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OmpA is one of only a few transmembrane proteins whose folding and stability have been investigated in detail.
However, only half of the OmpA mass encodes its transmembrane (3-barrel; the remaining sequence is a soluble
domain that is localized to the periplasmic side of the outer membrane. To understand how the OmpA
periplasmic domain contributes to the stability and folding of the full-length OmpA protein, we cloned, expressed,
purified and studied the OmpA periplasmic domain independently of the OmpA transmembrane (3-barrel region.
Our experiments showed that the OmpA periplasmic domain exists as an independent folding unit with a free
energy of folding equal to —6.2 (+0.1) kcal mol™! at 25 °C. Using circular dichroism, we determined that the
OmpA periplasmic domain adopts a mixed alpha/beta secondary structure, a conformation that has previously
been used to describe the partially folded non-native state of the full-length OmpA. We further discovered
that the OmpA periplasmic domain reduces the self-association propensity of the unfolded barrel domain, but
only when covalently attached (in cis). In vitro folding experiments showed that self-association competes with
{3-barrel folding when allowed to occur before the addition of membranes, and the periplasmic domain enhances
the folding efficiency of the full-length protein by reducing its self-association. These results identify a novel
chaperone function for the periplasmic domain of OmpA that may be relevant for folding in vivo. We have also
extensively investigated the properties of the self-association reaction of unfolded OmpA and found that the
transmembrane region must form a critical nucleus comprised of three molecules before undergoing further
oligomerization to form large molecular weight species. Finally, we studied the conformation of the unfolded
OmpA monomer and found that the folding-competent form of the transmembrane region adopts an expanded
conformation, which is in contrast to previous studies that have suggested a collapsed unfolded state.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Over the past two decades, the transmembrane protein OmpA has
been extensively investigated as a model for membrane protein
folding. OmpA folds into a large number of hydrophobic environments,
including many different detergents and lipid compositions [1-8]. A
folding pathway describing the conformational changes and kinetic
phases that OmpA must undergo to attain its native conformation in
membranes was proposed in the late 1990s [4], and OmpA is one of
only three transmembrane proteins whose thermodynamic stability
has been measured in phospholipid vesicles [9].

However, examination of the sequence shows that the full-length
OmpaA is actually a two-domain protein in which only the N-terminal
half (OmpA;71, residues 1-171) is a membrane-embedded [>-barrel
[10]. In contrast, the remaining sequence of OmpA (172-325)
comprises a soluble, periplasmic domain (OmpAp,;). The contributions
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of OmpAp.; to the kinetic pathways and thermodynamic stability of
the full-length OmpA protein (OmpAs;s) have not been explicitly
investigated and have, in fact, largely been ignored. One reason for this
is that changes in the conformation of the periplasmic domain are
mostly invisible to the methods that have been employed in studying
OmpaA folding [1-4,6,8,9,11-13]. Many folding investigations of OmpA
use tryptophan fluorescence spectroscopy as a reporter of changes
to the protein's conformation and/or environment; however, all five
of the OmpA tryptophan residues are located in the transmembrane
-barrel region (see Fig. 1A and B), while none are located in the
periplasmic sequence. Therefore fluorescence studies would not
detect changes in the conformation of the periplasmic domain. The
other principal method used to measure OmpA folding takes
advantage of the fact that microbial 3-barrel proteins show a different
migration on SDS-PAGE gels depending on whether they are folded
or unfolded [14]. Since the periplasmic domain is soluble, it does not
show this behavior, so changes to its conformation would not be
detected by this assay either.

This manuscript is a contribution to a special issue commemorating
the 25th annual meeting of the Gibbs Society of Biothermodynamics.
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Fig. 1. Structural models of the proteins used in this study. (A) Homology model of OmpAp.. (B) Crystal structure of OmpA;7; (PDB id 1QJP). (C) Model of full-length OmpA
(OmpAsys) created by combining the structures of OmpApe; and OmpA;7;. The relative orientations are unknown and arbitrarily placed. The Tryptophan residues in the
transmembrane (3-barrel region are shown as spheres. All figures were created using Pymol.

In keeping with the Gibbs tradition of dissecting a system into its
components and examining the individual contributions of each part
to overall biological function, we examine the structural features and
thermodynamic stability of the OmpA periplasmic domain in isolation,
as well as its interactions and role in folding with regard to the 3-barrel
domain of OmpA. We use circular dichroism spectroscopy, sedimen-
tation velocity, and in vitro folding to study the conformation and
interactions of the individual domains of OmpA in the context of
the behavior of the full-length protein. Our studies significantly
revise previous ideas about the unfolded state conformations and
interactions of OmpA and contribute to a more complete and accurate
scheme for its kinetic folding pathway. In addition, we discover a novel
chaperone function of the periplasmic domain that may be relevant
for OmpA folding in vivo.

2. Materials and methods
2.1. Construction of the OmpAp., homology model

We submitted the amino acid sequence corresponding to the OmpA
periplasmic domain to the Swiss-Model web server (http://swissmodel.
expasy.org/). This server used the Neisseria meningitis RmpM OmpA-
like domain structure (1R1M) solved by Grizot and Buchanan [15] as
a best match to template a homology model of the E. coli OmpA
periplasmic domain. These two sequences share 37.1% sequence
identity, which is higher than the 30% threshold sequence identity
needed for accurate model building, and the resultant model of the
OmpA periplasmic domain is essentially superimposable upon the
1R1M structure with the exception of one loop region in which 1R1M
has an extra turn of helix both preceding and following one turn
(Supplementary Fig. 1).

2.2. Cloning and expression of proteins

The mature form of full-length OmpA (OmpAs,5) and the N-terminal
barrel domain (OmpA;7;) were PCR amplified using primers designed

to include Ndel (5’) and BamHI (3’) sites (primers are listed in
Supplemental Table 1). The OmpA constructs were amplified using
ExTaq polymerase (Takara) from an overnight growth of E. coli K12
MG1655. The PCR products were ligated into the pCR2.1-TOPO vector
using a TOPO TA cloning kit (Invitrogen). QuikChange site-directed
mutagenesis (Stratagene) was used to remove an internal BamHI site
in OmpAs,s, which did not change the amino acid sequence. The
plasmids were restricted with Ndel and BamHI, and the insert was
ligated into a pET11a vector. These plasmids were transformed into
DH5a cells, and the sequences were confirmed by double-stranded
DNA sequencing.

