and folding did not
complete when the lipid bilayers were in the lamellar-ordered (gel) phase or
when refolding attempts were made with diCy4.oPC bilayers of large unilamel-
lar vesicles (LUVs) that were prepared by extrusion through membranes of pore
size 100 nm [62]. Similarly, folding and trimerization of OmpF [63] was ob-
served after interaction of urea-unfolded OmpF with preformed lipid bilayers in
the absence of detergent. Membrane inserted dimers of OmpF were detected
transiently. In vitro, the folding yields of OmpF into lipid bilayers are small (be-
low around 30%) even under optimized conditions [63] and when compared to
OmpA, which quantitatively folds at pH 10.

6.3.3
Assemblies of Amphiphiles Induce Structure Formation in b-Barrel
Membrane Proteins

To determine basic principles for the folding of f-barrel transmembrane pro-
teins, folding of OmpA was examined with a large set of different phospholipids
and detergents at different concentrations [50]. Folding of OmpA was successful
with 64 different detergents, and phospholipids that had very different composi-
tions of the polar headgroup did not carry a net charge and had a hydrophobic
carbon chain length ranging from seven to 14 carbon atoms. Kleinschmidt et
al. [50] demonstrated that for OmpA folding, the concentrations of these deter-
gents or phospholipids must be above the critical micelle concentration (CMC),
demonstrating that a supramolecular assembly (micelles or lipid bilayers) with
a hydrophobic interior is the minimal requirement for the formation of a f-bar-
rel transmembrane domain. OmpA did not fold into micelles of SDS that have
a strong negative surface charge. Kleinschmidt et al. [50] monitored folding of
OmpA by circular dichroism (CD) spectroscopy and by electrophoretic mobility
measurements. Both methods indicate that after exposure to amphiphiles with
short hydrophobic chains (with 14 or fewer carbons), OmpA assumes either
both secondary and tertiary structure (i.e. the native state) or no structure at all,
dependent on the presence of supramolecular assemblies (micelles, bilayers).
Thermodynamically, OmpA folding into micelles is a controlled two-state pro-
cess [50]. The necessary presence of amphiphiles (lipids, detergents) above the
critical concentration for assembly (CCA) to induce the formation of native sec-
ondary and tertiary structure in OmpA also indicated that f-barrel structure
does not develop while detergent or lipid monomers are adsorbed to a newly
formed hydrophobic surface of the protein. [The term CCA is defined here to
describe the amphiphile concentration at which a geometrically unique, water-
soluble supramolecular assembly is formed, which can be a micelle, a lipid vesi-
cle or even an inverted or cubic lipid phase. The CCA is identical to the CMC
in the special case of micelle forming detergents. The CCA does not refer to the
formation of random aggregates, e.g. misfolded membrane proteins.] To the
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contrary, a hydrophobic core of a micelle or bilayer must be present to allow
folding of OmpA. Conlan and Bayley [64] reported later that another OMP,
OmpG, folds into a range of detergents such as Genapol X-080, Triton X-100, n-
dodecyl-f-p-maltoside, Tween 20 and octylglucoside. However, OmpG did
neither fold into n-dodecylphosphocholine nor into the negatively charged deter-
gents SDS and sodium cholate. Similar to OmpA, the detergent concentrations
had to be above the CMC for OmpG folding [64]. Different detergents have also
been used for refolding of other f-barrel membrane proteins for subsequent
membrane protein crystallization (for an overview, see, e.g. [65]).

6.3.4
Electrophoresis as a Tool to Monitor Insertion and Folding of f-Barrel Membrane
Proteins

SDS-polyacrylamide gel electrophoresis (PAGE) according to Laemmli [66] has
been very useful to monitor the folding of OmpA into detergent micelles or lip-
id bilayers, provided that the samples are not boiled prior to electrophoresis
[50-52, 55, 56, 62, 67-69]. If samples are not heat denatured, the folded and de-
natured OMPs migrate differently. For OmpA, Henning et al. described this
property as heat modifiability [55]. It has been reported later also for other
OMPs of bacteria such as FhuA [70] or OmpG [26, 64, 71]. Native OmpA, for
example, migrates at 30 kDa, whereas unfolded OmpA migrates at 35 kDa [55].
Up to the present, all structural and functional experiments have shown a strict
correlation between the 30-kDa form and structurally intact, fully functional
OmpA. These previous studies included analysis of the OmpA structure by Ra-
man, Fourier transform IR (FTIR) and CD spectroscopy [50-52, 56, 61, 72], bio-
chemical digestion experiments [51, 67], and functional assays such as phage in-
activation [55] and single-channel conductivity measurements [73].

It is possible to determine the kinetics of native structure formation in OmpA
(and probably also in other OMPs) using the different electrophoretic mobilities
of folded and unfolded OmpA, because OmpA folding can be inhibited by SDS
and SDS does not unfold OmpA unless samples are boiled [52, 62, 67]. In an
assay to determine the folding kinetics of OmpA, SDS was added to small vol-
umes of the reaction mixture that were taken out at defined times after initia-
tion of folding. In these samples, SDS bound quickly to folded and unfolded
OmpA and stopped further OmpA folding [62, 67]. Finally, the fractions of
folded OmpA in all samples were determined by cold SDS-PAGE (i.e. without
heat-denaturing the samples). The fractions of folded OmpA at each time were
estimated by densitometric analyses of the bands of folded and of unfolded
OmpA, thus monitoring the formation of tertiary structure in OmpA as a func-
tion of time [kinetics of tertiary structure formation by electrophoresis (KTSE)].
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6.3.5
pH and Lipid Headgroup Dependence of the Folding of -Barrel Membrane Proteins

Although OmpA folded quantitatively into a wide range of neutral detergents, it
did not fold into negatively charged SDS micelles at neutral or basic pH (cf.
[56]). The negative charge of SDS could not be the only reason for lack of fold-
ing into these micelles, since OmpA folded partially into micelles of negatively
charged LPS at pH 7 [68] and also into bilayers containing negatively charged
phosphatidylglycerol [68, 74]. Surrey and Jihnig reported that OmpA folding
yields reached 100% in neutral bilayers of diCy4.oPC at pH 10, but were only
around 70% at neutral pH [52]. The increased folding yield at pH 10 was very
likely a consequence of an increased negative surface charge of OmpA (pI=5.9)
at pH 10 that increased the solubility of OmpA, i.e. suppresses the aggregation
side-reaction. Surrey and Jihnig reported further that OmpA folding yields were
again much lower at the even higher pH 12 [52]. They concluded that upon de-
protonation of the arginine side-chains of OmpA, the increased negative net
charge or negative surface potential of OmpaA is too high to allow structure for-
mation. Charge—charge repulsions between the negative surface potential of
SDS micelles and negative charges on OmpA might have been the reason why
OmpA did not fold into SDS micelles. The relatively small headgroup of SDS
in comparison with the negatively charged LPS or phosphatidylglycerol causes a
higher charge density on the surface of the SDS micelle, preventing insertion
and folding of OmpA, which is negatively charged above pH 5.9.

