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The folding reaction of a β-barrel membrane protein, outer membrane protein A (OmpA), is probed with För-
ster resonance energy transfer (FRET) experiments. Four mutants of OmpA were generated in which the
donor fluorophore, tryptophan, and acceptor molecule, a naphthalene derivative, are placed in various loca-
tions on the protein to report the evolution of distances across the bilayer and across the protein pore during
a folding event. Analysis of the FRET efficiencies reveals three timescales for tertiary structure changes asso-
ciated with insertion and folding into a synthetic bilayer. A narrow pore forms during the initial stage of in-
sertion, followed by bilayer traversal. Finally, a long-time component is attributed to equilibration and
relaxation, and may involve global changes such as pore expansion and strand extension. These results aug-
ment the existing models that describe concerted insertion and folding events, and highlight the ability of
FRET to provide insight into the complex mechanisms of membrane protein folding. This article is part of a
Special Issue entitled: Membrane protein structure and function.
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1. Introduction

In the energy landscape theory of protein folding [1–3], favorable
contacts bias a nascent protein toward a three-dimensional structure
that represents the global free energy minimum. The non-covalent
intramolecular forces that contribute to the stability of the native
structure have been characterized for soluble proteins [4]. In the
case of membrane proteins, additional intermolecular interactions
between the protein and lipid bilayer must be considered, but are
not well understood.

Knowledge of the chemical and physical properties of the bilayer
is essential for understanding membrane protein structure and fold-
ing. A bilayer exhibits at least two distinct chemical regions, the inter-
facial space and the hydrophobic core [5]. The interfacial region,
which spans ~15 Å, is chemically heterogeneous and contains func-
tional groups that may participate in hydrogen bonds and ionic inter-
actions [6]. This region is important for backbone solvation and can
induce secondary structure in a peptide that is otherwise unfolded
in aqueous solution [7,8]. In the hydrophobic core, the low dielectric
constant of ~2 may enhance some molecular interactions [9,10]. For
example, the energies of backbone hydrogen bonds in water and in
the bilayer have been calculated to be ~1 kcal/mol and ~5 kcal/mol,
respectively [11]. This differential suggests that the energetic cost of
desolvating the backbone is overcome by enhanced stability upon
formation of secondary structure in a bilayer. This principle underlies
the requirement that membrane proteins must form secondary struc-
ture in a membrane [12].

Other general themes formembrane protein structure have emerged.
The distribution of amino acids in transmembrane helices has evolved to
foster favorable interactions with the water–lipid interface and the hy-
drophobic core [13]. There is an asymmetric distribution of residues on
the N- and C-terminus of membrane proteins, with some polar residues,
such as arginine and lysine, more abundant on the N-terminus on ac-
count of “snorkeling” effects [5]. The amphipathic residues tyrosine and
tryptophan are localized at the bilayer interface and form an aromatic
belt region that may serve as the protein anchor in the membrane
[14,15]. As expected, aliphatic amino acids are more prevalent in the hy-
drophobic core of the lipid bilayer, resulting in membrane protein sur-
faces that are more hydrophobic than their interior [16,17].

Our understanding of membrane protein folding is inferior to our
knowledge of membrane protein structure. For α-helical systems, a
sequence of events has been described [8,12,18–20]: (i) interfacial
partitioning, (ii) interfacial folding, (iii) insertion into the bilayer,
and (iv) assembly of tertiary and quaternary structure in the bilayer.
For β-barrel membrane proteins, a concerted mechanism of insertion
and folding has been discussed [21]. It should be noted that these and
other models for membrane protein folding are derived from a small
set of proteins because of experimental difficulties. The challenge lies
not only in identification of membrane proteins that undergo revers-
ible folding, but also in successful application of a breadth of tech-
niques to the membrane protein folding problem.

One system that has been utilized to elucidate folding mechanisms
is the 325-residue outer membrane protein A (OmpA). OmpA is a
major structural component of the E. coli outer membrane, and
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Table 1
Summary of OmpA mutants. Residue positions of donor (D) and acceptor (A) as well as
description of D and A locations are indicated. Residue at position 7 is located on the
extra-vesicular side, and residues at positions 15, 57, and 143 are located on the
intra-vesicular portion of the liposome.

