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ABSTRACT: The outer membrane protein OmpA from Escherichia coli can fold into lipid
vesicles and surfactant micelles from the urea-denatured state. However, a complete kinetic
description of the folding and unfolding of OmpA, which can provide the basis for subsequent
protein engineering studies of the protein’s folding pathway, is lacking. Here we use two different
denaturants to probe the unfolding mechanism of OmpA in the presence of the surfactant octyl
maltoside (OM). Unfolding of OmpA in the presence of micelles, achieved with the potent
denaturant guanidinium chloride (GdmCl), leads to single-phase unfolding. In contrast, OmpA
unfolds in urea only below OM’s critical micelle concentration, and this occurs in different phases,
which we attribute to the existence of states that have bound different amounts of surfactant, from
completely “naked” to partly covered by surfactant. Multiple parallel refolding phases are
attributed to different levels of collapse prior to folding. Kinetic results used to derive the stability
of OmpA in surfactant, using either urea or GdmCl as the denaturing agent, give comparable
results and indicate a minimalist three-state folding scheme involving denatured state D, folding
intermediate I, and native state N. N and I are stabilized by 15.6 and 2.6 kcal/mol, respectively, relative to D. The periplasmic
domain of OmpA does not contribute to stability in surfactant micelles. However, BBP, a minimalist transmembrane β-barrel
version of OmpA with shortened loops, is destabilized by ∼10 kcal/mol compared to OmpA, highlighting loop contributions to
OmpA stability.

Bacterial outer membrane proteins (OMPs) make up a
diverse group of β-barrel proteins, including adhesins,

architectural proteins, passive diffusion pores, siderophore
receptors, efflux channels, protein translocation pores, and
enzymes, e.g., lipases, proteases, and palmitoyl transferases.1

Their many functions are conducted with a very simple
structural framework consisting of typically 8−16 β-strands.
Whereas α-helical membrane proteins often have long
unbroken sequences of highly hydrophobic residues in their
helical transmembrane segments, OMP transmembrane β-
strands typically consist of alternating hydrophilic and hydro-
phobic residues. This reduces their overall hydrophobicity and
in practice makes it possible to refold many of them from the
urea-denatured state by dilution in the presence of
phospholipid vesicles or surfactant micelles.2 The outer
bacterial membrane is an asymmetric bilayer in which the
outer and inner leaflets vary considerably in composition. The
inner leaflet contains a large proportion of phospholipids,
whereas the outer leaflet is dominated by lipopolysaccharide
(LPS). Manufacturing vesicles with such an asymmetric
distribution of phospholipids and LPS is not simple, and
hence, vesicles composed entirely of phospholipids are usually
used as model systems in folding studies of membrane proteins.
The most detailed OMP folding studies have been performed

on the highly abundant OmpA from Escherichia coli, a two-
domain OMP whose 171-residue N-terminal domain forms an
eight-stranded β-barrel embedded in the outer membrane.
Although the structure of the 154-residue C-terminal domain

has not yet been determined despite ongoing efforts,3 a
homologous domain from protein RmpM from Neisseria
meningitidis with a 35% identical sequence shows mixed α-
and β-structures.4 With the pioneering studies of Surrey and
Jaḧnig5,6 and the elegant kinetic analyses by Kleinschmidt,
Tamm, and co-workers7−11 as a starting point, it has been
shown that the N-terminal domain of OmpA inserts from the
urea-unfolded state into small unilamellar vesicles in a series of
steps. Hong and Tamm determined the free energy of
unfolding (ΔGD‑N) of OmpA at high pH and 37 °C in
different phospholipid membranes to be 3−7 kcal/mol
(depending on the lipid used), which lies at the low end of
the range of 5−15 kcal/mol usually observed for water-soluble
proteins.12

At present, kinetic studies of the folding and unfolding of
OmpA in lipid vesicles have not proved to be tractable because
of the extremely long time scales involved, and there are serious
challenges with the reversible folding and unfolding of OmpA
in vesicles (data not shown). Because OmpA is a flagship for
the class of outer membrane proteins, it is of great interest to
find appropriate conditions for reversible folding and unfolding
on experimentally feasible time scales. One such option is
provided by the replacement of lipids with surfactants.
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Surfactants are amphiphilic surface active compounds that at
concentrations above the critical micelle concentration (cmc)
aggregate into supramolecular assemblies termed micelles.
They are useful tools for studying membrane proteins because
of their high solubility, ease of handling, and ability to form
mixed micelles between nonionic and anionic surfactants with
variable denaturing potency.13,14 Surfactant micelles provide a
hydrophobic environment that can facilitate folding of OMPs15

and thus, in combination with chemical denaturants, provide a
complete description of these proteins’ mechanisms of folding
and unfolding, using the approaches developed for water-
soluble proteins such as analysis of chevron plots and protein
engineering.12 For such an approach to be successful, OMPs
must fold and unfold reversibly over a wide range of denaturant
concentrations. For many OMPs under a variety of conditions,
N and D do not equilibrate in surfactants at the experimentally
accessible time scale in the transition region where they are
both significantly populated.16 This leads to the phenomenon
of hysteresis, where denaturation curves obtained using the
denatured or native state as starting points do not overlap. A
few exceptions have been reported. For example, the outer
membrane lipase OmpLA undergoes completely reversible
equilibrium unfolding in DLPC vesicles if the pH is kept below
4.0 and the protein is prevented from aggregation by low
concentrations of the surfactant SB3-14 [3-(N ,N-
dimethylmyristylammonio)propanesulfonate].17 Another exam-
ple is provided by the folding of the OMP PagP into lipid
vesicles, where an equilibrium between N and D could be
established at very high urea concentrations, allowing two-state
folding−unfolding kinetics to be observed within a relatively
narrow urea concentration range (∼7−10 M). This provided
the basis for an elegant protein engineering analysis of the
transition state of folding.18 However, folding was more
complicated at lower urea concentrations, involving several
phases, and no comprehensive kinetic analysis of OMP folding
and unfolding over the entire accessible urea concentration
range has been reported to the best of our knowledge.
OmpA does not equilibrate completely between D and N on

a time scale of days to weeks when unfolding the protein in
urea. Here we show that the complete folding reversibility of
OmpA may be achieved in the presence of the more potent
denaturant guanidinium chloride (GdmCl), and that folding
and unfolding occur sufficiently rapidly in this denaturant to
allow us to collect kinetic data over the entire GdmCl
concentration range spanning folding and unfolding. This
allows us to construct a minimalist folding scheme for OmpA
involving a single folding intermediate. Armed with this
information, we have investigated the behavior of OmpA in
urea. Unfolding and refolding rates for OmpA can be measured
between 0 and 9 M urea, except for the range of 3.5−5.5 M
urea, where kinetics were too slow to be measured on the
experimentally accessible time scale. However, extrapolation of
kinetic data to this region led to stability values comparable to
those from GdmCl and furthermore revealed parallel folding−
unfolding pathways, which are more pronounced in urea than
in GdmCl. We conclude that OmpA can fold and unfold in
parallel pathways starting from states collapsed to various
extents, but “fast track” refolding and unfolding (which
dominates in GdmCl) involve only D, an intermediate, and
N. The periplasmic domain does not interfere with the folding
of the transmembrane domain, while shortening of the
extracellular loops to generate a minimal β-barrel structure
strongly destabilizes the protein but does not alter the

fundamental features of this folding pathway. This work
provides the basis for subsequent protein engineering analysis
of the folding−unfolding pathway of OmpA.