6.4
Kinetics of Membrane Protein Folding

6.4.1
Rate Law for f-Barrel Membrane Protein Folding and Lipid Acyl Chain
Length Dependence

The rate law of OmpA folding into a range of different phospholipid bilayers
was determined using the method of initial rates. Kleinschmidt and Tamm [62]
found that the folding kinetics of OmpA into LUVs of short-chain phospholi-
pids and also into SUVs of diCyg.,PC at 40°C follow a single-step second-order
rate law. The folding kinetics of OmpA could be approximated with a pseudo-
first-order rate law, if the lipid concentration was high compared to the protein
concentration (above 90 mol lipid mol protein™). With this approximation, a
rate constant was observed that was identical to the product of the second-order
rate constant and the lipid concentration. When fitted with a second-order rate
law, the kinetic rate constants did neither depend on the lipid nor on the pro-
tein concentration, if the lipid/protein ratio was above around 90 mol mol™,
while the first-order rate constant depended on the lipid concentration. How-
ever, the second-order rate constants strongly depended on the acyl chain
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lengths of the lipids. When OmpA folding into bilayers of diC;,PC was moni-
tored by fluorescence spectroscopy, this rate constant was kjerg ~ 0.4 1 mol™ s7%,
while it was kyorg ~ 5.2 1 mol™' s7! for OmpA folding into bilayers of diC;;.,PC
and kyerg ~ 30 1 mol™ s7! for OmpA folding into diCyg.cPC bilayers [62].

6.4.2
Synchronized Kinetics of Secondary and Tertiary Structure Formation
of the f-Barrel OmpA

The kinetics of membrane insertion and structure formation of OmpA initiated
by denaturant dilution in the presence of preformed lipid bilayers may also be
monitored by CD spectroscopy or by KTSE. When the kinetics of secondary
structure formation were measured for OmpA insertion and folding into LUVs
of saturated short-chain phospholipids, a similar dependence of the rate con-
stants on the length of the hydrophobic acyl chains of the lipids was observed
as by fluorescence spectroscopy. However, the second-order rate constants were
generally smaller than the corresponding rate constants of the fluorescence time
courses [62]. Secondary structure formation was fastest with diCyy.oPC and
slowest with diCq,.oPC as determined from the CD kinetics at 204 nm. When
OmpA was reacted with preformed lipid bilayers (LUVs) of diCy4.oPC or
diCyg.1PC, the CD signals did not change with time, indicating no changes in
the secondary structure of OmpA upon incubation with these lipids.

6.4.3
Interaction of OmpA with the Lipid Bilayer is Faster than the Formation
of Folded OmpA

When folding kinetics were analyzed using KTSE assays to determine the rate
constants of tertiary structure formation, observations corresponded to those
made by CD spectroscopy. The folding kinetics of OmpA were dependent on
the length of the hydrophobic chains, but OmpA did not fold when the experi-
ments were performed with diCy4.oPC or diCyg.,;PC. The OmpA folding kinetics
into diCy,.oPC bilayers at different concentrations were fitted to a second-order
rate law and second-order rate constants were determined. Over a range of differ-
ent lipid concentrations, the second-order rate constants obtained by KTSE were
practically indistinguishable from the second-order rate constants of secondary
structure formation. The rate constants of the secondary and tertiary structure for-
mation of OmpA in diCy,.oPC were both */%k,o,q ~ 0.090 1 mol™' s™. By contrast,
the second-order rate constant obtained from the fluorescence time courses of
the OmpA folding kinetics into this lipid was about 4- to 5-fold higher
(PlakZOrd ~0.41mol™! s"l), indicating that the adsorption and insertion of the flu-
orescent Trp residues of OmpA into the hydrophobic core of the lipid bilayer
were faster than the formation of the fully folded form of OmpA. Four of the
five Trps of OmpA are at the front end of the f-barrel and presumably inter-
acted first with the hydrophobic core of the membrane, leading to fast fluores-



6.5 Folding Mechanism of the p-Barrel of OmpA into DOPC Bilayers

cence kinetics compared to the CD kinetics and kinetics of tertiary structure for-
mation by electrophoresis. Together, these results indicated that the formation
of the f-strands and the formation of the f-barrel of OmpA take place in paral-
lel and are a consequence of the insertion of the membrane protein into the lip-
id Dbilayer. The previous observation that a preformed supramolecular amphi-
phile assembly is necessary for structure formation in OmpA was therefore
further detailed by a kinetic characterization of the faster rates of interaction of
OmpA with the lipid bilayer and by the slower rates of secondary and tertiary
structure formation in OmpaA.

6.5
Folding Mechanism of the b-Barrel of OmpA into DOPC Bilayers

6.5.1
Multistep Folding Kinetics and Temperature Dependence of OmpA Folding

Early folding experiments with urea-unfoldled OmpA and membranes of
diC14PC indicated that OmpA folds into lipid bilayers of SUVs prepared by soni-
cation, but not into bilayers of LUVs with a diameter of 100 nm prepared by ex-
trusion [51, 52]. Lipids with longer chains such as diCy4.o,PC and dioleoylphos-
phatidylcholine (diCys.,PC) required the preparation of SUVs by ultrasonication
and temperatures greater than around 25-28°C for successful OmpA insertion
and folding [51, 67].