The periplasmic domain of OmpA (OmpApe;) was PCR amplified
using primers incorporating Ndel (5’) and Xhol (3’) sites. The gene was
amplified from the OmpAs,5 gene in pET11a and ligated into the TOPO
vector. The plasmid was cut with restriction enzymes and ligated into
a pET28b vector, which expresses the protein with an N-terminal
His-tag followed by a TEV cleavage site. The plasmid was transformed
into DH5« and the sequence was confirmed by DNA sequencing.

Plasmids for the three OmpA constructs were separately trans-
formed into hms174(DE3) cells and grown in 500 ml of TB medium at
37 °C with shaking to an optical density of 0.8 at 600 nm. Protein
expression was induced by the addition of 1 mM IPTG and cells were
incubated for 4-6h at 37 °C with shaking before harvesting by
centrifugation (5000 rpm, 15 minutes, 4 °C). Cell pellets were frozen
for periods of time ranging from overnight to several days before
undergoing further processing.

2.3. Preparation of urea solutions

Ultra-pure urea was purchased from Amresco. Urea solutions were
prepared at a concentration of 10 M in water and deionized by adding
AG 501-X8 resin (BioRad) at a ratio of 1 g resin for every 20 ml of
solution. Solutions were stirred with the resin for 1h at room
temperature. The resin was removed by filtration and the urea used to
prepare Urea Buffer (8 M urea, 20 mM Tris, pH 8). The final urea
concentration was determined by refractometry. For purifications


http://swissmodel.expasy.org/
http://swissmodel.expasy.org/

196 EJ. Danoff, K.G. Fleming / Biophysical Chemistry 159 (2011) 194-204

of OmpAs;s, Urea Buffer contained 2 mM TCEP (Pierce). Urea Buffer
was stored at — 20 °C.

2.4. Purification of OmpAszs and OmpA;7;

A pellet from a 500 ml growth was resuspended in 25 ml of Lysis
Buffer (50 mM Tris, pH 8, 40 mM EDTA) and lysed by French press.
Brij-35 (Sigma) was added to a final concentration of 0.1%, and
inclusion bodies were isolated by centrifugation at 5500 rpm for
30 minutes. These were washed twice by resuspension in 25 ml of
Wash Buffer (10 mM Tris, pH 8, 1 mM EDTA) followed by pelleting by
centrifugation under the same conditions. Purified inclusion bodies
were resuspended a third time in Wash Buffer and split into four
fractions before a final centrifugation. The supernatant was discarded
and inclusion body pellets were stored at —20 °C.

An inclusion body pellet was dissolved in 7 ml of Urea Buffer and
clarified by centrifugation. The supernatant was filtered through a
0.45 pm pore (Millipore). Protein samples were further purified using
a BioRad BioLogic DuoFlow Chromatography System. Samples were
loaded onto an UNO Q6 continuous bed anion exchange column
(BioRad) and eluted with a NaCl gradient in Urea Buffer. Protein-
containing fractions were pooled and concentrated using centrifugal
filtration (Millipore). Samples were de-salted and further purified
using a Superdex 200 10/300 GL gel filtration column (GE Healthcare),
run in Urea Buffer. Protein-containing fractions were pooled and
concentrated as before. Protein concentration was determined by
measuring the absorbance at 280 nm and using extinction coefficients
calculated in Sednterp [16]. These values are reported in Supplemental
Table 2. Purified unfolded OmpAs;,5s and OmpA;;; were aliquoted into
Eppendorf tubes and stored at — 80 °C until use.

2.5. Purification of OmpApe,

A pellet from a 500 ml growth was resuspended in 25 ml of Buffer
A (20 mM sodium phosphate, pH 8, 500 mM Nacl, 20 mM imidazole)
and a tablet of complete EDTA-free protease inhibitor cocktail
(Roche) added. Cells were lysed by French press and the lysate
clarified by centrifugation at 5500 rpm for 30 minutes. The superna-
tant was retained and DNase (Roche) added to a final concentration
of 2ugml~!. The sample was filtered through a 0.45um pore
(Millipore). His-tagged OmpApe; was purified by loading the sample
on a column packed with Ni Sepharose High Performance (GE
Healthcare) and eluting with Buffer B (20 mM Sodium Phosphate,
pH 8, 500 mM Nacl, 500 mM imidazole). The His-tag was removed by
incubation overnight with TEV protease [17] (1:20 molar ratio TEV:
OmpAp,;) and the sample dialyzed into Buffer A. Cleaved protein was
isolated by passing the sample through the Ni column again. Protein-
containing fractions were pooled and dialyzed into 20 mM Tris, pH 8.
The concentration was determined using the extinction coefficient
listed in Supplemental Table 2. OmpAp,, was stored at 4 °C until use.

2.6. Vesicle preparation

1,2-Didecanoyl-sn-Glycero-3-Phosphocholine (diC;oPC) lipids dis-
solved in chloroform (Avanti Polar Lipids) were dried to a thin film in
glass vials under a gentle stream of nitrogen gas. The lipid films were
evacuated overnight to remove residual solvent and stored at — 20 °C
until use. For vesicle preparation, lipid films were reconstituted
in 20 mM Tris, pH 8 at a concentration of 10 mgml~"' and large
unilamellar vesicles (LUVs) were made by extruding reconstituted
lipids 21 times though a 0.1 um filter using a mini-extruder (Avanti).

2.7. Circular dichroism

CD measurements were performed using an Aviv circular
dichroism Spectrometer, Model 410 (Aviv Biomedical), with a custom

inset detector to reduce light scattering. Wavelength spectra were
recorded at 25 °C between 200 and 280 nm in 1nm increments,
with an averaging time of 5s. For each sample, three scans were
recorded and averaged. A path length of 1 cm or 1 mm was used
(Hellma cuvettes) and spectra of empty cuvettes were subtracted
from sample spectra to correct for background signal. For samples
containing LUVs, spectra of LUV-only mixtures were used for back-
ground subtraction.