Mutant D A Description

F15W/F7CdnsΔ 15 7 D–A on same strand,
across bilayer

F57W/F7CdnsΔ 57 7 D–A across bilayer
F143W/F7CdnsΔ 143 7 D–A across bilayer
F143W/F57CdnsΔ 143 57 D–A across pore
F15WΔ 15 – Donor-only
F57WΔ 57 – Donor-only
F143WΔ 143 – Donor-only
F7CdnsΔ – 7 Acceptor-only
F57CdnsΔ – 57 Acceptor-only
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also functions as a non-specific pore and phage receptor [22,23]. The N-
terminus constitutes the transmembrane domain (171 residues) and
the C-terminus constitutes the periplasmic region (154 residues). The
transmembrane domain folds into a β-barrel pore that is comprised
of eight antiparallel β-sheets; the structure of the periplasmic domain
has not been resolved. OmpA serves as an ideal model system to
study membrane protein folding because of the availability of high res-
olution NMR [24] and X-ray [25] structures, ease of purification [26],
and ability to reversibly and spontaneously fold into lipid vesicles
[27]. Additionally, there is significant prior work by our group and
others on the photophysics, thermodynamics, and kinetics associated
with the native tryptophan residues [15,28–30] that serve as chromo-
phores in spectroscopic studies.

Utilization of techniques that report on global structural changes
during a folding reaction enhances our comprehension of folding
mechanisms. Förster resonance energy transfer (FRET) is a mechanism
for energy transfer based on dipole–dipole interaction between donor
and acceptor molecules that are separated by distance r. The efficiency
for energy transfer scales as 1/r6, and this strong distance-dependence
enables FRET to be a sensitive spectroscopic ruler for measuring sepa-
rations between 10 and 100 Å [31]. Widespread availability of spectro-
scopic tools and the relative ease of site-specific attachment of extrinsic
or intrinsic chromophores have facilitated a large number of FRET-
based studies of proteins and oligonucleotides. For example, FRET has
been used to measure intra- and intermolecular distances in large pro-
tein complexes, detect fluctuations in DNA, and probe the folding land-
scape of heme proteins [32–34]. Recent experiments have focused on
single-molecule FRET measurements of biomolecular dynamics [35–
38]. FRET has also been applied to a limited number of membrane-
bound systems to determine structures of peptides in membranes
[39,40], probe conformational changes in ion channels [41], and inves-
tigate helix–helix associations [42]. These and other examples of bio-
logical FRET exemplify the wealth of knowledge that may be gained
from this technique, and motivate our present study to elucidate the
complexmechanisms of membrane protein folding using this powerful
tool.

2. Materials and methods

2.1. Expression and purification of OmpA mutants

The procedure for expression, isolation, and purification of OmpA
mutants is described elsewhere [28]. The starting plasmid was one that
encoded for a cysteine-free, all-phe mutant of OmpA in which the five
native tryptophan residues at positions 7, 15, 57, 102, and 143 were
substituted with phenylalanine residues. Additionally, the C-terminal
periplasmic domain was cleaved by introduction of a stop codon at posi-
tion 177. This truncated, trp-free mutant consists of only the transmem-
brane domain, and is referred to as W0Δ(177–325). For simplicity, we
omit designation of the deleted residues and abbreviate the notation as
W0Δ, where Δ indicates Δ(177–325). Three types of truncated OmpA
systems were generated from this initial W0Δ mutant for the current
study: OmpA with a single tryptophan residue as the donor, OmpA
with a single cysteine residue on which the 1,5-IAEDANS (dns) acceptor
moiety may be covalently linked, and OmpA with both tryptophan and
cysteine residues (donor+acceptor). Four donor–acceptor pairs as well
as appropriate control systems were generated: donor at position 15
with acceptor at position 7 (F15W/F7CdnsΔ); donor at position 57 with
acceptor at position 7 (F57W/F7CdnsΔ); donor at position 143 with ac-
ceptor at position 7 (F143W/F7CdnsΔ); donor at position 143 with ac-
ceptor at position 57 (F143W/F57CdnsΔ); donor-only at position 15
(F15WΔ); donor-only at position 57 (F57WΔ); donor-only at position
143 (F143WΔ); acceptor-only at position 7 (F7CdnsΔ); and acceptor-
only at position 57 (F57CdnsΔ). These mutants are summarized in
Table 1, and distances betweenβ-carbons from the X-ray structure are il-
lustrated in Fig. 1.
2.2. Labeling