■ MATERIALS AND METHODS
Cloning of FL-OmpA. Full-length OmpA (termed FL-

OmpA and encompassing residues 46−370 of the full sequence
and excluding the first 45 residues that constitute the signal
peptide) was expressed in cytoplasmic inclusion bodies in E. coli
BL21(DE3) cells. To express OmpA, the gene was amplified via
polymerase chain reaction from E. coli K12 genomic DNA. The
two primers, 5′-gggaattccatatggctccgaaagataacacacctg-3′ and 5′-
ggcccaagcttttattaagcctgcctgcggctgagttac-3′, were designed to
amplify the sequence omitting the signal peptide and to
introduce the gene between the NdeI and HindIII sites in the
pET-3a vector (Stratagene). In the modified vector now
designated pOmpAA, expression of the gene is under control of
the T7 promoter. Transmembrane OmpA (termed TM-
OmpA) and β-barrel platform (BBP) were expressed and
purified in 8 M urea from inclusion bodies as described
previously.19,20 The vector for BBP was kindly provided by K.
Pervushin.

Expression and Purification of FL-OmpA. pOmpAA was
transformed into E. coli BL21(DE3) cells by heat shock
treatment. Expression of OmpA was induced at an OD600 of 0.5
via the addition of 0.5 mM isopropyl β-D-thiogalactopyranoside,
after which the culture was grown for 4 h and the cell pellet was
harvested by centrifugation. Cells were resuspended in PBS
buffer (20 mL/L of medium), and inclusion bodies were
released from cells by ultrasound treatment with a Labsonic L
Sonicator (Satorius BBI Systems). Sonication was performed
with a 30 s on−off cycle 30 times in an ice-cold water bath.
Inclusion bodies were collected by centrifugation and washed
overnight in TEN buffer [50 mM Tris (pH 8), 1 mM EDTA,
and 100 mM NaCl] containing 2% Triton X-100 (8 mL/L of
culture). The next day inclusion bodies were collected by
centrifugation and washed in TEN buffer without Triton X-100
for 2 h. Inclusion bodies were collected by centrifugation and
dissolved in TN buffer containing 8 M urea. Insoluble
impurities were removed by ultracentrifugation (45000g for
30 min). Urea-dissolved OmpA was prepared for anion
exchange chromatography by dialysis against 50 volumes of
20 mM Tris (pH 9) and 8 M urea. Purification was conducted
as described by Surrey et al.21 with minor modifications using a
17 mL Source 15Q (GE Healthcare) column equilibrated with
20 mM Tris (pH 9.0) and 8 M urea. Fractions containing
OmpA in 8 M urea were pooled, concentrated with Centricon
Centrifugal Filter Units (Millipore, Billerica, MA), and stored at
−80 °C. Sodium dodecyl sulfate−polyacrylamide gel electro-
phoresis (SDS−PAGE) analysis showed >95% purity, and the
final concentration was 160 μM as determined by absorbance at
280 using a molar extinction coefficient of 50330 M−1 cm−1.

Equilibrium Folding of OmpA in OM with Urea and
GdmCl. For unfolding experiments in urea, OmpA was initially
folded by dilution of 160 μM OmpA in 8 M urea 12.8-fold into
0.625 M urea, 55 mM octyl maltoside (OM), and glycine buffer
[10 mM glycine (pH 10) and 2 mM EDTA] and incubation for
2 days at 37 °C. Appropriate amounts of glycine buffer and 55
mM OM with and without 10 M urea were mixed and diluted
4:1 with folded OmpA (final protein concentration of 2.5 μM).
Solutions were incubated at 25 °C over several days, and
samples were analyzed by SDS−PAGE without being boiled.
The fraction of folded OmpA was evaluated by densitometry
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using ImageJ.22 For refolding experiments, 160 μM unfolded
OmpA in 8 M urea was mixed with glycine buffer, surfactant,
and urea to final concentrations of 2.5 μM OmpA and 55 mM
OM. The final concentrations of surfactant and OmpA were the
same as for equilibrium unfolding experiments. Experiments in
GdmCl were performed essentially the same way, except that
they were conducted in 250 mM OM to ensure that we were
above the cmc at all GdmCl concentrations. In addition, for
refolding experiments, OmpA was first diluted 12.8-fold into
0.625 M urea and 2 M GdmCl, after which it was diluted an
additional 5-fold to final concentrations of 2.5 μM OmpA, 250
mM OM, and 0.4−4.5 M GdmCl.
Folding Kinetics in OM. OmpA or TM-OmpA was folded

in OM for 2 days as described for equilibrium folding
experiments. Measurements were taken on a Cary-Varian
Eclipse fluorimeter in a 10 mm quartz cuvette with magnet
stirring. Excitation and emission wavelengths were 295 and 335

nm, respectively, and slit widths were 10 nm (an excitation
wavelength of 295 nm removes essentially all contributions
from the 12 Tyr residues also present in the periplasmic
domain and detects fluorescence from only the five Trp
residues in the transmembrane domain). In a typical unfolding
experiment, 0.8 mL of surfactant in glycine buffer with an
appropriate amount of urea was equilibrated at 25 °C using the
instrument thermostat; 0.2 mL of folded OmpA was then
quickly added, and unfolding of the protein was followed by
fluorescence. Refolding experiments were conducted by
equilibrating glycine buffer with 55 mM OM and an
appropriate amount of urea in a cuvette. Concentrated and
unfolded OmpA was then added, and refolding was followed by
fluorescence. Similar FL-OmpA folding and unfolding experi-
ments were also conducted in 250 mM OM and different
concentrations of GdmCl. Kinetic signals were always