Thermodynamic measurements on OmpAp, were performed using
an automated Hamilton Dispenser, MICROLAB 540B. In unfolding
titrations, an appropriate amount of Urea Buffer was titrated into
a folded sample followed by incubation at 25 °C while stirring for
1 minute before taking a measurement. The CD signal was monitored
at 220 nm with an averaging time of 5s. Measurements were
corrected for protein dilution. Refolding titrations were performed
in a similar manner, with the titrator dispensing buffer instead of
denaturant, and the initial sample prepared in 7.5 M urea. Titration
data were fit using the linear extrapolation method of Santoro and
Bolen [18,19].

2.8. CD kinetics

CD signal kinetics were measured for OmpAs,5s and OmpA;;; at
various concentrations and in 600 mM urea, 20 mM Tris, pH 8. The CD
signal was monitored at 218 nm for approximately 16 hours, with the
sample incubated at 25 °C and without stirring. The interval between
data points was 60 s and the time constant was 10 s. The CD signal
was converted to fraction monomer using the values measured
for completely monomeric protein and completely self-associated
protein.

The method of initial rates was used to estimate the order of the
self-association reaction [8]. For the general reaction,

A—B
the rate of reaction is given by the following expression:

djAj(t)

o =KAo (M

where k is the rate constant and n is the order of the reaction. At early
timepoints, the concentration of A can be approximated as the starting
concentration, [A],, so the initial rate of reaction can be expressed as:

(%) _ = @

A double logarithmic plot of the initial rate as a function of [A], is
linear and has a slope of n, the order of the reaction:

In <— <%) > =nln([A],) + Ink 3)

t=0

To determine the order of the OmpA self-association reaction, the
CD kinetics were plotted as monomer concentration versus time and a
line fit to the earliest time points. The slopes were plotted on a double
logarithmic plot as a function of total OmpA concentration, and a line
was fitted to the data.

The kinetics data were further analyzed using a nucleated growth
polymerization model [20] in order to determine the critical nucleus
size, n*. According to this model, at early time points the concentra-
tion of monomer units incorporated into polymers (A) varies linearly
with time squared [20]:

4)



EJ. Danoff, K.G. Fleming / Biophysical Chemistry 159 (2011) 194-204 197

where s(c) is the slope of this line and is a function of total monomer
concentration, ¢, and the critical nucleus, n*:

s(c)oc T2 (5)

A double logarithmic plot of s as a function of total monomer
concentration, ¢, is linear and has a slope of n*+ 2.

To perform this analysis on the CD kinetics data, the data were
transformed to plot associated OmpA versus time squared and a line
fit to the earliest time points. The slopes were plotted on a double
logarithmic plot as a function of total OmpA concentration, and a line
was fitted to the data.

2.9. Sedimentation velocity analytical ultracentrifugation

Sedimentation velocity experiments were carried out in a Beckman
XL-A analytical ultracentrifuge, using two-sector cells and an An60Ti
rotor. All experiments were carried out at a speed of 50,000 rpm and
25 °C. All sedimentation profiles were detected using absorbance
optics operated in continuous mode. Protein molecular weights,
partial specific volumes, extinction coefficients and buffer densities
were calculated using Sednterp [16].

2.10. Sedimentation velocity: self-association of unfolded OmpAs,s and
OmpA;7;

To study the concentration dependence of OmpA self-association,
samples were prepared at varying protein concentrations in 20 mM
Tris, pH 8 and various urea concentrations. OmpAs,s samples also
contained 2 mM TCEP, in order to eliminate disulfide-bond mediated
dimer formation (this was unecessary for OmpA;;; since the two
cysteine residues responsible for disulfide bonding are located in
the periplasmic domain). After dilution of the protein from high urea
to the final condition, the samples were loaded into the sedimentation
velocity cells, placed in the rotor and temperature equilibrated
prior to rotor acceleration. To ensure consistency, the total time for
these steps was controlled so that the rotor would start 30 minutes
after protein dilution. Sedimentation velocity profiles were detected
using the absorbance optics at a single wavelength adjusted between
227 nm and 235 nm to obtain an absorbance signal between 0.1
and 1.3.

When analyzing the sedimentation data, the scans were divided
into two analysis windows based on the apparent populated species:
either monomer (late scans) or oligomer (early scans). However,
care was taken to examine all scans for the presence of intermediate
sedimentation coefficients. Sedimentation coefficient distribution
peaks obtained in DCDT+ at low s-values were fitted to Gaussian
equations to confirm they contained monomeric protein, and the
concentration of monomer was determined by integrating the area
under the monomeric g(s*) peak. Very broad distributions were
observed at large s-values, and the entire oligomeric peak was
integrated to determine the concentration of these species. The
fraction monomer was calculated as the concentration of monomer
divided by the sum of monomer and oligomers. Data were also
analyzed by the c(s*) method as implemented in SedFit [21] and
the fraction monomer found by integration of the c(s*) curve agreed
well with that found by g(s*).

2.11. Sedimentation velocity: time-dependence of self-association

To determine the kinetics of OmpA self-association, samples were
prepared as above, and incubated for various times before initiating
centrifugation. Data were analyzed as described above to determine
the fraction monomer at each timepoint.

2.12. Sedimentation velocity: hydrodynamic shape estimates

The urea dependence of the hydrodynamic shape of unfolded
OmpAsys and OmpA;7; was analyzed by sedimentation velocity of
samples at a concentration of 2 UM in various urea concentrations.
Sedimentation velocity data were analyzed using the time derivative
method of Stafford as implemented in DCDT+ [22]. The monomer peaks
in the g(s*) curves were fit for molecular weight and sedimentation
coefficient. After converting to s*;o.w, the s-values were plotted as a
function of urea, and a linear extrapolation was used to determine the
sedimentation coefficient in the absence of urea. Perrin's equations
as implemented in Sednterp were used to calculate the axial ratio of
a prolate ellipsoid of revolution for the species.

2.13. Delayed folding experiments

OmpAs,5 or OmpA;7; were diluted into a folding condition that
lacked vesicles (2 pM or 5 pM protein, 600 mM urea) and incubated
at 25 °C for 30 minutes before the addition of LUVs at a final lipid
to protein ratio of 800:1, to initiate folding. Samples underwent
gentle stirring during folding. Certain folding mixtures also contained
equimolar concentrations of OmpApe; (2pM or 5uM). Folding
reactions were quenched after 3 h by the addition of 5x SDS gel-
loading buffer to a final concentration of 1x. The fraction folded was
determined by SDS-PAGE using acrylamide precast gels from BioRad,
staining with Coomassie blue, and digital transmission scanning
(Epson 4490). Densitometry was performed using the freely available
Image] software, and the fraction folded was calculated by dividing
the intensity of the folded band by the sum of the intensities of the
folded and unfolded bands.