Lipid bilayers of SUVs have a high surface curvature and intrinsic curvature
stress. This leads to an increase of the hydrophobic surface that is exposed to
OmpA after it is adsorbed at the membrane water interface, facilitating inser-
tion of OmpA into SUVs compared to insertion of OmpA into bilayers of LUV,
where curvature stress is much lower and no insertion was observed. The fold-
ing kinetics of OmpA into SUVs of diCy4.oPC or diCyg.;PC were slower com-
pared to the folding kinetics into LUVs short chain phospholipids and strongly
temperature dependent [62]. The fluorescence kinetics of OmpA folding that
could still be fitted to a single-step pseudo first-order rate law at 40°C [62, 67]
were more complex when the temperature for folding was 30°C or less. A sin-
gle-step rate law was not sufficient to describe the kinetics [67]. Insertion and
folding of OmpA into bilayers of diCyg.,PC (SUVs) was characterized by at least
three kinetic phases, when experiments were performed at temperatures be-
tween 2 and 40°C. These phases could be approximated by pseudo-first-order
kinetics at a lipid/protein ratio of 400. Two folding steps could be distinguished
by monitoring the fluorescence time courses at 30°C. The first (faster) step was
only weakly temperature dependent (k;=0.16 min™" at 0.5 mM lipid). The sec-
ond step was up to two orders of magnitude slower at low temperatures, but
the rate constant approached the rate constant of the first step at higher tem-
peratures (around 0.0058 min~" at 2°C and around 0.048-0.14 min™" at 40°C, in
the presence of 0.5 mM lipid). The activation energy for the slower process was
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46+4k] mol™ [67]. An even slower phase of OmpA folding was observed by
KTSE assays, indicating that tertiary structure formation was slowest with a rate
constant k3=0.9 x 10> min~" (at 3.6 mM lipid and at 40°C) [67]. This is consis-
tent with the smaller rate constants of secondary and tertiary structure forma-
tion in comparison to the rate constants of protein association with the lipid bi-
layer, which were later observed for OmpA folding into LUVs of short-chain
phospholipids [62] (see Section 6.4.3). The kinetic phases that were observed for
OmpA folding into diC;g.,PC bilayers (SUVs) suggest that at least two mem-
brane-bound OmpA folding intermediates exist when OmpA folds and inserts
into lipid bilayers with 14 or more carbons in the hydrophobic acyl chains.
These membrane-bound intermediates could be stabilized in fluid diC;5.,PC bi-
layers at low temperatures between 2 and 25°C (the temperature for the phase
transition of diCyg.;PC from the lamellar-ordered to the lamellar-disordered lig-
uid-crystalline phase is T.=—18°C). The low-temperature intermediates could be
rapidly converted to fully inserted, native OmpA, as demonstrated by tempera-
ture jump experiments [67].

6.5.2
Characterization of Folding Intermediates by Fluorescence Quenching

Tryptophan fluorescence quenching by brominated phospholipids (see, e.g. [75—
82]) or by lipid spin-labels (see, e.g. [83-88]) traditionally has been very valuable
to determine characteristic elements of the transmembrane topology and lipid—
protein interactions of integral membrane proteins. To further characterize the
folding process of OmpA, we combined this method with the study of the fold-
ing kinetics of OmpA into bilayers (SUVs) of diCys.1PC [89, 90]. The average
positions of the five fluorescent Trps of OmpA were characterized for the mem-
brane-bound folding intermediates that were previously implicated by the dis-
covery of multistep folding kinetics [67]. A new method was developed by study-
ing the kinetics of the refolding process in combination with the Trp fluores-
cence quenching at different depths in the lipid bilayer [90] using membrane
embedded quenchers. The positions of fluorescent Trps with reference to the
center of the phospholipid bilayer can be determined using a set of membrane
integrated fluorescence quenchers that carry either two vicinal bromines or al-
ternatively a doxyl group at the sn-2 acyl chain of the phospholipid. When in
close proximity to the fluorescent Trp residues of integral membrane proteins,
these groups quench the Trp fluorescence. The positions of the bromines in 1-
palmitoyl-2-(4,5-dibromo-)stearoyl-sn-glycero-3-phosphocholine (4,5-DiBrPC), 6,7-
DiBrPC, 9,10-DiBrPC and 11,12-DiBrPC are known from X-ray diffraction to be
12.8, 11.0, 8.3 and 6.5 A from the center of the lipid bilayer [91, 92]. The fluo-
rescence intensity of the Trps of OmpA was measured as a function of time
after initiation of OmpA folding by dilution of the denaturant in presence of
preformed lipid bilayers containing one of the brominated lipids as a fluores-
cence quencher. In a set of four equivalent folding experiments, bilayers were
used that contained 30 mol% of one of the four brominated lipids and 70%
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diCqg.1PC. The fluorescence intensities in the four different time courses of
OmpA folding in presence of each of the four brominated lipids were subse-
quently normalized by division with fluorescence intensities obtained upon
OmpA folding into bilayers of 100% diC;g.;PC (i.e. in the absence of any
quencher). Thus, depth-dependent quenching profiles were obtained at each
time after initiation of OmpA folding. From these profiles, the vertical location
of Trp in the membrane in projection to the bilayer normal was then deter-
mined using the parallax method [88, 93] or the distribution analysis [81, 82].

A large set of experiments was performed in the temperature range between
2 and 40°C. At each selected temperature, the average distances of the Trps to
the center of the lipid bilayer were determined as a function of time. Therefore,
we called this method time-resolved distance determinations by Tip fluores-
cence quenching (TDFQ) [90]. Previously unidentified folding intermediates on
the pathway of OmpA insertion and folding into lipid bilayers were detected,
trapped and characterized. Three membrane-bound intermediates were de-
scribed, in which the average distances of the Trps from the bilayer center were
14-16, 10-11 and 0-5 A, respectively [90]. The first folding intermediate was
stable at 2°C for at least 1h. A second intermediate was characterized at tem-
peratures between 7 and 20°C. The Trps moved 4-5 A closer to the center of
the bilayer at this stage. Subsequently, in an intermediate that was observed at
26-28°C, the Trps moved another 5-11 A closer to the center of the bilayer. This
intermediate appeared to be less stable. The distribution parameter, calculated
from distribution analysis, was largest for the Trp distribution of this intermedi-
ate. This was a consequence of the mechanism of folding and of the structure
of folded OmpA [3, 4, 94]. The large distribution parameter observed for this in-
termediate was consistent with experiments on single Trp mutants of OmpA
[89] (see below). Trp7 has to remain in the first leaflet of the lipid bilayer, while
the other Trps must be translocated across the bilayer to the second leaflet.
Therefore, with symmetrically incorporated brominated lipids as fluorescence
quenchers, the largest distribution parameter was observed when the four trans-
locating Trps are in the center of the lipid bilayer. Formation of the native struc-
ture of OmpA was observed at temperatures above about 28°C. In the end of
these kinetic experiments, all five Trps were finally located on average about 9
to 10 A from the bilayer center, Trp7 in the periplasmic leaflet and the other
four Trps in the outer leaflet of the outer membrane.