Purified OmpA (~70 μM in 4–5 mL) was initially mixed with tenfold
excess reducing agent, tris(2-carboxyethyl)phosphine (TCEP) (stock
concentration of 10 mM), and stirredunder nitrogen for 1 h. Tenfold ex-
cess dns acceptor (1,5-IAEDANS is 5-((((2-iodoacetyl)amino)ethyl)
amino)naphthalene-1-sulfonic acid, Molecular Probes) initially dis-
solved to 2–3 mM in dimethyl sulfoxide (DMSO)was added to the solu-
tion and allowed to react with the free cysteine residue at position 7 or
57 for approximately 5 h under nitrogen atmosphere. The reaction was
quenched by addition of tenfold excess 2-mercaptoethanol (2-ME).
Unreacted dns was separated from the protein by passing the sample
down a desalting column (10-DG, Bio-Rad). The labeled OmpA sample
was washed several times with fresh 20 mM phosphate (KPi) buffer
(pH 7.3) that contained 8 M urea, concentrated, and stored at −80 °C.
Labeling yields were 66% (F143W/F57CdnsΔ), 100% (F57W/F7CdnsΔ),
100% (F15W/F7CdnsΔ), and 45% (F143W/F7CdnsΔ). These yields
were determined from the UV–vis spectra and knowledge of the
extinction coefficients: ε(337 nm, dns)=5700 cm−1 M−1; ε(280 nm,
dns)=4220 cm−1 M−1; ε(280 nm, transmembrane OmpAwith single
tryptophan)=26,020 cm−1 M−1; and ε(280 nm, transmembrane
OmpA with no tryptophan)=20,500 cm−1 M−1.

2.3. Preparation of vesicles

Small unilamellar vesicles (SUVs) were prepared following a pub-
lished procedure [28]. Briefly, 20 mg of 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC, Avanti Polar Lipids) or 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC, Avanti Polar Lipids) was dried
under nitrogen gas. DMPC was utilized to probe the folding and inser-
tion of OmpA while DPPC provided an opportunity to probe the
adsorbed, but not inserted, state of OmpA [27,29]. The lipid was
resuspended in 20 mM KPi buffer to a final concentration of
5 mg/mL. The aqueous solution of lipid was placed in a warm water
bath and sonicated with a probe ultrasonicator microtip for 1 h at
50% duty cycle. The SUV sample was then passed through a 0.22 μm
filter, and equilibrated overnight at 37 °C prior to experiments.

2.4. Fluorescence and anisotropy measurements during folding reaction

Steady-state fluorescence measurements were performed with a
Jobin Yvon-SPEX Fluorolo FL3-11 spectrofluorometer in a right-angle
geometry using a 1 cm×4 mm pathlength fused silica cuvette sealed
with a rubber septum. The sample was excited along the 4 mm path,
and emission was collected along the 1 cm path. The excitation wave-
length for tryptophan was 290 nm, and that for the dns label was
330 nm. The excitation and emission bandpass were set to 4 nm for
all unpolarized fluorescence spectra. The folding reaction was initiated
by mixing a small volume of stock protein into an equilibrated SUV



Fig. 1. Structure of OmpA transmembrane domain (PDB ID: 1QJP) highlighting native
residues in locations of tryptophan donor (positions 15, 57, and 143) or cysteine-linked
dns acceptor (positions 7 and 57). Distances between β-carbons are indicated. Residue
W7 is located on the extra-vesicular portion of the liposome. Residues W7 andW15 are
on the same strand. The unidirectional nature of insertion is shown.

Fig. 2. Absorption spectrum of dns acceptor (solid, left axis). Normalized fluorescence
spectra of tryptophan donor in unfolded (dotted) and folded (dashed) OmpA are also
shown (right axis).
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solution with constant stirring. Fluorescence spectra were acquired at
specified time points following mixing: 2, 5, 10, 15, 20, 25, 30, 40, 50,
60, 120, 180, and 240 min. The final solution in these folding experi-
ments contained ~6 μM OmpA, 0.5 M urea, 1 mg/mL DMPC in 20 mM
KPi buffer at pH7.3. The solutionwas kept at 33 °C during folding exper-
iments in order to maintain DMPC in the fluid phase (Tm=23 °C) or
DPPC in the gel phase (Tm=41 °C). Spectra of SUV solutions that lacked
protein were acquired at the beginning and end of each experiment.