3. Results

3.1. The OmpA periplasmic domain adopts a mixed alpha/beta secondary
structure that can fold independently of the transmembrane region

Nearly 20 years ago, Surrey and Jdhnig showed that OmpA adopted
a mixed alpha/beta secondary structure immediately upon dilution
to a folding condition (<100 mM urea) from high (>6 M) urea
concentrations [4]. This form has been referred to in the literature as
a “partially folded” state from which folding begins in aqueous
solutions with vesicles. However, it has always been unclear whether
this secondary structure arises from conformations of the periplasmic
domain, the transmembrane [3-barrel domain, or both. This ambiguity
is essential to resolve because elucidation of physically based folding
schemes requires knowing the set of conformations that polypeptide
sequences can sample along a folding trajectory.

Since the mixed alpha/beta secondary structure arose immediately
upon dilution of OmpA to a folding condition, we hypothesized that
this secondary structure might represent the folding of the OmpA
periplasmic domain rather than a non-native conformation adopted
by the transmembrane P-barrel region. We began to address this
question by constructing a homology model for OmpApe; to determine
whether such a structural model would even be consistent with the
CD data. Shown in Fig. 1A, this model is indeed well described as
mixed alpha/beta secondary structure.

OmpA,7; had previously been shown to independently adopt the
transmembrane B-barrel fold; its structure is shown in Fig. 1B [10].
Fig. 1C shows the two domains combined together at the same scale in
Pymol in a representation of the full-length OmpA (OmpAs;s).

To determine whether the observed mixed alpha/beta structure
of full-length OmpA was due to the periplasmic domain, the 3-barrel
domain, or both, we cloned, expressed and purified OmpApe;,
OmpA;71, and OmpAs,s independently of each other and measured
the CD spectra of the three constructs. Fig. 2A shows CD spectra of
OmpApe; alone, folded in aqueous Tris buffer (solid blue) and unfolded
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Fig. 2. CD wavelength spectra of OmpA constructs. All spectra were measured at 25 °C and are plotted as molar ellipticity. (A) OmpAp.; under folding (solid blue) and unfolding
(dotted blue) conditions. Folded OmpApe; was measured at a concentration of 40 pM in 20 mM Tris, pH 8, with a 1 mm pathlength. Unfolded OmpApe; was measured at a
concentration of 20 uM in 6.1 M urea, 20 mM Tris, pH 8, with a 1 mm pathlength. (B) Spectra of folded proteins: OmpA;7; (red), OmpApe, (blue), and OmpAs,s (green) were
incubated in 3-barrel folding conditions for 6 h (1 uM protein, 800 uM diC;oPC LUVs, 600 mM urea, 20 mM Tris, pH 8, 25 °C). Data were collected with a 1 cm pathlength. The
spectrum for an LUV-only sample was used for background subtraction. The mathematical sum of OmpA;7; and OmpAp,, is shown as a purple dashed line. (C) and (D) Spectra for
unfolded OmpA;7; and folded OmpApe,. In (C) protein samples were prepared at 1 uM in 600 mM urea, 20 mM Tris, pH 8 (monomer conditions) and measured with a 1 cm
pathlength. In (D) protein samples were 10 uM in 600 mM urea, 20 mM Tris, pH 8 (self-associating conditions) and were allowed to incubate at room temperature overnight before

measurements were made with a 1 mm pathlength. Curves are colored as in (B).

in 6 M urea (dotted blue). It is apparent from these spectra that folded
OmpApe: has mixed alpha/beta structure, as indicated by the double
trough at 208 and 222 nm. In 6 M urea the protein has no regular
structure, consistent with an unfolded conformation.

Panels B-D show CD data for OmpA;7; (red), OmpApe, (blue), and
OmpAsys (green) under various buffer conditions (described below)
used to investigate the conformations of the two domains. The
mathematical sum of the spectra for OmpA;7; and OmpAp,, is shown
as a dashed purple line in each panel. The data in all cases demonstrate
that the mixed alpha/beta secondary structure characteristic of aqueous
OmpAsys arises entirely from OmpApe,, even though the conformation
of the OmpA,7; barrel region is dependent on the conditions employed.

Fig. 2B shows spectra collected at protein concentrations of 1 pM in
20 mM Tris, pH 8, 600 mM urea and diC;o,PC LUVs at a lipid to protein
ratio of 800:1. In order to obtain a measurable signal from such a
low protein concentration, a 1 cm path length was used and reliable
data could only be collected above 210 nm. However, a distinctive
p-trough at 216 nm can be observed for OmpA,7; (red), indicating
that the barrel folds in the presence of LUVs. In addition, the 222 nm
trough indicative of alpha-helix is present in the OmpApe, spectrum
(blue), indicating that it is folded in the presence of 600 mM urea
(this result is also consistent with the unfolding titration described
below and shown in Fig. 3). The CD spectrum for full-length OmpAs3s
(green) overlays well with the mathematical sum (dashed purple)
of the spectra for OmpA;7; and OmpAp,,, indicating that these are
independently folding domains. Interestingly, the spectrum of
OmpA;7; reveals a novel 231 nm positive peak that we only observe
under conditions where the B-barrel is folded. This peak has been

previously observed in the PagP transmembrane R-barrel and has
been attributed to a Cotton effect between aromatic groups that
only forms when the PagP -barrel is folded [23]. This positive peak
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Fig. 3. Unfolding titration of OmpAp.; measured by CD. Folded OmpAp,, at a starting
concentration of 8 M in 20 mM Tris, pH 8 was titrated with 8 M urea in sequential
steps. The CD signal was monitored at 220 nm and corrected for protein dilution. The
data (open circles) were fit to a two-state model of unfolding (black line) and the linear
extrapolation method used to determine the energy for folding in the absence of
denaturant. Four titrations were performed and gave an average AG{ equal to —6.2
(40.1) kcal mol~! with an m-value of —1.44 (40.04) kcal mol™! M urea™ .
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is masked in OmpAsys by the negative a-helix signal arising from
OmpAPer-

Fig. 2C shows spectra for these three constructs in the same buffer
conditions as 2B, except lacking LUVs (1 pM protein, 20 mM Tris, pH 8,
600 mM urea). As expected, the periplasmic domain (blue) does not
require vesicles for folding and is folded under these conditions as
confirmed by the alpha-helix trough deflection at 222 nm. However,
OmpA;71 (red) displays a CD spectrum containing no regular structure,
and it lacks the 231 nm positive peak, showing it is unfolded in
the absence of vesicles. The mathematical sum (dashed purple) of
these two spectra overlays upon that of full-length OmpAs,5 (green).
Altogether, these data show that the “folding competent” unfolded
state of the OmpA transmembrane (3-barrel region is not mixed alpha/
beta, but rather contains no regular structure.