When KTSE experiments were performed to monitor OmpA folding at 30°C,
a 32-kDa band was observed in the first few minutes of OmpA folding [67]. The
folding conditions for this experiment were nearly identical to those of the fluo-
rescence quenching experiments at 28-30°C. Therefore, this 32-kDa form is
very likely identical to the third folding intermediate of OmpA, in which the
average Trp-location is 0-5 A from the center of the lipid bilayer. The compari-
son indicated that in this intermediate, a significant part of the p-barrel had
formed, which is resistant to treatment with SDS at room temperature.
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6.5.3
The f-Barrel Domain of OmpA Folds and Inserts by a Concerted Mechanism

TDFQ experiments were subsequently performed with the five different single Trp
mutants of OmpA. These mutants were prepared by site-directed mutagenesis
[89], and contained each a single Trp and four phenylalanines in the five Trp posi-
tions of the wild-type protein. All mutants were isolated from the E. coli outer
membrane and refolded in vitro into lipid bilayers. Time-resolved distance deter-
minations (TDFQ) for each of the single Trp mutants of OmpA gave more struc-
tural detail on the folding mechanism of OmpA. TDFQ experiments were carried
out at selected temperatures between 2 and 40 °C [89]. When kinetic experiments
were performed below 30°C, each of the five Trps approached a distance of 10—
11 A from the bilayer center in the end of the fluorescence time course of OmpA
folding. The distance decrease with time was observed even at 40 °C for Trp7. The
TDEFQ results showed that Trp7 did not migrate any closer to the bilayer center
than around 10 A independent of the experimental conditions. However, Trp15,
Trp57, Trp102 and Trp143 were detected very close to the center of the lipid bilayer
in the first minutes of refolding at temperatures of 30, 32, 35 and 30°C, respec-
tively. TDFQ experiments performed at 40 °C resolved the last two steps of OmpA
refolding, and the translocation rate constants of the first phase of fast distance
change were 0.55, 0.46, 0.26 and 0.43 min™' for Trp15, Trp57, Trp102 and
Trp143, respectively. The four Trps crossed the center of the bilayer and ap-
proached distances of around 10 A from the bilayer center in the final folding step
of OmpA. These experiments demonstrated that Trp15, Trp57, Trp102 and Trp143
are similarly located in three folding intermediates that were also observed pre-
viously for wild-type OmpA. The similar distances of these Trps from the mem-
brane center in each of the membrane-bound folding intermediates indicate a si-
multaneous translocation of the transmembrane segments of OmpA, coupled to
the formation of the f-barrel structure upon insertion.

The results of these kinetic studies on the folding mechanism of OmpA may
be used to develop a tentative model of OmpA folding (Fig. 6.2): the time
courses of OmpA folding into phospholipid bilayers (LUVs) of diCy,.,PC indi-
cated that f-strand secondary and f-barrel tertiary structure formation are syn-
chronized with the same rate constant [62], which is lower than the rate con-
stant of the fluorescence time course of OmpA adsorption to the lipid bilayer.
Strongly temperature dependent kinetics were observed and several kinetic
phases were distinguished, when folding of OmpA was investigated with lipid
bilayers of diCy5.,PC (SUVs), which is a phospholipid with comparably long hy-
drophobic chains. OmpA first adsorbs to the water-membrane interface (inter-
mediate A) and the intrinsic fluorescence of OmpA increases strongly due to
the partitioning of the fluorescent Trps into the less polar environment at the
membrane-water interface. Subsequently, the slower phase of the fluorescence
changes reflect the migration of the Trps from the membrane—water interface
into the hydrophobic core of the lipid bilayer. The translocation of the Trps
across the bilayer is best monitored with membrane inserted fluorescence
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Locations of the Tryptophans of OmpA in Folding Intermediates identified by TDF(Q:

Distance to the Center of the Lipid Bilayer
Tryptophan | 1 A)—> 1, B> Iy ©—>  N©)

@) ~10 A ~10 A ~10 A
~14-16 A

A 0sA -0
Fig. 6.2 Folding model of OmpA. The intermediates and in the completely refolded
kinetics of f-sheet secondary and f-barrel state of OmpA [89, 90] are shown.
tertiary structure formation in OmpA have Additional details, such as the translocation
the same rate constants and are coupled to of the long polar loops across the lipid
the insertion of OmpA into the lipid bilayer bilayer, must still be determined. OmpA
[62, 89, 90]. The locations of the five Trps in structures were generated with DeepView

the three identified membrane-bound folding ~ [146, 147].

quenchers, since the intrinsic Trp fluorescence does not change much during
Trp migration through the 30-A hydrophobic core of diCyg.,PC. The average lo-
cation of the Trps of 14-16 A from the bilayer center after adsorption to the
membrane-water interface was determined by TDFQ experiments at 2°C [90].
At temperatures of 5-25°C, this initial phase of folding was fast and followed
by a second, slower phase, in which the Trps move into more hydrophobic re-
gions at a distance of about 10 A from the bilayer center. The observed folding
intermediate (B) is quite stable. A third membrane-bound intermediate (C) was
identified at 27-29°C. In this intermediate, all Trps, except Trp7, are detected a
distance of 0-5 A from the bilayers center in the first minutes of OmpA folding.
Trp7 remains at the same location as in intermediate B. Very likely, this inter-
mediate is identical to the 32-kDa form of OmpA that was previously observed
by KTSE experiments [67]. Finally, at temperatures above 28-30°C, Trpls,
Trp57, Trpl02 and Trpl43 move away from the center of the bilayer to a dis-
tance of about 10 A. This distance of the Trp residues of OmpA compares well
with the X-ray and nuclear magnetic resonance structures of OmpA [3, 4]. The
basic elements of the model in Fig. 6.2 are the synchronized kinetics of second-
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ary and tertiary structure formation, the simultaneous migration of the Trps
that cross the bilayer center, and the migration of Trp7, which does not translo-
cate. However, more structural information is needed to improve this prelimi-
nary model. For example, it is not known how the residues of the polar loops of
OmpA cross the hydrophobic core of the lipid bilayer.

6.6
Protein-Lipid Interactions at the Interface of f-Barrel Membrane Proteins

6.6.1
Stoichiometry of the Lipid—Protein Interface

To resolve the interactions between membrane lipids and fully inserted and folded
f-barrel membrane proteins in detail, Ramakrishnan et al. [95] investigated the
stoichiometry and lipid selectivity of the eight-stranded OmpA and the 22-stranded
FhuA in dimyristoylphosphatidylglycerol (diC4.oPG) bilayers by electron spin res-
onance (ESR) spectroscopy, a method that was very successfully applied previously
to investigate lipid—protein interactions of a-helical membrane proteins (see, e.g.
[96]). Spin-labeled lipids of different headgroup compositions, but with the same
fatty acyl chains, were incorporated into diCy4.oPG bilayers with either OmpA or
FhuA. ESR spectra of bilayers containing 1 mol% of phosphatidylglycerol carrying
the doxyl group at C-14 of the sn-2 acyl chain (14-PGSL), were recorded at 30°C, i.e.
above the gel-to-liquid-crystalline phase transition temperature of diCy4.oPG. Dif-
ference spectroscopy demonstrated that the spectra had two components when
either OmpA or FhuA was present in the lipid bilayer. The two components cor-
responded to protein-immobilized lipid spin-labels and to mobile spin-labels in the
diCq4.9PG host matrix. Similar components of spin-label spectra were described
previously in a wide range of studies with a-helical membrane proteins [96-99].
The ratio of mobile/immobile lipid populations was proportional to the lipid/pro-
tein ratio. From this linear dependence, it was possible to calculate the number of
lipids in contact with the protein. Stoichiometries of 11 lipids/OmpA and of 32
lipids/FhuA, respectively, were found for the protein-lipid molecular interface [95].