Two additional experiments were performed to probe the contri-
bution of aggregation and photobleaching to the observed signal.
The extent of aggregation was measured under the same conditions
as the folding experiments, with the exception that SUVs were ex-
cluded from the sample. Aggregation was monitored via a blue-shift
in the emission maximum; for example, F143WΔ exhibited a fluores-
cence maximum of 337 nm after incubating for 3 h in 0.2 M urea so-
lution. Photobleaching experiments were performed by injecting
protein into a 20 mM KPi/8 M urea solution, and monitoring the fluo-
rescence spectra over a 240 minute window. These experiments con-
firmed that aggregation and photobleaching do not significantly
contribute to the fluorescence spectra reported here.

Fluorescence anisotropy experiments were repeated twice under the
same sample geometry conditions as the unpolarized fluorescence ex-
periments. The polarized excitation wavelength was 290 nm, and polar-
ized emission was obtained from 305 to 420 nm in 2 nm steps with
excitation and emission bandpass set to 3 nm. Polarized spectra in the
form of VV, VH, HV, and HH, where the first and second letters corre-
spond to excitation and emission polarizations (V = vertical, H = hori-
zontal), respectively, were acquired. Spectra of vesicle solutions that do
not contain OmpA were also acquired and subtracted from correspond-
ing OmpA spectra to remove contribution from scattering. The instru-
ment response (G-factor) was determined using the model compound
N-acetyl-L-tryptophanamide (NATA) and protein solutions; the G-
factor was identical to within 5% when measured with these different
samples.

3. Results

3.1. Folding yields for labeled protein

Donor–acceptor labeled OmpA was confirmed to fold and unfold
via a gel-shift assay [28,43]. The labeled protein exhibited a folding
yield of at least 70% after a 24-hour incubation period in lipid solution
(Fig. S1). The yield of unfolding was ~90% after a 24-hour incubation
period in 5 M urea solution. These yields are comparable to those ob-
served for unlabeled transmembrane OmpA [28].

3.2. FRET calculations and data

Spectral overlap of the donor–acceptor (tryptophan–dns) pair was
measured for folded and unfolded OmpA. Fig. 2 shows representative
emission spectra of tryptophan in OmpA in the folded (λmax=330 nm)
and unfolded (λmax=350 nm) states along with the absorption spec-
trum of model compound dns in aqueous solution. The absorption
peak of dns that is covalently linked to folded or unfolded OmpA differs
by less than 2 nm from the spectrum in aqueous solution (data not
shown). The emission maximum of OmpA adsorbed on DPPC bilayers
is between 339 and 347 nm, and depends on mutant (data not
shown). Förster distances for the tryptophan–dns pair in OmpA can
be calculated via the equation R0

6=(8.79×1023)(κ2n−4ΦDJDA) where
R0 is the Förster distance (in Å), κ2 is the orientation factor between
the transition dipoles of the donor and acceptor (ranges from 0 to 4),
n is the refractive index of the solvent, ΦD is the quantum yield of the
donor in the absence of acceptor, and JDA is the overlap integral of
the donor emission and acceptor absorption spectra [31,44,45]. For
the unfolded state, we utilized the experimental absorption and emis-
sion spectra, and assumed values of 2/3 for κ2, 0.13 forΦD, and 1.33 for
n to calculate a Förster distance of 20.9 Å, which is consistent with prior
published values of R0 for the trp–dns pair [44,45]. The R0 value for the
folded state is 20.8 Å and was calculated using the appropriate overlap
integral and the same values of κ2, ΦD, and n as the unfolded state.
When a range of ΦD values between 0.13 and 0.25 was utilized, the
R0 value varied 11.5% for the folded state. In contrast to minor changes
in R0 because of shifts in spectral profile and quantum yield, alterations
in κ2 can have a significant impact on the Förster distance (discussed
below).

FRET efficiencies were calculated for the four donor–acceptor la-
beled mutants with the following equation [45]:

E ¼ 1− FDA−FD 1−fAð Þ
FD fA

¼ 1− FDA

FD

� �
1
fA

ð1Þ

where E is the FRET efficiency, FDA and FD are the fluorescence intensity
of the donor (tryptophan) in the presence and absence of dns acceptor,
respectively, and fA is the labeling yield for the specific mutant. FDA and
FD were determined for each mutant as a function of time after mixing.
Representative fluorescence data for donor–acceptor labeled OmpA,

image of Fig.�2
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donor-only OmpA, and acceptor-only OmpA are shown in Figs. 3
and 4; additional data are included in supporting information (Fig.
S2). FRET efficiencies are shown in Fig. 5. For all mutants except
F15W/F7CdnsΔ, evolution of the FRET efficiencies is consistent
with donor and acceptor moving toward each other as the protein
folds and inserts into the bilayer. For these mutants, the FRET effi-
ciencies evolve from as low as ~10% (unfolded in 8 M urea) to as
high as 100% during the folding reaction. The fourth mutant in
which donor and acceptor are on the same strand (F15W/F7CdnsΔ)
displays the opposite trend in which donor and acceptor are moving
apart, evidenced by the change in FRET efficiency from ~60% to ~0%
during folding. FRET efficiencies for partially folded OmpA
adsorbed on DPPC bilayers also indicated in Fig. 5. The estimated
error for calculated FRET efficiencies is 20% for all mutants except
F143W/F7CdnsΔ, and primarily reflects certainty in knowledge of
labeling yields and protein concentrations. The error for the fourth
mutant, F143W/F7CdnsΔ, is much larger (approximately 50%) be-
cause of the low labeling yield. It should be noted that the indicated
FRET efficiencies have not taken into account the minor population
of protein that does not fold. The percentage of unfolded protein is
expected to be similar for all mutants at less than 30%, and this un-
folded population should exhibit no spectral shifts throughout the
observation window. Therefore, this systematic error would impact
the absolute FRET efficiencies, but not the shapes, of the FRET curves
during a folding reaction.
Fig. 3. Fluorescence spectra during folding (gray and black, solid) and for the unfolded
state in 8 M urea (dashed). Spectrum of the folded state after 240 min is indicated as
the solid, bold, black curve. Spectra are of (A) donor–acceptor labeled mutant
F57W/F7CdnsΔ; (B) donor-only (F57WΔ) mutant; and (C) acceptor-only (F7CdnsΔ)
mutant.

Fig. 4. Fluorescence spectra during folding (gray and black, solid) and for the unfolded
state in 8 M urea (dashed). Spectrum of the folded state after 240 min is indicated as
the solid, bold, black curve. Spectra are of donor–acceptor labeled mutants
(A) F143W/F57CdnsΔ; (B) F143W/F7CdnsΔ; and (C) F15W/F7CdnsΔ.
3.3. Tryptophan fluorescence shift and anisotropy

The evolution of the tryptophan blue-shift as a function of folding
time is shown in the supporting information (Fig. S3). The kinetic
traces for six of the seven OmpA mutants studied here are similar
and indicate that ~75% of the fluorescence shift is completed within
60 min. The donor–acceptor labeled mutant F143W/F57CdnsΔ ex-
hibits a fluorescence shift that is about twofold slower. This result
Fig. 5. FRET efficiency of unfolded state (“unf.”) in 8 M urea, adsorbed species (“ads.”)
on DPPC, and during folding reaction into DMPC. Solid lines that connect the data
points are included to help guide the eye. The estimated error for calculated FRET effi-
ciencies is 20% for all mutants except F143W/F7CdnsΔ; the error for F143W/F7CdnsΔ is
approximately 50%. See text for details.
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indicates that traversal of the dns acceptor at position 57 through the
bilayer may impede the folding kinetics (discussed below).

Steady-state anisotropy measurements were performed to inves-
tigate the rotational flexibility of the tryptophan donor during the
folding event (Fig. 6). The enhanced anisotropy values of folded
OmpA indicate loss of rotational flexibility in vesicles relative to un-
folded OmpA in urea. In general, the anisotropy values are enhanced
within minutes of initiating the folding reaction, and continue to in-
crease on a timescale similar to those that characterize changes in
FRET and tryptophan fluorescence. This finding supports a picture in
which OmpA interacts closely with the membrane during folding,
and this interaction gives rise to the measured anisotropy. The initial
drop in anisotropy at t=2 min for unfolded protein is likely an arti-
fact that arises from injecting stock OmpA solution into the buffer so-
lution; in this case, both solutions contain 8 M urea and are thus
viscous. The implications of rotational restriction on FRET calculations
are discussed below.