Fig. 2D shows the same buffer conditions as 2C (20 mM Tris, pH 8,
600 mM urea, no LUVs), except the protein concentration is higher
(10 uM) and the samples have been allowed to incubate overnight. To
accommodate this higher protein concentration, a 1 mm path length
was used and data were collected down to 202 nm. We show below
that 10 uM protein in 600 mM urea is a condition that results in self-
association of the OmpAs;s and OmpA;7; unfolded states to form high
molecular weight oligomers. However, even in this oligomeric form,
the CD spectra of the two independent domains (OmpA;7; in red and
OmpAp.; in blue) sum to that of the full-length spectrum (green),
indicating that self-association of OmpA unfolded states does not
involve unfolding of its periplasmic domain. Interestingly, the CD
spectra for self-associated OmpA;7; and OmpAs,5 show very broad
negative peaks in the beta region of the CD spectrum, but are
distinctly different from the spectra of natively folded OmpA barrel
in 2B. It is possible that this self-associated state contains non-native
beta-structure, but further experimentation is needed to better
characterize the conformation of this state.

As implied by the CD spectra, we expected that OmpApe;
represented an independent folding domain. To demonstrate this,
we determined its thermodynamic stability using chemical denatur-
ation experiments. Folding of OmpAp. has been invisible in previous
denaturation studies of OmpA because those studies used fluores-
cence spectroscopy or SDS-PAGE to measure folded and unfolded
populations, and changes to the conformation of the periplasmic
domain are not detected by these methods [9]. Fig. 3 shows a typical
urea denaturation curve for OmpApe; measured using CD spectrosco-
py. The data are well described by two-state linear extrapolation
equations [18,19] and reveal a free energy of folding in the absence
of denaturant equal to —6.2 (£0.1) kcal mol~! with an m value of
—1.44 (+0.04) kcal mol~' M urea™'. The same values were obtained
from measurements on protein from a completely separate purifica-
tion. A refolding titration was also performed to verify the path
independence of this measurement (data not shown).

3.2. The OmpA periplasmic domain acts in cis to reduce self-association
of its unfolded B-barrel domain

In 1992, Surrey and Jdhnig showed that the aqueous, unfolded
state (Uaq) of OmpA can slowly self-associate to form large oligomers
[13]. Since OmpA presumably folds as a monomeric entity, the
interactions of OmpA unfolded states would be detrimental to folding
and should be a reaction that the cell would endeavor to control with
chaperones. Moreover, the presence of oligomeric unfolded states
represents an additional kinetic phase that must be considered in the
development of folding pathways in vitro. Surrey and Jdhnig formed
the Upq state by diluting OmpA from high to low concentrations of
urea in solutions that lacked vesicles (i.e. buffer conditions that would
have strongly supported B-barrel folding if vesicles had been present)
and observed by fluorescence spectroscopy that Uaq slowly self-
associated on the time scale of hours.

We previously investigated the unfolded aqueous state (Uaq)
interactions of OmpA and 7 additional outer membrane proteins
(OMPs) in buffers containing 1 M urea and found that OmpA was one
of only a few OMPs to be entirely monomeric [24]. This result was
contrary to the early findings of Surrey and Jahnig, but the urea
concentration was higher in our experiments, and we reasoned that
1 M urea could completely destabilize OmpA oligomers [24]. Here we
revisit this question of OmpA U,q self-association by measuring the
protein concentration dependence of its sedimentation coefficient at
lower concentrations of urea. Shown below, we did indeed observe
self-interactions of OmpA unfolded states at urea concentrations more
comparable to those used in the Surrey and Jahnig studies. Initially we
controlled the set-up time for our sedimentation velocity (SV)
experiments to be 30 minutes, in order to capture the physical
parameters describing the “instantaneous” self-association that might
compete with the productive folding of OmpA (when vesicles are
present). However, we also show that self-association continues over
the course of 12-16 hours, and we examined the concentration
dependence of the rate of self-association (see below).

Primary sedimentation velocity data for OmpAs,s at 3 uM and in
450 mM urea are shown in Supplementary Fig. 2, where the
separation between two boundaries is clearly evident. Fig. 4A shows
the sedimentation coefficient distribution function obtained for
the same dataset, using the time derivative method implemented
in DCDT+ [22]. Under these conditions it can be observed that
OmpAs;s is a mixture of a ~2 S species best described as monomer and
a polydisperse ensemble of large oligomers with sedimentation
coefficients in the range of 20-60 S. As described in Materials and
methods, two separate analysis regions were used to obtain these
distinct distributions. Fig. 4B shows similar results were obtained
using the continuous c(s*) method in Sedfit [21]. In both cases, the
monomer was so well separated from the oligomeric species, we could
integrate the area under the two regions separately to determine the
fraction monomer. Moreover, in all buffer conditions the ~2 S species is
well described by a single Gaussian fit (implemented in DCDT+) that
returns a molecular weight corresponding to the OmpA monomer.
Integrating small and large s-value regions as well as confirming that
the ~2 S region was monomeric OmpA was straightforward for all
protein and urea concentrations.

Using sedimentation velocity, the fraction monomer was mea-
sured as a function of protein and urea concentrations for OmpAs;s
and OmpA;7; at the 30 minute timepoint. These data are plotted in
Fig. 5 and it can be observed that both proteins exhibit a sigmoidal
dependence of self-association in three different urea concentrations:
300 mM (red), 450 mM (orange), and 600 mM (gold) urea. For both
OmpAs,s and OmpA;7q, low (<2) micromolar concentrations are
required before the protein remains entirely monomeric for up to
30 minutes at these urea concentrations. Additionally, in all condi-
tions OmpA;7; self-associates at lower total protein concentrations
than the full-length OmpAs;,5 protein. The difference between these
two proteins is the soluble periplasmic domain within OmpAs,s, and
these data therefore suggest that OmpAp., must act to reduce the
propensity of OmpAs;s Uaq to oligomerize.