Figure 1. (A) Degrees of refolding and unfolding of OmpA in 55 mM OM at different concentrations of urea after incubation for 8 days. The
reaction was followed by SDS−PAGE. OmpA was refolded from 8 M urea by dilution to different urea concentrations. OmpA was unfolded by first
being refolded to 0.625 M urea and then transferred to higher urea concentrations. (B) Relative band intensities in panel A plotted vs urea
concentration. The gray zone indicates the region of hysteresis between refolding and unfolding. (C) Midpoints of refolding and unfolding of OmpA
change over time. Refolding is not completely reversible in urea. The midpoint, defined as the concentration at which 50% of OmpA is folded, is
obtained by interpolation of data in panel B. (D) Denaturation of OmpA in GdmCl starting from the refolded and unfolded states. The data are fit to
a two-state unfolding process with midpoints of 2.16 ± 0.04 and 2.20 ± 0.04 M GdmCl starting from the N state and the D state, respectively; the
corresponding values of mD‑N (which describe the linear dependence of the equilibrium constant of unfolding log KD‑N on GdmCl concentration) are
3.40 ± 0.53 and 3.73 ± 0.47 M−1, respectively.
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monitored for time periods corresponding to at least four half-
lives of the slowest phase.

■ RESULTS
OmpA Does Not Undergo Completely Reversible

Unfolding in Urea in Surfactants. To identify conditions
that would allow us to determine the stability of OmpA in
surfactants, we initially incubated OmpA in 55 mM OM and
different concentrations of the chemical denaturant urea at 25
°C. Urea has been the traditional denaturant used to maintain
OmpA in the unfolded state prior to refolding into vesicles and
surfactants7,10 and to conduct denaturation in the presence of
vesicles.23 The degree of folding was ascertained by SDS−
PAGE, because the unfolded state of OmpA migrates more
slowly than N because of its greater hydrodynamic radius
(Figure 1A). The high kinetic barrier between D and N means
that native OmpA, once formed, does not unfold in SDS at
room temperature.24 The reversibility of unfolding was probed
by starting from both N and D (Figure 1B). However, it is clear
that even after 8 days, the two transitions in urea have not
merged (Figure 1C), and there is distinct hysteresis in the
whole unfolding region (2.5−5.0 M urea). Similar results were
obtained when the process was followed by a change in
OmpA’s tryptophan fluorescence (data not shown). This
indicated that the unfolding of OmpA has not reached
equilibrium within the region where N and D are both
populated to significant extents. An even greater extent of
hysteresis was also observed, because of a low degree of
unfolding, when we attempted to fold and unfold OmpA in
urea in the presence of decyl maltoside and dodecyl maltoside
(data not shown). These surfactants have significantly lower
critical micelle concentrations (cmc) than octyl maltoside,
suggesting that micelles might stabilize OmpA against
unfolding in urea. Given that micelles are stabilized by the
hydrophobic effect, denaturants such as urea that solubilize
hydrophobic moieties25,26 will destabilize micelles by solubiliz-
ing monomeric surfactant molecules and thus increase the
critical micelle concentration. OM has a cmc of 20 mM in
water, but the cmc increases linearly with urea and reaches 55
mM around 3.2 M urea (Figure S1 of the Supporting
Information). Thus, OM micelles will not be present to any
significant extent above 3.2 M urea, and indeed, we observe
unfolding only above this urea concentration (Figure 1B). If the
OM concentration is increased sufficiently to form micelles at
high urea concentrations, no OmpA unfolding is observed (data
not shown). Thus, micelles have to be dissolved to allow
OmpA unfolding in urea.
The lack of complete equilibration and the need for micelle

dissolution complicate unfolding of OmpA in urea. We sought
to remedy this using the denaturant GdmCl.
GdmCl Leads to Complete Folding Reversibility of

OmpA at Micellar OM Concentrations. GdmCl is a
significantly stronger denaturant than urea; the disadvantage
is that it coprecipitates with SDS, preventing SDS−PAGE
analysis of unfolding. However, the denaturation process may
be followed by Trp fluorescence. Control experiments with
urea show that SDS−PAGE and Trp fluorescence lead to the
same unfolding−folding kinetics; differences between rate
constants determined by the two methods are less than 10%
(Figure S2 of the Supporting Information). The cmc of OM in
6 M GdmCl is 200 mM. Accordingly, we used 250 mM OM
and denaturation in 0−4.5 M GdmCl to ensure that OM
micelles were present at all concentrations and thus justify a

unifying analysis of the folding−unfolding mechanism. Gratify-
ingly, when OmpA is incubated with increasing concentrations
of GdmCl over a period of 4 days (starting from the N or D
state), the two transitions essentially superimpose (Figure 1D).
Fitting the data to a two-state unfolding transition provides a
midpoint of denaturation of 2.17 ± 0.04 or 2.20 ± 0.04 M
GdmCl depending on whether OmpA is initially folded or
unfolded, respectively. Thus, unfolding in GdmCl leads to
complete equilibration between N and D in the presence of
OM micelles and provides a benchmark for comparison with
potentially more complex unfolding and refolding in urea.

Folding and Unfolding of OmpA in GdmCl Reveal a
Three-State Mechanism. A kinetic analysis of the unfolding
and refolding of OmpA in GdmCl, monitored by the change in
Trp fluorescence over time, provides a more complete picture
of the denaturation process, allowing us to identify transient
intermediates that are not populated under equilibrium
conditions. Folding kinetics were fit to two-exponential decays
up to 0.4 M GdmCl, while only a single-exponential decay was
required between 0.4 and 2 M GdmCl (Figure 2, inset). All

unfolding kinetics could be fit to a single-exponential decay
over the entire unfolding range (2.0−5.0 M GdmCl). The
unfolding and refolding rate constants obtained from these fits
are plotted versus GdmCl concentration in Figure 2. The rate
constants for the slow refolding phase are 1 order of magnitude
lower than for the fast phase and are discussed below. The fast
refolding rate constants in combination with the unfolding rate
constants trace a V-shaped plot with a rollover at low GdmCl
concentrations. Equilibration is extremely slow in the transition
region, with half-lives of ∼105 s to ∼1 day (which means that
several days are required to reach an equilibrium). Never-
theless, the refolding and unfolding rate constants overlap in
the transition region (1.8−2.4 M GdmCl) and assume the same
value around 2−2.1 M GdmCl, reasonably consistent with the
midpoint of denaturation of ∼2.2 M GdmCl from equilibrium

Figure 2. Folding and unfolding rate constants of FL-OmpA vs
GdmCl concentration in 250 mM OM monitored by Trp fluorescence.
Double phases are seen for folding at low GdmCl concentrations (up
to 0.4 M). A single relaxation phase is seen for unfolding.
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denaturation studies. In classical protein folding, this kinetic
plot is consistent with Scheme 1:

⇌ ⇌D I N
K

k

kI

u

f

(Scheme 1)

where I is an intermediate state that OmpA has to populate to
fold to N, KI = [I]/[D], and kf and ku are refolding and
unfolding rate constants, respectively.27 The rollover is due to
the accumulation of I at low denaturant concentrations. Note,
however, that these kinetic data do not allow us to exclude an
off-pathway scenario28,29 in which the rollover derives from a
species C from which OmpA has to unfold back to D to fold to
N. On the basis of Scheme 1, we can derive the following
equation to analyze our kinetic data:

= +
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where kobs is the observed rate constant for folding or unfolding
and the parameters mf, mI, and mu describe how the
microscopic parameters log kf, log KI, and log ku, respectively,
depend linearly on urea concentration.28,30 In Table 1, the
values for KI, kf, and ku are extrapolated to water using the
corresponding m values. From these values, we may calculate a
free energy of unfolding of 12.43 ± 0.42 kcal/mol, based on the
relationships log KD‑N

water = log kf
water + log KI

water − log ku
water

and ΔGD‑N
water = −RT ln(10) × log KD‑N

water. The term mu −
mI − mf gives mD‑N, which describes the dependence of log
KD‑N

water on GdmCl concentration. This value is 4.86 ± 0.44
M−1, which is somewhat larger than the corresponding mD‑N
value from equilibrium studies (3.40 ± 0.53 and 3.73 ± 0.47
M−1, respectively), but close within error.
The Folding−Unfolding Process of OmpA in Urea Is

Multiphasic. We will now use these parameters to try to shed
further light on the unfolding of OmpA in urea. Folding and
unfolding of OmpA were followed over 0−3.5 and 5.5−8 M
urea, respectively. Higher concentrations of urea were not
accessible because of the dilution procedures involved in the
refolding assay, while equilibrium processes were too slow
between 3.5 and 5.5 M urea to be monitored reliably; at 3.5 and
5.5 M urea, the half-lives were around 30 h (comparable to
values at the midpoint of unfolding in GdmCl). Data were fit to
single-, double-, or triple-exponential decays (corresponding to
fast, intermediate, and slow phases, respectively) as required.
Examples of residuals from single, double, and triple fits are

shown in Figure S2B of the Supporting Information. Triple
exponentials were required only under conditions highly
favorable to either the native (0−1.3 M urea) or denatured
(6.5−8 M urea) state, while double exponentials sufficed in the
region from 1.3−2 and 5.5−6.5 M urea and single exponentials
between 2 and 3.5 M urea.
The results of our exponential fits are shown in Figure 3A−D

where both rate constants and amplitudes are depicted. There
are dramatic changes to both the rate constants (Figure 3A)
and their associated amplitudes for refolding (Figure 3B) and
unfolding (Figure 3C) throughout the process, but the total
amplitudes of refolding and unfolding remain essentially
constant throughout the measured concentration ranges.
Thus, the whole population of OmpA changes from unfolded
to folded (for folding experiments) and vice versa for unfolding
experiments.
At low urea concentrations, refolding rates are characterized

by three phases. The rate constant for the fast phase, which also
makes the greatest contribution to the total amplitude
throughout the whole refolding concentration range (Figure
3B), shows a curved decline with urea concentration, indicating
a partially folded species as discussed for refolding in GdmCl.
Neither the rate constants nor the amplitudes of the two slower
phases change markedly with urea concentration, though there
is a slight trend that the rate constant of the slowest phase
actually increases with urea concentration (Figure 3A). For
unfolding, the situation is much simpler. The rate constants of
all three phases follow the same linear increase with urea
concentration. There is, however, a distinct development in the
associated amplitudes (Figure 3C). The amplitudes of both the
intermediate and the slow phase decrease with an increasing
urea concentration, the slow phase decreasing the most. In
contrast, the amplitude of the fast phase increases linearly from
6.5 M urea onward.
Refolding of OmpA at low urea concentrations could be

complicated by aggregation. SDS−PAGE is also able to detect
oligomeric species of OmpA that tend to accumulate at
surfactant concentrations close to the cmc.31 However, our
SDS−PAGE data do not indicate that such species occur during
folding under these conditions, consistent with other reports
that a low urea concentration maintains OmpA in a monomeric
state.32 Aggregation of protein would be expected to depend on
protein concentration. We therefore refolded OmpA at five
different concentrations between 0.2 and 2 μM in 0−2.5 M
urea and 55 mM OM. We find that the total amplitude of the
three refolding phases scales linearly with OmpA concentration

Table 1. Summary of Kinetic Parameters Describing Folding and Unfolding of OmpA in Ureaa

parameterb FL-OmpA TM-OmpA BBP FL-OmpA in GdmCl

log kf
water (k in s−1) −1.01 ± 0.04 −1.03 ± 0.18 −3.15 ± 0.09 −0.79 ± 0.08

mf (M
−1) −0.38 ± 0.07 −0.31 ± 0.52 −0.19 ± 0.51 −0.61 ± 0.34

log KI
water 1.90 ± 0.12 1.42 ± 0.94 1.14 ± 0.52 1.78 ± 0.27

mI (M
−1) −1.36 ± 0.06 −1.19 ± 0.33 −1.43 ± 0.32 −2.57 ± 0.27

log ku
water (k in s−1) −10.56 ± 0.31 −11.57 ± 0.89 −7.07 ± 0.17 −8.15 ± 0.12

mu (M
−1) 1.25 ± 0.04 1.41 ± 0.12 0.90 ± 0.03 1.50 ± 0.03

log KD‑N
waterc 11.46 ± 0.34 11.96 ± 1.31 5.06 ± 0.56 9.14 ± 0.31

ΔGD‑N
water (kcal/mol)d 15.58 ± 0.46 16.27 ± 1.78 6.88 ± 0.76 12.43 ± 0.42

mD‑N
kinetice 2.99 ± 0.10 2.91 ± 0.63 2.52 ± 0.61 4.86 ± 0.44

aAt 25 °C in 55 mM OM, 10 mM glycine (pH 10), and 2 mM EDTA. bParameters refer to Scheme 1. D, I, and N are the denatured, intermediate,
and native states, respectively; KI = [I]/[D], and kf and ku are refolding and unfolding rate constants, respectively. The values for KI, kf, and ku are
extrapolated to water using the corresponding m values that describe how the logarithms of these parameters vary with urea concentration. cLog
KD‑N

water = log kf
water + log KI

water − log ku
water (Scheme 1). dΔGD‑N

water = −RT ln(10) × log KD‑N
water. emD‑N

kinetic = mu − mf − mI.
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(Figure S3A,B of the Supporting Information). Moreover, the
initial folding rates at different concentrations of OmpA are
very similar (Figure S3C of the Supporting Information). These
observations all indicate that aggregation is not a significant
process during refolding in OM. The results also agree nicely
with the observation by Moon and Fleming that surfactants
may act as “holdases” to promote reversible refolding of outer
membrane proteins and presumably avoid aggregation.17