6.6.2
Lipid Selectivity of b-barrel Membrane Proteins

The ESR spectra also demonstrated that lipids with different chemical structure of
their polar headgroups have different affinities to associate with the integral f-bar-
rel membrane proteins. A quantitative analysis of the ESR spectra resulted in the
relative association constants of the different lipid species with FhuA and OmpA
[95]. For OmpA, the lipid headgroup selectivity was phosphatidic acid — phospha-
tidylglycerol — phosphatidylcholine — phosphatidylethanolamine —

phosphatidylserine — di acylglycerol — stearic acid. For FhuA, the selectivity
pattern was stearic acid — phosphatidic acid — phosphatidylcholine — phospha-
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tidylglycerol — phosphatidylserine — phosphatidylethanolamine — diacyl glycer-
ol. The strong difference in the selectivity for stearic acid was explained by a dif-
ferent protonation state of stearic acid in association with OmpA as compared to
FhuA in the negatively charged diCy4.oPG host bilayer. Since diCy4.(PG bilayers
have a strongly negative electrostatic surface potential, stearic acid is expected to
be protonated at pH 7. In reconstituted bilayers of FhuA, the negative surface po-
tential is locally neutralized in regions of high positive charge on FhuA, leading to
the ionized form of stearic acid [100]. Representations of the surface electrostatics
of the crystal structures of OmpA and FhuA indicate an excess of positive charges
on the extracellular, but not on the periplasmic surface of the two proteins, which
is more pronounced for FhuA. This may explain the overall selectivity of these /-
barrels for negatively charged lipids. On the extracellular side of OmpA, basic side-
chains, Lys64(f3), Lys73(f,), Argl03(fs) and Lys113(fs) are located in extensions of
the f-strands facing the lipid headgroup region. These side-chains may probably
cause the observed selectivity of OmpA for the negatively charged phospholipids.
It is likely that this cluster of positively charged lysine and arginine residues also
forms a binding site for the negatively charged LPS, similar to the one identified
in FhuA [24, 101], which contains Lys306(f;), Lys351(fs), Arg382(f,) and
Lys437(f10). FhuA also has a marked selectivity for negatively charged phospholi-
pids [95]. For both OmpA and FhuA, the relative association constant for phospha-
tidylglycerol is about 2 times greater than the relative association constant of phos-
phatidylethanolamine, indicating that phosphatidylglycerol is the preferred lipid
at the interface to the OMPs in the outer membranes of bacteria, especially in mu-
tant strains that do not contain LPS [102, 103]. Similar clusters of positively
charged residues that form a binding site for negatively charged LPS have also
been observed in other OMPs such as OmpT [104, 105].

6.7
Orientation of f-Barrel Membrane Proteins in Lipid Bilayers

6.7.1
Lipid Dependence of the f-Barrel Orientation Relative to the Membrane

The orientation of the f-barrel membrane proteins OmpA and FhuA and their
order parameters have been determined recently from IR dichroism studies
[100]. The tilt angle of the barrel axis relative to the membrane normal, « (i.e.
the mean effective inclinations of the f-sheets relative to the membrane nor-
mal), depended on the thickness of the lipid bilayer and decreased in fluid bi-
layers from a=45° for diC;,.oPC to a=30° for diCy;.,PC in case of the eight-
stranded f-barrel domain of OmpA (residues 0-176 of OmpA). The barrel tilt
angle, a, was generally smaller for the 22-stranded f-barrel domain of FhuAA5-
160, ranging from a=36° in diCy,.oPC to a=21° in diCy;.,PC. The protein or-
der parameters in these fluid bilayers increased for OmpA0-176 from 0.25 (in
diC1,PC) to 0.61 (in diCy7.oPC) and increased for FhuAAS5-160 from 0.48 (in
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diCq,PC) to 0.80 (in diCy7.oPC). The lipid order parameters exhibited little sys-
tematic change with lipid chain length [100]. Also, in the case of OmpA and
OmpAO0-176, differences between data for fluid and gel-phase bilayers were not
large, but barrel tilts were considerably smaller and order parameters larger for
FhuAA5-160 in fluid than in gel-phase bilayers. The greater freedom of orienta-
tion of OmpA in thin lipid bilayers correlates well with faster rates of insertion
and folding observed with thin bilayers [62]. Since the f-barrel domain of FhuA
has a much larger cross-section (39 Ax46 A [24]) than OmpA (with an outer di-
ameter of 24 A [94]), the membrane ordering is greater for FhuA [100].

6.7.2
Inclination of the f-Strands Relative to the f-Barrel Axis in Lipid Bilayers

The tilt angles, 5, of the f-strands relative to the barrel axis were f=44° for
OmpA0-176 and ff=44.5° for FhuAA5-160, when determined from attenuated
total internal reflection (ATR)-FTIR spectra. For comparison, strand tilt angles
relative to the barrel axis were f=43.1° for OmpA0-171 [4, 94, 106] and f=38.3
for FhuAA5-160 [24, 106] when calculated from the crystal structures. The
slightly larger strand tilts obtained for FhuA were interpreted as a slight relaxa-
tion of the FhuAA5-160 structure relative to the packing of the whole protein
in the crystal [100]. Ramakrishnan et al. [100] also estimated the sheet twist,
0=18° (wt-OmpA) and 0=6° (FhuAA5-160), and strand coiling, ¢=10° (wt-
OmpA) and ¢=4° (FhuAA5-160) from the f-strand tilts, f, that were obtained
from the dichroic ratios of ATR-FTIR spectra. The values were in agreement
with the estimates from the X-ray crystal structures, suggesting similar f-barrel
geometries of OmpA and FhuA in lipid membranes and X-ray crystals.

Analysis of the FTIR spectra of wt-OmpA and OmpAA5-160 [100] showed
that the overall percentage of f-sheet secondary structure in wt-OmpA was 59%,
while a f-sheet content of 63% was deduced from the crystal structure of
OmpA0-171 [4]. Ramakrishnan et al. [100] therefore concluded that about 55%
of the periplasmic domain of OmpA must also be of f-sheet secondary struc-
ture. Interestingly, the crystal structure of the 127 residue C-terminal domain of
RmpM, which is homologous to the periplasmic domain of OmpA with about
35% sequence identity, contains 25% f-strands and 25% f-turns [107].