The data are well described by the Hill equation, which gives the
midpoint concentrations for fraction monomer. In Fig. 5C we show
that the midpoint concentrations vary linearly with the urea
concentration. By extrapolating to the absence of urea, we estimate
the midpoint of OmpAs;s self-interaction to be ~200 nM, which means
that very low protein concentrations should be required to avoid
OmpAs;s oligomerization. Consistent with a more stable interaction,
the OmpA;7; midpoint data extrapolates to a negative protein
concentration, indicating that OmpA;;; self-association is always
favorable. However, it should be noted that this linear extrapolation
might flatten out at extremely low protein concentrations that we are
not able to experimental access with the absorbance optics of the XL-A
system. Nevertheless, oligomers of the OmpA barrel alone are clearly
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Fig. 4. Typical sedimentation velocity data analyzed by g(s*) and c(s*). Sedimentation velocity data are shown for 3 pM OmpAs,s in 450 mM urea, 2 mM TCEP, 20 mM Tris, pH 8.
(A) Time derivative method of analysis as implemented in DCDT+. (B) Continuous c(s*) method of analysis as implemented in Sedfit. Inset panels show a zoom-in of the high s

region. Integration of both curves gives 75% monomer (s-value 2.35).

more stable than the full-length protein, indicating that the periplas-
mic domain acts to disfavor self-association when covalently attached
to the barrel domain (in cis).

To test whether the periplasmic domain is also able to influence
OmpA self-association when not directly attached to the barrel domain
(in trans), we performed sedimentation experiments with OmpApe,
added separately to solutions of OmpAs;s or OmpA;7;. One could
imagine two indications of periplasmic domain-barrel interaction:
a decrease in the fraction of oligomeric protein as measured
by integration of the g(s*) curve, and the presence of a new peak in
the g(s*) curve at an s-value consistent with the molecular weight of a
complex. However, no significant change was observed in the fraction
monomer at 30 minutes of either OmpAs;s or OmpA;74, with up to a
four-fold molar excess of OmpAp,; (data not shown). Additionally, we
did not observe a complex peak in the small s-value region for these
same mixtures. Supplementary Fig. 3 shows representative data for
mixtures with a two-fold excess of OmpApe;. We found that the g(s*)
curve is well described by a calculated curve for a non-interacting
mixture (simply a sum of the curves for the two proteins alone, scaled
according to the concentrations in the mixture). Altogether these
data show that the periplasmic domain does not form a stable complex
with the unfolded barrel domain at these micromolar concentrations,
and it must be covalently attached in order to reduce self-association
of the barrel domain.

3.3. The unfolded OmpA (-barrel associates with a rate-limiting, critical
nucleus size of 3 molecules

Fig. 5 shows a snapshot of OmpA self-association, as all of the data
correspond to the fraction monomer present after only 30 minutes of
incubation at low urea. We were also interested in determining the
time-dependence of the self-association reaction and we utilized both
sedimentation velocity and circular dichroism to monitor the extent
of oligomerization over time. SV experiments were carried out for
various total protein concentrations as described above, but with
increasing incubation times, in order to sample different time points

during the course of the reaction. The measured fraction monomer
values at each time point for each concentration are shown as open
circles in Fig. 6A and B for OmpAs,s and OmpA;71, respectively.

Overlaid upon the sedimentation velocity data points are the CD
traces representing the signal decay of monomeric OmpAs;s and
OmpA;7; (Fig. 6 panels A and B, respectively). The CD signal reflects
the change in the secondary structure at 218 nm shown in the
wavelength scan of Fig. 2D. We measured the kinetics of this CD signal
change over the course of 15-17 hours for various OmpA concentra-
tions. The curves were converted to fraction monomer and are plotted
in Fig. 6 as solid lines for comparison with the SV data. For OmpA;7;
(panel B), the time-dependent decrease in fraction monomer
measured by CD agrees very well with the SV data, and it is evident
that higher initial concentrations of protein lead to a more rapid
decrease in monomer concentrations and a lower equilibrium value
of fraction monomer. Both of these features are consistent with a self-
association reaction. In contrast, the OmpAs3s CD curves do not agree
with the SV data; the CD signal appears not to decay as fast as the
fraction monomer time points measured by SV and therefore it would
appear that the two techniques are not measuring the same physical
process. One explanation for this observation is that the structural
change that leads to a more negative CD signal is a separate process
from the association into particles that sediment with high s-values. In
the case of OmpA;71, which is composed of the barrel domain only,
these processes apparently occur at the same rate. But for OmpAs;s,
which includes the soluble periplasmic domain, the change in
secondary structure occurs more slowly than the association into
faster-sedimenting particles.

To further investigate the nature of the OmpA,;; barrel self-
association reaction, we used the method of initial rates to determine
the order of the reaction (see Materials and methods) [8]. Fig. 7A
shows a double logarithmic plot of the initial rates as a function of
total protein concentration, determined from the OmpA;;; CD
kinetics data. A linear fit to these data points gives a slope of 3.2,
which corresponds to the order of the reaction. Therefore the rate-
limiting step of self-association appears to involve the interaction of
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Fig. 5. OmpA self-association as a function of concentration and urea. Varying
concentrations of OmpAs,s (A) and OmpA;7; (B) were prepared at 300 mM (red),
450 mM (orange), or 600 mM (gold) urea. Samples were incubated at 25 °C for
30 minutes before beginning centrifugation. Sedimentation velocity data were
analyzed by the time derivative method and the g(s*) curves integrated to determine
the fraction of monomeric protein at each concentration (open symbols). Solid lines
show fits to the Hill equation. (C) The midpoints of the Hill fits are plotted as a function
of urea, fitted to a line and extrapolated to the absence of urea. These intercepts are
0.2 uM and — 1 pM for OmpAs,5 and OmpA;71, respectively.

three OmpA;7; molecules. We attempted to fit the kinetic curves
to the integrated rate equation for a third order reaction but this
returned poor fits and varying values of rate constant (data not
shown), suggesting the kinetics are more complex and may involve
multiple kinetic phases, the elucidation of which are beyond the scope

of this paper. However it is still evident that the initial rate-limiting
step involves three OmpA;7; molecules.