Model for OmpA Refolding and Unfolding: A Single
Intermediate. It is not easy to decide which of the three urea
unfolding phases to adopt as the appropriate unfolding phase.
In the interpretation provided in Discussion, we argue that the
presence of several unfolding phases can be represented as
parallel unfolding phases in which the native state is stripped of
surfactant to different extents. In this model, the slowest phase

represents unfolding from a ground state with the greatest
amount of surfactant bound. Nevertheless, the amount of
surfactant bound during refolding and unfolding will in any case
differ, because there will be micelles during refolding but not
during unfolding. Furthermore, use of the slow unfolding phase
leads to a chevron plot with a minimum around 4.5 M urea
(not shown), and this is considerably higher than the minimum
of ∼3.8 M urea predicted from the unfolding titration in Figure
1B. We also show below that for the “reduced” OmpA
construct BBP, data fit much better to the fast unfolding phase
than the slow unfolding phase. Finally, the use of the fast phase
leads to data more consistent with GdmCl-derived data.
Therefore, we classify the two slow refolding phases and two
slow unfolding phases as parallel folding tracks and use the fast
refolding and unfolding phases to represent the main pathway

Figure 3. (A) Observed rate constants for folding and unfolding of FL-OmpA (filled symbols and ×) and TM-OmpA (empty symbols and triangles)
in 55 mM OM vs urea concentration. For both constructs, up to three different relaxation phases are seen for both folding and unfolding. The
associated amplitudes for FL-OmpA are shown for (B) refolding and (C) unfolding (note the symbols are not the same as in panel A; Amp1
corresponds to the fast phase, Amp2 to the middle phase, and Amp3 to the slow phase). For refolding, Amp1 and Amp2 can be distinguished only
up to around 1.25 M urea, after which they merge. Errors were estimated to be 5%. The total amplitudes remain constant, but the different phases
vary in intensity. (D) Close-up of the three different sets of refolding rate constants (for FL-OmpA only) from panel A, highlighting the different
dependencies on urea concentration.
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of folding and unfolding of OmpA in the presence of OM. As
shown in Figure 4 and summarized in Table 1, the data fit very

well to folding Scheme 1 and eq 1. Fitted values for FL-OmpA
and TM-OmpA are identical within error. The minimum of the
chevron plot, which also corresponds to the urea concentration
where [N] = [U], is 3.8 ± 0.2 M, fully consistent with the
pseudoequilibrium data in Figure 1B.
Comparison of kinetic data for Fl-OmpA folding in urea and

GdmCl yields very similar refolding rates and the stability of the
folding intermediate (Table 1), but unfolding rates are faster in
GdmCl, extrapolating to a log value of −8.15 ± 0.12 (k in s−1)
in water, compared to −10.56 ± 0.31 for urea data. This leads
to a slightly lower stability value for GdmCl compared to that
for urea, despite the higher concentration of surfactant. Use of a
stronger denaturant typically leads to higher extrapolated values
of unfolding rates,33−36 though the reasons for this are not
clear.
Modulation of the OmpA Structure Can Strongly

Destabilize It but Leads to Retention of the Overall
Folding Pathway. In parallel with our studies with FL-OmpA,
we also recorded the kinetics of refolding and unfolding of a
transmembrane construct of OmpA (residues 1−176) at a
limited number of urea concentrations. The purpose was to
elucidate whether the C-terminal periplasmic domain (residues
177−325), which lacks Trp residues and therefore does not
contribute to the folding signal, could influence folding kinetics
in an indirect fashion. However, Figure 3A demonstrates
complete overlay between data for OmpA and TM-OmpA
(apart from a few of the rate constants for the slow refolding
rate, which in any case are very scattered because of their small
amplitude and low values). We conclude that our kinetic data
truly record the behavior of the transmembrane barrel.
To elucidate the sensitivity of OmpA’s parallel folding to

changes in the sequence, we have compared the folding of FL-
OmpA with that of the minimal transmembrane β-barrel
platform (BBP). BBP is a derivative of OmpA from which the

periplasmic domain has been removed and in which the four
flexible surface-exposed extracellular loops of the TM domain
of OmpA (containing 12, 11, 10, and 13 residues, respectively)
are replaced with tight β-hairpin turns of one or two residues.20

This does not prevent BBP from attaining the native state.
Originally, BBP was successfully refolded from inclusion bodies
in the presence of the surfactant phospholipid C6PC at a
surfactant concentration of ∼4 cmc.20 The high (∼6 mg/mL)
protein concentrations required for subsequent NMR studies
required a multistep refolding approach to avoid misfolding and
aggregation. We refold BBP at a final protein concentration of
∼16 μg/mL by simple dilution from 8 M urea into OM.
Folding could be monitored by SDS−PAGE (Figure 5A), and
superimposable titration curves could be attained in the folding
and unfolding direction, with a midpoint of unfolding of ∼2.5
M urea (Figure 5B). Refolding was, however, not 100%
complete. Even after incubation for several days, ∼20% of the
protein remained in the unfolded state, suggesting that a
significant proportion was trapped in a nonfoldable con-
formation (Figure 5A). Nevertheless, it was possible to exploit
Trp fluorescence to follow BBP’s rate of folding, which
occurred orders of magnitude slower than for OmpA and TM-
OmpA (Figure 5C). Refolding data were best fit to two-
exponential decays, in which the amplitude of the slower phase
declined and disappeared above 1 M urea (Figure 6A,B). A
third slow phase could not be ruled out but was difficult to
detect because of the extreme slowness of the reaction.
Unfolding data could like those of OmpA be fit to three-
exponential decays, where the fastest phase increased in
amplitude with urea at the expense of the other two phases,
and the slowest phase disappeared above 6.5 M urea (Figure
6A,B). The fast refolding rate constant showed the same
rollover as for OmpA, while all three unfolding rate constants
showed linear dependencies on urea concentration (Figure
6C).
The relative unfolding amplitudes could also be fit to Scheme