6.7.3
Hydrophobic Matching of the f-Barrel and the Lipid Bilayer

The tilts of the strands can be used to deduce information about the hydropho-
bic thickness of lipid bilayer. The hydrophobicity analysis [72] of the OmpA bar-
rel showed that the hydrophobic region, which is delimited by two aromatic gir-
dles, is comprised of an average of five outward facing residues in each of the
strands of the OmpA transmembrane domain. With the rise of 3.45 A per resi-
due [108] and an average tilt angle of 44°, the hydrophobic thickness can be es-
timated to around 25 A, which agrees well with estimates for several OMPs of
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E. coli [109]. When the acyl chain length dependence of the lipid affinity of an-
other OMP, OmpF, was investigated by fluorescence spectroscopy [110], a maxi-
mum affinity was found for diCy4.;PC, with a progressive decrease for lipids
with longer acyl chains. The double bond reduces the bilayer thickness, which
is comparable for diCy4.,PC and diC;,.,PC [111], to about 24 nm. This is con-
sistent with the thickness derived from f-strand tilt angles.

6.8
In vivo Requirements for the Folding of OMPs

6.8.1
Amino Acid Sequence Constraints for OmpA Folding in vivo

Koebnik [112] tested constraints within the amino acid sequence that limit the
folding of OmpA in vivo. In this study, OMPs assembled efficiently into the out-
er membrane only when at least four of the five residues pointing to the hydro-
phobic chains of the membrane lipids were hydrophobic. In addition, none of
the three central residues of a f-strand could be charged. The amino acid side-
chains facing the inside of the small eight-stranded f-barrel of OmpA could not
be large and proline residues were not well tolerated in the f-strands.

Two complementary OmpA fragments that were split at the second or third
periplasmic turn could be co-expressed in E. coli and assembled efficiently with
all termini located in the periplasmic space [113]. When pairs of the transmem-
brane f-strands were permuted on the DNA level, only the three possible circu-
lar permutations led to correctly assembled OmpA variants, although their as-
sembly was less efficient than the assembly of OmpA [114].

6.8.2
Periplasmic Chaperones

The biochemical requirement for the in vitro folding of f-barrel membrane pro-
teins OmpA [50, 56], OmpG [64], OmpF [63], PhoE [115] and others from a de-
natured state in urea appears to be a supramolecular assembly of amphiphiles
[50, 69]. While the presence of a supramolecular assembly of detergents or lip-
ids is a minimal requirement for the in vitro folding of f-barrel membrane pro-
teins such as OmpA, additional components may be necessary in vivo. For in-
stance, it is not clear how OMPs are successfully targeted to the outer mem-
brane, and how insertion and finally folding of other OMPs takes place, which
exhibited poor folding yields in vitro, such as OmpF [63] and FhuA (Pocanschi
and Kleinschmidt, in preparation). Poor in vitro refolding upon denaturant dilu-
tion in presence of preformed phospholipid bilayers appears to be a conse-
quence of the fast aggregation of OMPs, which competes with bilayer insertion
and folding. In vivo, molecular chaperones keep the OMPs soluble in the peri-
plasm [116, 117] before they become part of the outer membrane. The chaper-
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ones are likely more efficient to prevent OMP aggregation in comparison to the
denaturant urea that has been used in folding studies in vitro and that must be
diluted before OMPs can insert and fold into model membranes. In vivo, there
must also be a targeting mechanism that prevents the insertion of OMPs from
the periplasm into the cytoplasmic membrane and specifically directs them to
the outer membrane. It may be possible that differences in the physicochemical
properties of the inner and outer membrane are responsible for the targeting of
f-barrel membrane proteins to the outer membrane. For instance, the average
hydrophobic thicknesses of the proteins of the outer membrane (22-24 A) [62,
109] and of the inner membrane (around 26-29 A) [109] of E. coli are different.
In fact, in vitro experiments also showed that insertion and folding of OmpA
into thin membranes are faster then into phospholipid bilayers with a thicker
hydrophobic core [62]. The outer membrane contains mostly LPS in the outer
leaflet. LPS has relatively short hydrocarbon chains, which are partially hydroxy-
lated close to the glucosamine backbone at C-3, lowering the hydrophobic thick-
ness of the outer membrane. Whether this difference in the hydrophobic thick-
nesses of the inner and outer membranes is really relevant for targeting of
OMPs to the outer membrane, remains to be clarified. Most likely, proteins are
involved in proper targeting of OMPs to the outer membrane. Several periplas-
mic proteins and LPS have been demonstrated to interact with OMPs in the
periplasm. OMPs of Gram-negative bacteria are translocated across the cytoplas-
mic membrane into the periplasm in a mostly unfolded form by the SecA/E/Y/
G export system (for recent reviews, see, e.g. [118, 119]). In the periplasm, the sig-
nal sequence is cleaved off by a signal peptidase. Genetic studies on possible peri-
plasmic chaperones and biophysical assays with these chaperones and soluble pro-
teins as their substrates suggested that for example SurA (45 kDa) [120-122] and
FkpA (26 kDa) [123-125] have a role in the targeting and assembly of OMPs. In
these studies, the periplasmic chaperones prevented the aggregation of soluble
proteins. In vivo, the concentrations of some OMPs in the outer membrane of
E. coli were decreased, when the genes of the periplasmic proteins Skp [46] or
SurA [120, 121] were deleted. Representatives of three different families of pepti-
dyl-prolyl cis/trans isomerases were found in the periplasm. Examples are the par-
vulin-type SurA [122, 123], the FKBP-type FkpA [123-126] and the cyclophilin-type
PpiA (RotA, 18 kDa) [127]. SurA bound the 18-stranded LamB in vitro [122].