Interestingly, we never observed intermediate-sized species by
sedimentation velocity so we reasoned that the protein could be
undergoing a nucleated growth polymerization reaction where the
nucleus is not appreciably populated [20]. This type of reaction
involves initial formation of an energetically unfavorable nucleus,
followed by rapid elongation into polymer by the addition of monomer
units. Analysis of the time-dependence of polymer formation allows
determination of the critical nucleus size (n*) necessary to facilitate
downhill polymerization (see Materials and methods). In brief, the
concentration of monomers incorporated into polymer should have
a linear dependence on time squared at very early time points. A
double logarithmic plot of these slopes as a function of total monomer
concentration will also be linear, with a slope equal to n*+ 2. The
resulting values determined from the OmpA;7; CD kinetics data are
shown in Fig. 7B and a linear fit to the data gives a slope of 4.6, or a
critical nucleus of 2.6. Therefore ~3 OmpA molecules must condense
to form a nucleus that then undergoes further oligomerization to
form higher molecular weight species, which we observe in the large
s-value region of our SV data. This alternative analysis is highly
consistent with the order of reaction we determined to be three, so it
is clear that OmpA self-association involves the initial formation of
a nucleus of ~3 molecules before further association occurs.

3.4. OmpA self-association reduces folding efficiency when there is a
delay in the addition of membranes

To determine the effect of oligomer formation on (3-barrel folding,
we conducted a delayed folding assay in which OmpAs,5 and OmpA;7;
were allowed to incubate for 30 minutes prior to the addition of
diC;oPC LUVs. If self-association of unfolded states competes with
folding, we reasoned the folding of OmpA;7; should be reduced
compared to OmpAs;s because it has a greater propensity for self-
association. Fig. 8 shows the fraction folded of OmpAs,s (panel A) and
OmpA;71 (panel B) at a total concentration of 2 pM or 5 uM in 600 mM
urea, 20 mM Tris, pH 8. The first set of bars shows that both proteins at
both concentrations fold with efficiencies close to 1 when there is no
delay time (i.e. membranes are present when the protein is diluted
into the folding mixture). When there is a 30-minute delay before the
addition of vesicles, the second set of bars shows that the fraction
folded is reduced to different extents. The OmpAs,s folding efficiency
at 2 uM is reduced to 0.93 (4-0.03) while folding efficiency at 5 uM is
reduced to 0.72 (4-0.03). These values correspond almost exactly to the
fraction monomer measured under the same conditions by sedimen-
tation velocity (shown in Fig. 5A). OmpA;7; folding efficiencies are
reduced to 0.85 (£0.03) at 2 uM and 0.66 (+0.07) at 5 uM, which are
also similar to the fraction monomer values measured by SV (Fig. 5B),
and are consistently lower than the corresponding fraction folded for
OmpAsss. Altogether these data indicate that OmpA barrel folding
successfully competes against oligomerization when membranes are
present from the time of dilution into low urea, but when given the time
to self-associate, oligomeric unfolded protein is unable to dissociate and
fold within 3 hours and thus there is a reduction in folding efficiency.
We also failed to observe an effect on fraction folded when either
0OmpAs;s or OmpA;7; were incubated with equimolar concentrations of
OmpApe; before the addition of vesicles, as shown by the third set of bars
in Fig. 8. This result is consistent with the sedimentation velocity results
described above, and further demonstrates that the periplasmic domain
acts in cis but not in trans to affect OmpA self-association.

3.5. The folding competent unfolded conformations of OmpA;7; and
OmpAsys are expanded

The conformation of the unfolded state is the reference point
for the development of kinetic folding models. Importantly, it is
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the “folding competent” non-native state that would be populated
under folding conditions that is the relevant conformation, not
the conformation of the denatured state ensemble observed at
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fit of the data gives a slope of 3.2, which is interpreted as the order of the reaction.
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30 minute delay with equimolar concentrations of OmpApe (2 UM or 5 pM).
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high (>6 M) urea concentrations. Since membrane proteins require
phospholipid vesicles to fold, we are uniquely suited to populate
the relevant unfolded state by simply leaving out vesicles from
the reaction. Because Upq states self-associate so strongly (shown
above), we cannot directly visualize monomeric unfolded states
in the absence of urea. However, we are able to tune the urea
concentration to populate monomer and determine the sedimenta-
tion coefficient as a function of urea. At 2 uM total protein, we found
that the sedimentation coefficients are a linear function of urea
concentration, which means we can extrapolate the values to
the absence of denaturant. These data are shown in Fig. 9, and the
s*20w values for OmpAs;s and OmpA;7; extrapolate to 2.34 S and
1.65 S, respectively. These values correspond to f/f, values of 1.68
and 1.60, respectively. We used Sednterp to interpret these data in
terms of the simple molecular envelope of a prolate ellipsoid of
revolution. Our results suggest expanded conformations for both of
these proteins, with axial ratios of 8.3:1 and 7.3:1, respectively for
OmpAsys and OmpA;7;.

4. Discussion
4.1. Unfolded conformations as a reference point for kinetic folding models

Despite the extensive studies on OmpA folding, there are still
kinetic phases and conformations that are not well understood. In
particular, the self-association propensity of aqueous, unfolded OmpA
has not previously been extensively investigated. We find that both
the OmpA,7; barrel and the full-length OmpAs,s protein show
significant propensities to form very large oligomeric structures
when there is a delay in the addition of lipids. As previously shown for
OmpT [24], the weight average sedimentation coefficients of OmpA
are in the 20-60 S range, comparable to the size of ribosomal subunits.
In contrast, we expect that the thermodynamic stabilities of these
OmpA oligomers must be less than the stabilities for OmpT Uaq
oligomers, as it requires much lower concentrations of urea to melt
OmpA oligomers into monomers as compared to the previous studies
on OmpT.
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Fig. 9. Sedimentation coefficients extrapolated to the absence of urea. s*;0 , values from
single-species fits of g(s*) curves for OmpAs,s and OmpA;7; are plotted as a function of
urea concentration. OmpA;7; (red diamonds) was studied in urea concentrations
ranging from 1 M to 8 M. OmpAs;s (green triangles) was studied in urea concentrations
of 1 M to 2.5 M, in order to measure the sedimentation coefficient in the region below
the unfolding transition of the periplasmic domain. The data were fit to linear functions
and the sedimentation coefficients extrapolated to a urea concentration of zero. These
values were found to be 2.34 S for OmpAs;s and 1.65 S for OmpA;7;.