1 and eq 1 for shifts in the ground state populations, though the
associated Kij and mij values are significantly different from
those of FL-OmpA (see the legend of Figure 6B and compare
with Figure S4 of the Supporting Information). According to
our model in Scheme 1, the removal of the extracellular loops
has changed the binding of the surfactant molecules sufficiently
to shift the relative stabilities of the ground state populations to
a significant extent. (Note that this is just a model and that
other factors may also be at play; there is no doubt that a
dramatic shortening of the extracellular loops will affect loop
entropy and thus affect overall kinetic and thermodynamic
stability, but for the sake of simplicity, we focus on our simple
scheme. The exact basis for the change in stability is not central
to this report.) Using the same procedure that was used for
OmpA, rate constants for the fast refolding and unfolding phase
fit nicely to Scheme 1 with a minimum of ∼2.5 M urea (Figure
4), consistent with equilibrium denaturation data (Figure 5B).
Use of the slower rate constants yielded poor fits and severely
underestimated the mu values. This vindicates the use of the fast
refolding and unfolding rate constants for the analysis of OmpA
folding.
However, BBP was destabilized at all levels compared to

OmpA, leading to the lower stability of the intermediate, slower
refolding from I to N, and faster unfolding of N. All in all, this
accounted for a decrease in stability of almost 10 kcal/mol
(Table 1). Thus, shortening of the extracellular loops severely
reduces the stability of the protein but does not change the

Figure 4. Rate constants assigned to the fast track of refolding and
unfolding of FL-OmpA (●) and BBP (○) fit according to eq 1 derived
from Scheme 1. The data are summarized in Table 1.
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overall folding scheme of OmpA. Note that the sum of the mf,
mI, and mu values for BBP is within error identical to that of FL-
OmpA and TM-OmpA. The increased level of compaction of
BBP through the removal of the extracellular loops clearly does
not increase the m value. This presumably reflects the dynamic
and flexible nature of the extracellular loops, which are
essentially just as exposed in N as in D, so this removal does
not alter the level of burial associated with folding.

■ DISCUSSION

Detection of Folding Intermediates. We have estab-
lished that OmpA can refold and unfold reversibly at micellar
concentrations of octyl maltoside in GdmCl and that the data
are consistent with a single folding intermediate. The
intermediate invoked in our model forms within the dead
time of the mixing [and is not detected by stopped-flow kinetics

(data not shown)] but forms only transiently. Detection of
intermediates in the folding of OMPs is not an easy task,
because SDS−PAGE usually does not provide information
about stable intermediates. An exception was found for OmpA
when it was folded in di-C18:1PC vesicles. A band was observed
within the first 30 min of the folding reaction migrating
between the native and denatured band.37 The band, however,
accumulated only at 30 °C, not at higher (40 °C) or lower (20
°C) temperatures. Such an intermediate has not been detected
with other vesicles with different lipid compositions or with
surfactant micelles. Three intermediates have been identified in
a more indirect fashion with time-resolved distance determi-
nations by tryptophan fluorescence quenching (TDFQ).9 This
technique uses brominated lipids to quench tryptophan
fluorescence as the protein penetrates and folds into the lipid
bilayer. In di-C18:1PC vesicles, three membrane-bound

Figure 5. Folding of BBP compared to that of OmpA. (A) SDS−PAGE analysis of the refolding of BBP from 7 M urea and unfolding from 0.05 to 7
M urea after equilibration for 9 days. (B) Quantification of band intensities from panel A. Note that a significant fraction of BBP remains unfolded
even at low urea concentrations. (C) Time profile for refolding of FL-OmpA, TM-OmpA, and BBP at 0.05 M urea. The apparent lag for BBP is an
artifact of the logarithmic time axis.
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intermediates were identified at different distances (14−16,
10−11, and 0−5 Å) from the center of the bilayer. Detection of
the intermediates was temperature-dependent, so that the first
intermediate was isolated at 2 °C, the second between 7 and 20
°C, and the third between 26 and 28 °C. The first intermediate
was found to have disordered Trp residues, indicating that this
intermediate had been adsorbed to the surface without a high
degree of structure. The following intermediates develop more
and more β-structure as the protein penetrates deeper into the
bilayer. On the basis of the temperature dependence, the
intermediate observed by SDS−PAGE (studied at 25 °C) may
be similar to the third intermediate identified by TDFQ.38

However, this suggestion can be verified in practice only by
protein engineering, which probes the effects of different
mutations on the folding behavior and energies of the different
folding states.39 Unfolding and refolding in GdmCl and OM
provide a suitable framework for analyzing this process in detail.
Such an approach will allow us to build up a detailed picture of
the structure of folding intermediates and transition states at
the level of individual side chains. Recent protein engineering
studies of the folding of the α-helical proteins bacteriorhodop-
sin40 and DsbB41 and the β-barrel protein PagP18 have shown
this to be feasible for membrane proteins.

Multiphasic Folding Kinetics in Urea Suggest Parallel
Pathways. Unfolding and refolding in urea are considerably
more complex and slow than in GdmCl. Three relaxation
phases are seen when OmpA unfolding in urea is monitored
over time. The question of whether the three different folding
phases in urea all relate to the same folding process now arises.
That is, do they represent consecutive steps in one single
pathway leading to the formation of N rather than parallel
formation of N in three distinct pathways? We favor the parallel
pathway scheme for two reasons.
First, all three refolding phases represent formation of

monomeric N, as monitored by SDS−PAGE. This is the single
most powerful indication that N is formed in several steps. In a
single pathway, the native state would form in one phase,
dictated only by the population of, and conversion from, the
last intermediate preceding the native state. The interconver-
sion of states preceding N will not be monitored by SDS−
PAGE as only the native state is sufficiently stable to resist
unfolding in SDS.
Second, the slopes of the refolding and unfolding limbs (m

values) provide useful information about the change in
compaction associated with a given folding step. For example,
in a simple two-state folding scheme (D ↔ N) where no
intermediates accumulate during folding, the mf value describes
the increase in the level of compaction from the ground state
(D) to the transition state of folding (TS) while the mu value
describes the increase in the level of compaction from TS to N.
Inspection of OmpA’s kinetic m values shows that the overall
change in compaction between the denatured and native states
is not compatible with a consecutive folding scheme involving
all three phases.12,30 In the two-state folding scheme (D ↔ N),
mf and mu must sum to the m value obtained from equilibrium
unfolding experiments.42 For more complicated schemes, the
unfolding and refolding m values for different steps within a
consecutive scheme must also sum to the equilibrium m value.
In contrast, no such restrictions are required for parallel
schemes.
We can estimate whether the m values are consistent with

sequential or parallel folding as follows. While the data in
Figure 1 do not represent a strict equilibrium, the apparent m