6.8.3
Insertion and Folding of the f-Barrel OmpA is Assisted by Skp and LPS

Direct biochemical evidence for a chaperone-assisted three-step delivery pathway
of OmpA to a model membrane was first given by Bulieris et al. [68]. It was dem-
onstrated that the periplasmic chaperone Skp [116, 128-131] keeps OmpA soluble
in vitro at pH 7 in an unfolded form even when the denaturant urea was diluted
out. Skp was also shown to prevent the premature folding of OmpA into LPS mi-
celles and to inhibit the folding of OmpA into phospholipid bilayers composed of
phosphatidylethanolamine, phosphatidylglycerol and phosphatidylcholine [68].
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Only when Skp complexes with unfolded OmpA were reacted with LPS in a sec-
ond stage, a folding competent form of OmpA was formed that efficiently inserted
and folded into phospholipid bilayers in a third stage. In this Skp/LPS-assisted
folding pathway, Bulieris et al. observed faster folding kinetics and higher yields
of folded OmpA in comparison to the direct folding of OmpA into the same lipid
bilayers upon urea dilution in absence of Skp and LPS. In the sole presence of
either Skp or LPS, the kinetics of insertion and folding were inhibited (Fig. 6.3).
The higher folding yields of OmpA from the complex with Skp and LPS (in com-
parison to OmpA folding from the urea denatured state) may be a consequence of
faster Skp binding to unfolded OmpA in solution in comparison to the folding of
OmpaA into lipid bilayers. Faster rates of Skp binding in solution would result in
relatively lower amounts of aggregated OmpA, thus increasing the amounts of
OmpA available for folding. However, Bulieris et al. [68] also showed that LPS
is required for the efficient OmpA insertion from complexes with Skp into lipid
bilayers. In their study, unfolded OmpA bound LPS or Skp or both. The binding
stoichiometries were 25 molecules of LPS with a binding constant of

1.0+ T T

Fraction of Folded OmpA

0.0 '

1 I
100 150

Time {min)

Fig. 6.3 Folding of OmpA into lipid bilayers
requires both, Skp and LPS (adapted from
[68]). Data shown correspond to Omp fold-
ing experiments into lipid bilayers, 30 min
after dilution of the denaturant urea, in the
absence of Skp and LPS (open circles),

in the presence of Skp (diamonds), in the
presence of LPS (triangles), and in the

presence of both Skp and LPS (solid circles).

The folding kinetics were fastest and folding
yields were highest when both Skp and LPS
were present. Folding was inhibited when

either Skp or LPS were absent. The folding
kinetics in presence of Skp and LPS also
compare favorably with the folding kinetics
from the urea-denatured state in the absence
of Skp and LPS, indicating that OmpA is
insertion competent in vivo, in the absence
of urea, when in complex with Skp and LPS.
The work also indicated that OmpA did not
develop native structure when complexed
with Skp and LPS, but only in the presence
of lipid bilayers.
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Kips ~ 1.2+0.7 mM™" (i.e. with a free energy of binding AG=-8.3+0.3 kcal mol ™)
and three molecules of Skp with a much larger binding constant of
Kgip ~ 4630 mM ™" (i.e. with AG=-10.3=0.5 kcal mol™) [68]. The 8- to 150-fold
greater OmpA binding constant of Skp explains that Skp prevents the folding of
OmpA upon addition of LPS micelles. However, LPS was necessary to promote
efficient folding of OmpA into preformed phospholipid membranes at optimal
stoichiometries of 0.5-1.7 mol LPS mol Skp™' and 3 mol Skp mol unfolded
OmpA™. For fast kinetics and high yields of membrane insertion and folding
of OmpA, about 1.5-5 mol LPS bound to Skp/OmpA complexes (i.e. much lower
amounts than observed in absence of Skp) [68]. Interestingly CD spectroscopy and
KTSE assays indicated that large amounts of secondary and tertiary structure in
OmpA only form in the third stage of the assembly pathway, upon addition of
phospholipid bilayers [68], suggesting that Skp and LPS deliver OmpA to the
membrane, which is absolutely needed for the formation of secondary and tertiary
structure in OmpA.

The interaction of the OmpA/Skp/LPS complex with the lipid bilayer is appar-
ently the most important event to initiate folding of OmpA in presence of cha-
perones and LPS as a folding catalyst. The described assisted folding pathway
and discovered 3:1 stoichiometry for Skp binding to OmpA [68] was later sup-
ported by the observation that Skp is trimeric in solution [132] and by the de-
scription of the crystal structure of Skp and a putative LPS binding site in Skp
[133, 134] (Fig. 6.4A). One LPS binding site per Skp monomer is consistent
with the observation of optimal folding kinetics of OmpA from an OmpA/Skp/
LPS complex at 0.5-1.7 mol LPS mol Skp™' [68]. In this case, a 1:1 stoichiome-
try perhaps indicates that LPS only binds to the LPS binding site of Skp and
OmpA is completely shielded from interactions with LPS. A current folding
model for this assisted OmpA folding pathway is shown in Fig. 6.5.

A second periplasmic protein, the survival factor A, SurA [123], has been
demonstrated to affect OMP assembly. E. coli mutants, in which the surA gene
was deleted, had reduced concentrations of OmpA and LamB in the outer mem-
brane [120, 121]. SurA functions as a peptidyl-prolyl cis/trans isomerase and as a
molecular chaperone [122]. The crystal structure of SurA [135] is shown in
Fig. 6.4 B. Genetic evidence suggests that SurA and Skp act as chaperones that
are involved in parallel pathways of OMP targeting to the outer membrane
[136].

6.8.4
Role of Omp85 in Targeting or Assembly of f-Barrel Membrane Proteins

The Skp/LPS-assisted folding pathway is not the only pathway for OMP folding,
because in initial experiments, the folding of the 22-stranded f-barrel FhuA was
not facilitated in the presence of Skp and LPS (Pocanschi and Kleinschmidt, un-
published data). There is genetic evidence for a parallel folding pathway involv-
ing the periplasmic SurA. The double deletion of the genes skp and surA is
lethal to the bacteria [122, 136]. Also, the assembly of TolC does neither require



Fig. 6.4 (A) Crystal structure of the Skp
trimer (PDB entry 1SG2 [134]). The Skp
trimer consists of a tightly packed
12-stranded f-barrel that is surrounded by
C-terminal a-helices of the three subunits

that point away from the barrel in form of
tentacles that are about 65 A long. These
tentacles form a cavity that may take up the
unfolded OMP. The outside surface of the
helical domain of Skp is highly basic. Each
monomer of the trimeric Skp has a putative
LPS binding site [133] (Skp structure entry
1UM2 in the PDB). The LPS-binding site
was found using a previously identified LPS-
binding motif [101], and consists of K77,
R87 and R88. This motif matches the LPS-
binding motif in FhuA with residues K306,
K351 and R382 (see Section 6.6.2) and a
root mean square deviation of 1.75 A for the
Ca—Cy atoms was calculated [133]. Q99 in
Skp may also form a hydrogen bond to an