We have further shown that the unfolded conformation of the
OmpA barrel shows no regular structure. The interpretation of our
CD data is in contrast to early studies implying that membrane-
embedded regions of Uyq OmpA possessed a mixed alpha/beta
secondary structure in aqueous solution. Rather, these secondary
structure features of OmpA arise from folding of its soluble periplasmic
domain, which is stable independent of the OmpA transmembrane
B-barrel. The “folding competent” non-native state also has a CD
signature quite distinct from that of the OmpA oligomers that form at
higher concentrations over the time period of 12-16 hours; the latter
state has a very broad negative peak in the beta region of the
CD spectrum and lacks the 231 nm peak found in the native OmpA
B-barrel. Since these oligomers form slowly and are of such high
molecular weight, it is interesting to speculate that these are crossed-
beta structures reminiscent of the types that amyloidal proteins
can form. However, future experimentation using more specific
structural and/or dye binding assays need to be carried out to test
this hypothesis.

A third aspect of the OmpA unfolded conformation that we
investigated relates to its level of compactness. It had previously
been proposed that OmpAs,s forms a collapsed aqueous state that
then folds into membranes [4,8]. However, this concept raises the
question of how this conformation can then “uncollapse” to be able
to partition onto membrane surfaces in a folding-competent state.
Our sedimentation velocity data show, in fact, that the monomeric
Unaq forms of both OmpAs;s and OmpA;7; adopt expanded confor-
mations. This starting point for folding rationalizes the need for these
proteins to effectively partition onto membranes in a productive
structure.

4.2. Competition between Uyq self-association and folding kinetics

Another aspect of the in vitro folding pathway that remains to be
investigated is the thermodynamic potential for partitioning of Uaq
states onto the membrane surface. Certainly the data show that
this reaction competes quite effectively because the proteins do fold.
Therefore, the consequences of Uaq self-association will strongly
depend on how quickly the proteins partition onto membranes and
whether or not all membrane binding occurs in folding-competent
conformations. Even if some membrane binding conformations
are not productive for folding, membrane binding will reduce the
total aqueous OmpA concentration, which should diminish oligomer
formation. Moreover, early kinetic events that may be affected by
Unq self-association will be essential to investigate in a systematic
manner. Already, we observed that the rate of OmpAs;s self-
association occurs faster than the secondary structure change that
is ultimately indicative of the large oligomer formation. Multiple
orthogonal methods must be applied to fully dissect the kinetic
details of these two processes. While we did not observe any loss
of folding efficiency over a 3-hour period if membranes were
immediately available to Upq OmpAs,5 and OmpA;74, our data do
not exclude an effect on folding kinetics. It could be that Uaq
oligomers slow the folding of both OmpAs;5 and OmpA;7;. A future
comparison of folding rate constants will be necessary to address
these questions.

4.3. The OmpA periplasmic domain possesses chaperone activity when
covalently attached to the OmpA (3-barrel

Since both OmpAs,s and OmpA;7; can fold in vitro upon the
addition of synthetic phospholipid vesicles, it is obvious that their
sequences contain all the molecular information needed to fold these
proteins into their native conformations [14,25]. However, along
with other OMPs, OmpA needs to remain in a folding-competent
state in the cell until it is sorted to the outer membrane in bacteria.
Elaborate cellular machinery exists to ensure proper membrane
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compartmentalization of these proteins [26]. It is clear from the work
in this study that self-association of the OmpA unfolded state
represents a reaction that competes with folding. Although there is
no loss in folding efficiency when membranes are present from the
time of dilution to low urea, there is a decrease in folding when the
proteins are incubated at low urea and self-association is allowed
to occur before the addition of membranes. Indeed in the cell the
proteins encounter an environment more like the second situation
since they must traverse the aqueous periplasm in the unfolded state
before encountering the outer membrane. Self-association in vitro
competes with folding even when folding is allowed to proceed for
3 hours, which is already a time period much longer than the doubling
time of E. coli. Therefore the prevention of self-association while the
unfolded OMPs proceed to the outer membrane is probably a major
role for periplasmic chaperones.

In this study we discovered a novel chaperone function of the
periplasmic domain of OmpA whereby it can act to increase folding
efficiency by reducing self-association when present in cis (i.e.
as part of OmpAs,s). However, OmpApe, is unable to reduce self-
association when added separately to the barrel domain. We
observed neither an increase in fraction monomer nor any indication
of a stable complex formed between OmpA's 3-barrel and periplas-
mic domains when OmpAp,; is added in micromolar concentrations.
Therefore the interaction between OmpApe; and the OmpA barrel
domain must be a relatively weak one. Nevertheless, the periplasmic
domain does have an effect within the full-length protein: OmpAs»s
—with the periplasmic domain covalently attached—self-associates
less and displays less of a loss in folding efficiency upon incubation
without vesicles. There may also be an effect on the thermodynamic
stability of the protein because Sanchez et al. proposed that the
soluble periplasmic domain might stabilize an unfolded conforma-
tion of the OmpA B-barrel [25].

Even though the full-length OmpAs;s self-associates less than just
the transmembrane -barrel alone, both proteins form large oligo-
meric species at micromolar concentrations in low concentrations of
urea. Therefore, we speculate that additional cellular factors must be
involved in preventing OmpA self-interactions in vivo. Extrapolated to
the absence of urea, the midpoint of oligomer formation of full-length
OmpA is ~200 nM, which means that such assembly factors must
bind with nanomolar affinities in order to thermodynamically
compete with oligomerization. A likely candidate is the Skpr protein,
which has been shown to stoichiometrically bind to a number of outer
membrane proteins at sub-micromolar concentrations, including
OmpA [27,28]. The cell therefore uses significant free energy to
sequester OmpA into a Skpr:OmpA complex. The data presented here
on OmpA U,q self-interactions rationalize why the free energy of Skpr
binding needs to be so favorable.

Supplementary materials related to this article can be found online
at doi:10.1016/j.bpc.2011.06.013.
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