Figure 6. (A) Absolute and (B) relative amplitudes of refolding and
unfolding of BBP. In panel B, relative amplitudes are analyzed as in
Figure S5 of the Supporting Information. Best fits (stippled lines) are
as follows: log K12

water = 1.86, log K23
water = 3.51, m12 = −0.33 M−1, and

m23 = −0.67 M−1. (C) Rate constants for refolding and unfolding of
BBP. See Figure 4 for a fit to Scheme 1.
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values from the refolding data are around 2.4−2.9 M−1 over the
8 days we measure, providing a rough estimate of the expected
m value. mD‑N values in urea are typically only 50−75% of the
corresponding values in GdmCl because of the latter’s greater
potency; this puts an upper limit of ∼1.9−2.7 M−1 on OmpA’s
mD‑N value in urea. For the refolding rate constants, the m value
associated with the linear stretch (1.5−3.5 M urea), which has a
value of approximately −1.7 M−1, reflects the change in
compaction as we go from D to the main transition state, TS.
The two slower refolding phases have m values close to zero.
Conversely, the slopes of the three unfolding limbs represent
changes in compaction on going from a ground state (e.g., N)
to the TS. All three unfolding limbs have a slope of ∼1.3 M−1.
A consecutive folding scheme would require that the sum of all
the m values (here around 5.6 M−1) is equal to the sum of the
equilibrium value, which is clearly not the case. By contrast,
these m values are easily compatible with a parallel unfolding
scheme in which a fast unfolding phase competes with two
slower phases.
Parallel Folding Pathways May Reflect Early-Stage

Surfactant Stripping. What is the origin of these parallel
pathways? There are at least two possible explanations for
parallel folding pathways, namely, peptidyl−prolyl isomer-
ization and different levels of surfactant removal.
For cis−trans peptidyl−prolyl isomerization in the denatured

state, only the fraction of the denatured state population with
the peptidyl−prolyl bonds in the same trans conformation as
the native state can fold directly to the native state.43 For
denatured protein molecules with peptidyl−prolyl bonds in the
wrong (cis) conformation, the rate-limiting step in folding
becomes the slow reconfiguration of the denatured state around
the peptidyl−prolyl bond to a species with the same trans
conformation as the native state.43,44 The N-terminal domain of
OmpA has six Pro residues, one in each of the four periplasmic
loops, one exposed in a β-strand at the top of the barrel, and
one in the C-terminus of the domain. The existence of cis−trans
isomerization is often demonstrated by double-jump experi-
ments in which N first unfolds and is then allowed to
equilibrate for different lengths of time before refolding. The
cis−trans states equilibrate relatively slowly, so there will be an
only gradual increase in the amplitude of the slower phases.45

We cannot exclude entirely the possibility that this isomer-
ization plays a role in the formation of several refolding phases,
as our N−D−N double jump experiments to investigate this
did not yield clear data (data not shown). However, OmpA’s
slow refolding phases disappear at higher urea concentrations
and show much lower mf values than the fast phase. This is not
easily reconciled with cis−trans isomerization that for other
proteins persists alongside the main refolding reaction and with
much the same m values, though they are shifted to
considerably lower rate constant values.44

An alternative, though somewhat speculative, scenario is
surfactant stripping. The slopes of the three folding limbs differ
substantially. That of the fast phase is slightly negative; that of
the intermediate phase is essentially zero, and that of the slow
phase is slightly positive (Figure 3D). We would expect a
negative slope from a folding process that leads to an increased
level of compaction, because denaturants favor the less compact
states46 and therefore slow processes that lead to increased
levels of compaction. In contrast, a horizontal line implies no
change in compaction and a positive slope implies a decrease in
the level of compaction. A simple reading of the changes in
slope among the three phases is as follows. The fast phase

represents a folding process accompanied by an increased level
of compaction from the ground state to the TS; in the
intermediate phase, the ground state and TS are equally
compact, and in the slow phase, the TS is actually less compact
than the ground state (cf. the impact of collapsed states on the
refolding of globular proteins29). The folding process is
initiated by the transfer of D into conditions favoring folding
(low denaturant and high surfactant concentrations). In this
transfer, D is generally thought to collapse to a more compact
state because the folding conditions represent a poor solvent
for the hydrophobic moieties of D.47 We propose that D
partitions into different states that are collapsed to different
extents. The more collapsed states may represent folding
detours or misfolded species that have to expand by unfolding
again before folding can proceed. The extent of expansion will
depend on the degree of misfolded collapse. Thus, in the fast
phase, the ground state is not as highly collapsed as in the
intermediate phase, which in turn is less collapsed than the slow
phase. Further support for this suggestion comes from the
observation that the amplitude of the fast phase declines in
favor of the slow phase as we increase the temperature from 25
to 55 °C (Figure S5 of the Supporting Information). Higher
temperatures favor collapse by promoting the hydrophobic
effect. The slow phase is absent in GdmCl refolding, and the
intermediate phase disappears at low concentrations (Figure 2);
this is also consistent with a suppression of collapsed states
because of a higher surfactant concentration in GdmCl (250
mM OM in GdmCl vs 55 mM OM in urea).
All three unfolding phases show a similar slope of ∼1.3 M−1,

indicating that they all involve the same change in compaction.
However, the fast phase rises to prominence at higher urea
concentrations where the amplitude of the slow phase gradually
disappears while the intermediate phase declines to a smaller
extent (Figure 3C). Thus, increasing urea concentrations clearly
favor the fast phase. There are no OM micelles present in
solution under unfolding conditions. This does not mean that
OmpA is unable to bind OM at >3.2 M urea. Membrane
proteins generally have a very high affinity for surfactants,
exceeding that of surfactants for each other; otherwise, the
proteins would not be able to attract surfactant molecules.
Nevertheless, protein−surfactant interactions will weaken
progressively with an increasing urea concentration, and at
concentrations around 6−8 M urea, there will likely be very few
protein−surfactant contacts. We interpret the change in the
dominance of the different unfolding phases to mean that the
fast phase represents an unfolding step in which the protein is
stripped to its greatest extent of surfactant molecules in the
initial stage of unfolding, so that unfolding proceeds from a
“surfactant-deprived” but natively folded protein. More
surfactant molecules will remain bound to OmpA in the
intermediate phase, and even more in the slow phase. However,
because the protein remains in N in the ground species for all
three unfolding phases, the change in compaction between the
ground state and the transition state is the same and hence the
unfolding m value does not change.
This scenario is supported by an analysis of the relative

values of the unfolding amplitudes that is consistent with a
simple urea-driven partitioning between different ground states
(see the Supporting Information and Figure S4). This model
provides a straightforward equilibrium-based framework for the
presence of several unfolded populations with differences in
stability determined by urea (in combination with octyl
maltoside). Furthermore, the partitioning of N into different
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states with different levels of surfactant stripping is an
instantaneous event that occurs as soon as the protein is
folded (Figure S6 of the Supporting Information). The
stabilizing role of OM against unfolding of OmpA in urea is
documented by thermal scans (Figure S7 of the Supporting
Information).
Additional support for the role of the surfactant in our

stripping model is the fact that unfolding of OmpA in urea
using 55 mM longer chain alkyl maltosides (decyl maltoside
and dodecyl maltoside) is extremely slow even at the highest
accessible urea concentration (9 M) (Figure S8 of the
Supporting Information). Clearly, the longer the alkyl chain,
the greater the affinity of the surfactant. Nevertheless, we
emphasize that the model remains speculative and is supported
only by circumstantial evidence.
Parallel Folding Pathways Are Also Seen in Other