6.8 In vivo Requirements for the Folding of OMPs

B

LPS phosphate, completing the four-residue
LPS-binding motif. (B) Crystal structure of
survival factor A, SurA (PDB entry TM5Y
[135]). The N-terminal domain (N) is
composed of the a-helices H1 to H6
(residues 1-148) and connected to peptidyl-
prolyl cis/trans isomerase (PPI) domain P1
(residues 149-260). The P2 domain (resi-
dues 261-369) connects to the C-terminal
domain C (residues 370-428, colored in
red). It has been demonstrated that a
mutant SurAN(-Ct), which does not contain
the two PPlase domains and is composed of
the N and C domains only, functions like a
chaperone [122]. This SurA “core domain”
has been proposed to bind the tripeptide
motif aromatic-random—aromatic, which is
prevalent in the aromatic girdles of f-barrel
membrane proteins [148]. Figures were
created with PyMOL [149].
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W

v

26
g@% Lipid bilayer 2

°-6 @ W

Unfolded (U)
OmpA

Unfolded OmpA, Folding competent (FC), Native (N), membrane
in a soluble complex  unfolded OmpA in complex inserted form of OmpA
with Skp with Skp and LPS
Fig. 6.5 A model of the Skp/LPS-assisted soluble in an unfolded state (USkps). The
folding pathway of the f-barrel protein complex of unfolded OmpA and Skp
OmpA of the outer membrane of E. coli is interacts with LPS molecules to form a fold-
depicted. After translocation across the ing competent intermediate of OmpA
cytoplasmic membrane by the SecA/E/G/Y (FCSkpsLPS,). In the final step, folding
system in unfolded form (U), OmpA binds competent OmpA inserts and folds into the
three molecules of the trimeric Skp, which is lipid bilayer (adapted from [69]).

a periplasmic chaperone and keeps OmpA

Skp nor SurA [137]. Recently, an OMP, Omp85, has been demonstrated to be
essential for the targeting of integral membrane proteins to the outer mem-
brane [138] and, similarly, Tob55 has been demonstrated to be essential for tar-
geting porins to the outer membrane of mitochondria [139, 140]. Omp85 was
necessary for the viability of the bacteria and deletion of the omp85 gene from
the chromosome lead to an accumulation of OMPs in non-native, probably ag-
gregated form. The lack of insertion of the OMPs was further confirmed by im-
munofluorescence microscopy, which showed strongly reduced surface labeling
with antibodies directed against OMPs. Omp85 may therefore be involved either
in targeting of OMPs towards or in OMP insertion into the outer membrane, or
in both. Alternatively, it was also suggested that the effect of Omp85 may be an
indirect one and that Omp85 is instead involved in lipid transport to the outer
membrane [141]. This role for Omp85 was proposed, because the omp85 gene is
co-transcribed with several downstream genes involved in lipid or LPS synthe-
sis. Also, OMPs still appeared in fractions of the high density outer membrane
fraction after sucrose density centrifugation, while LPS and phospholipids accu-
mulated in the lower density inner membrane fraction, arguing against a role
of Omp85 in OMP assembly according to ref. [141]. However, the gene cluster
that includes omp85 also includes skp, which codes for the chaperone Skp that
is well known for its role in OMP transport [68, 116, 130], but also has a bind-
ing site for LPS [133]. Based on the elimination of OMPs from the outer mem-
brane after deletion of the gene for Omp85, it has been proposed that prior to
folding, OMPs first insert into a channel formed by the membrane-embedded
domain of Omp85, which then laterally opens to allow the stable insertion of



6.9 Outlook

the OMP into the bilayer of the membrane [142]. The proposed role of Omp85
as a translocon-like channel for OMP assembly raises several interesting ques-
tions: As has been recently pointed out [143], the lateral opening of the trans-
membrane channel would involve breaking several hydrogen bonds between the
transmembrane f-strands of Omp85, a process that is energetically very unfa-
vorable in the hydrophobic lipid environment of the membrane. If individual p-
strands would be released from the Omp85 transmembrane channel, the hydro-
philic residues and the polar amide and carbonyl groups of these strands would
be exposed to the hydrophobic membrane environment in addition to those of
the laterally opened Omp85 channel. On the other hand, the channel would be
too small to contain a large f-barrel such as FhuA. Another question would be,
how would Omp85 adjust to the large differences in the diameters of the f-bar-
rels of the various OMPs? Further experiments are clearly needed to really clari-
fy possible effects of Omp85 in the stages of structure formation and f-barrel
membrane protein integration. Instead of a direct involvement of Omp85 in the
structure formation of OMPs, it appears more likely that Omp85 is needed for
targeting of the OMPs to the outer membrane. In lack of direct experimental
evidence for a role of Omp85 in membrane insertion and structure formation,
the proposed translocon-like model for the action of Omp85 currently appears
speculative or premature. When folding is analyzed by methods that directly re-
port on the formation of secondary and tertiary structure in OMPs as well as on
the degree of membrane insertion, folding and insertion of OMPs definitely
also take place in absence of Omp85, by a concerted mechanism that is simply
induced by lipid—protein interactions [62, 89, 90].

6.9
Outlook

Although the exploration of insertion and folding of f-barrel membrane proteins
into membranes has made progress in recent years, our knowledge about the pro-
cess is still very limited and many new questions have surfaced with the discovery
of OMP targeting and/or folding machineries that exist in the periplasm, and ap-
parently also in the outer membrane [143]. While Skp and SurA were demon-
strated to improve membrane insertion and folding of OmpA in vitro, these cha-
perones had no significant effects on the insertion and folding of some other
OMPs into preformed lipid bilayers. It will be interesting to note which additional
chaperones will be discovered that assist the OMP assembly process in well-de-
fined in vitro experiments. It will then be necessary to investigate whether these
proteins are directly involved in the generation of structure in OMPs or whether
they are key elements for the targeting of OMPs to the surface of the outer mem-
brane, where OMP insertion into the phospholipid bilayer is then mediated by lip-
id—protein interactions. Some OMPs, e.g. OmpA, do not absolutely require folding
machinery for quantitative folding in vitro from a urea-denatured state. However,
in vivo, i.e. in the absence of urea, chaperones such as Skp must prevent the hy-
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drophobic collapse and misfolding of OMPs, and deliver them to the outer mem-
brane. In the case of OmpA, insertion and folding appear to be driven by the in-
teraction of a chaperone-OmpA complex with the lipid bilayer and apparently can
take place in absence of membrane-integrated proteins that act as folding machin-
ery [68]. The folding kinetics of OmpA in vitro greatly depend on the properties of
the lipid bilayer. These properties may be modulated by peripherally bound or by
intrinsic membrane proteins. Skp, for example, is highly basic and may modulate
the surface properties of the periplasmic leaflet of the outer membrane, which
contains phosphatidylglycerol that is negatively charged. Future studies on the in-
sertion and folding of f-barrel membrane proteins must therefore also include in-
vestigations on how periplasmic proteins modify the properties of the periplasmic
surface of the outer membrane. In addition, more detailed information must be
obtained on structure formation in OMPs. For example, it is not clear how the po-
lar loops of the OMPs translocate across the hydrophobic core of the bilayer, and

what role lipid—protein and protein—protein interactions have in this context.
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