OMPs. Studying the folding mechanism of outer membrane
proteins in membrane mimicking systems has primarily been
performed using lipid vesicles produced by ultrasonication or
by the use of extrusion through filters. Some of the proteins
that have been most thoroughly studied are OmpA, FomA, and
more recently PagP. Both OmpA and PagP have trans-
membrane β-barrel domains consisting of eight strands, while
FomA is predicted to be a 14-strand β-barrel. The folding
kinetics have been characterized for all three proteins in lipid
vesicles, but their behaviors clearly differ. In lipid vesicles
composed of short lipids (C10−C12 alkyl chains), OmpA folding
follows a single-step second-order rate law, involving binding of
OmpA to lipid molecules that must be coupled to folding,48

while folding in vesicles of longer lipids required two first-order
(i.e., not directly lipid-binding) phases.49 The folding of FomA
is slower compard to that of OmpA, and folding occurs in at
least two phases, irrespective of the lipid length.38,49 Three
phases are observed when folding PagP into lipid vesicles (di-
C12PC). A burst phase followed by two exponential phases was
observed under conditions favoring the native state. Close to
the transition point where N and D are equally stable, refolding
kinetics were, however, satisfactorily described by a single
phase, just as is seen for many globular proteins that accumulate
intermediates only at low denaturant concentrations.27,50 For
OmpA and FomA, the fast phase (studied at only a single very
low urea concentration) has been ascribed to a direct-track
folding through rapid vesicle binding, while the slow phase has
been attributed to a detour through hydrophobic collapse in an
aqueous environment, which subsequently has to rearrange on
the vesicle surface to fold.38 This scenario corresponds to
parallel rather than sequential folding events, and these
conclusions are strongly substantiated by our own observations
over a broad urea concentration range.
These parallel pathways probably stem from the specific

properties of the denatured state of a membrane protein in the
absence of a good solvent such as urea, given that such a state is
highly prone to aggregation and will presumably therefore have
a strong tendency to collapse in competition with binding to
surfactant micelles. However, in the absence of such
“distractions”, folding of OmpA actually appears to be
remarkably simple and involves only a single intermediate.
Similarly, the existence of parallel unfolding pathways is also
likely to reflect a peculiarity of the native state of the membrane
protein, where surfactant stripping is required prior to
unfolding. PagP is reported to unfold only in a single relaxation
phase;18 however, this occurs from a native state embedded in
phospholipid vesicles, and it may behave differently if unfolded

in the presence of surfactants instead. We speculate that PagP is
so completely embedded in the phospholipid vesicle that
unfolding requires very extensive dissolution of the vesicles
from around the protein or another kind of dissociation of
PagP from its membrane-inserted state, explaining the need for
very high urea concentrations to effect unfolding. This would
lead to only one ground state population (the essentially
“naked” N state) prior to unfolding and only one relaxation
phase.

Higher Stability of OMPs in Surfactants Than in
Lipids. Our kinetic parameters from GdmCl- and urea-derived
denaturation show that OmpA is highly stable in OM, as the
native state is stabilized by 12−15 kcal/mol relative to the
denatured state. This is considerably larger than the values of
3−7 kcal/mol observed by Hong and Tamm, by whom the
thermodynamic stability of OmpA was assessed in lipid vesicles
of different compositions. Obviously, neither surfactant micelles
nor lipid vesicles are exact mimics of the actual environment of
the outer membrane that has an asymmetric bilayer. While both
phospholipid vesicles and surfactant micelles have macro-
molecular structures that can facilitate folding of outer
membrane proteins, this study clearly demonstrates that
different thermodynamic parameters can be obtained by the
use of different model systems. In general, we must expect
different levels of stability in vesicles23 and surfactants51 of
different chain lengths and compositions. At the other extreme,
Ohnishi and Kameyama used linear extrapolation methods
from high temperatures and low SDS mole fractions in mixed
SDS/octyl glucoside micelles24 to show that OmpA unfolded
∼1000 times faster in pure SDS micelles than it refolded,
indicating that in SDS micelles the denatured state was ∼4.4
kcal/mol more stable than the native state. Nevertheless, the
unfolding half-life was ∼4 years in SDS at 25 °C, in good
agreement with the high activation barriers for unfolding that
we and others have observed.
It is important to note that the remarkably high

thermodynamic stability of OmpA calculated from the kinetic
data reflects a very stable native state whose low energy
consequently leads to a high barrier to unfolding. We are at
present unable to explain the large difference between stabilities
derived from data in a surfactant (this study) and vesicles.23

Intuitively, one might expect lipids to stabilize OmpA to a
greater extent in view of their close packing in the lipid bilayer
and the good hydrophobic matching between lipid and protein,
although it might also be argued that surfactants in view of their
greater flexibility can pack better against OmpA. This might be
particularly important in the loop region that appears to
stabilize the protein strongly against unfolding. In vivo, the
lipopolysaccharide molecules present in the outer leaflet may
allow closer interactions and thus stabilize OmpA. However, a
trivial possibility for the lipid−surfactant discrepancy is a
methodological one, namely that equilibrium denaturation and
SDS−PAGE analysis systematically underestimate the stability
of OMPs. Kinetic rate constants and their dependence on
denaturant concentration are determined with little error,
allowing extrapolation over large concentration ranges provided
the linear correlation is good. The overlap between re- and
unfolding rate constants in GdmCl and their reasonable
agreement with urea unfolding data further strengthen the
use of this approach. In contrast, small changes in the degree of
unfolding in the transition region (because of imperfect
equilibration) can alter m values significantly and thus the
stability. In view of the large challenges involved in obtaining

Biochemistry Article

dx.doi.org/10.1021/bi300974y | Biochemistry 2012, 51, 8371−83838381



reproducible equilibrium denaturation of outer membrane
proteins in vesicles,52,53 the possibility that hysteresis
confounds the extraction of reliable parameters for denaturation
of OmpA in vesicles cannot be excluded.23
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