4. Discussion

4.1. Application of FRET to membrane protein folding

The application of FRET to membrane proteins is limited relative
to analogous studies of soluble proteins because of challenges associ-
ated with the labeling and folding membrane proteins. Here we pre-
sent FRET experiments on the 176-residue, transmembrane domain
of OmpA. The selection of OmpA offers several advantages. First, β-
barrel membrane proteins generally contain a greater fraction of
polar residues than α-helical membrane proteins. A consequence of
this property is that OmpA, unlike the α-helical protein bacteriorho-
dopsin, can be fully unfolded in denaturant, and refolded in the pres-
ence of lipid bilayer in a reversible and spontaneous manner [46].
Second, the availability of high-resolution structures [24,25] guides
the design of appropriate FRET mutants. Finally, OmpA is a well-
characterized system for membrane protein folding [15,21,28–
30,47–50]. The observation that the transmembrane domain sponta-
neously inserts and folds into lipid bilayers in a unidirectional manner
[27] is especially advantageous for these FRET measurements.

FRET mutants were selected for this initial study to probe the evo-
lution of the following intraprotein distances: across the bilayer on
different strands (F143W/F7CdnsΔ and F57W/F7CdnsΔ), across the
bilayer on the same strand (F15W/F7CdnsΔ), and across the protein
pore (F143W/F57CdnsΔ). The donor–acceptor pairs provide addition-
al geometric constraints because three of the FRET pairs form the
sides of a triangle, with donor and acceptor at the vertices. This
Fig. 6. Average values of tryptophan anisotropy in the range 330–360 nm for OmpA
donor-only mutants during folding reaction into DMPC bilayers: (w) F143WΔ; (□)
F15WΔ; and (○) F57WΔ. OmpA that is injected into a solution of 8 M urea is also
shown for (×) F143WΔ. An expanded view of the initial 65 min is shown as the
inset. The upper limit for error in anisotropy is estimated as ±0.02.
combination of mutants enables study of the relative timescales for
global structural changes, such as pore formation, bilayer traversal,
and strand extension. The current experiments not only complement
prior work that probed intermolecular protein–lipid distances with
the use of brominated lipids [30,49], but may also enhance computa-
tional efforts in the expanding field of membrane protein folding.

Significant effort was devoted to characterizing the effect of label-
ing on the stability and kinetics of folding. The dns FRET acceptor has
both hydrophobic (aromatic rings and hydrocarbon linker) and hy-
drophilic (sulfonate and amide groups) components and as a result,
it is not straightforward to predict the effect of this extrinsic label
on the folded state of OmpA. To our knowledge, there are no prior re-
ports of in vitro FRET studies on membrane protein folding. Instead, a
number of membrane proteins have been labeled with dyes on
solvent-exposed residues to probe conformational changes and global
interactions; nearly all of these examples utilized proteins in native
membrane environments or solubilized in detergent [42,51–53]. As
shown by SDS-PAGE analysis, dns-labeled OmpA inserts and folds
into membranes with yields that are comparable to unlabeled
OmpA. Additionally, the characteristic blue-shift of tryptophan fluo-
rescence that accompanies folding [28,30] is preserved in the FRET
mutants studied here. These measurements indicate that the pres-
ence of a covalently linked dns label at position 7 or 57 does not dras-
tically alter the folded structure.

In contrast to these equilibrium measurements, the kinetics of in-
sertion appears to be affected by the presence of a dns label at one of
the positions. The single tryptophan residue at positions 15, 57 and
143 in the donor-only mutants of OmpA undergoes 75% of the fluo-
rescence blue-shift within 60 min of folding. Attachment of a dns
label at position 7 does not affect the kinetics. However, the presence
of a dns label at position 57 impedes the kinetics such that the blue-
shift occurs in ~100 rather than 60 min. One rational explanation
for this perturbation is the unidirectional nature of insertion: residue
57 must traverse the bilayer whereas residue 7 is not required to
cross the membrane. While it is plausible that the presence of the
label at position 57 hinders the rate of insertion, we have not studied
other OmpA mutants to confirm this hypothesis. Other experiments
are currently underway.

4.2. Mechanisms of folding

An important goal of the presentwork is to elucidatemechanisms of
folding. We acknowledge at the outset that the unfolded state in 8 M
urea is not an adequate representation of the starting unfolded state
for folding reactions. However, we pursued FRET measurements on
OmpA in 8 M urea to investigate the protein in a presumably extended
and unfolded conformation. The data in Fig. 5 indicate that as expected,
the FRET efficiencies for donor and acceptor pairs that are distant in se-
quence are low in 8 M urea, typically less than ~45%. The exception is
F15W/F7CdnsΔ, for which the donor and acceptor are eight residues
apart on the same strand. For this mutant, the FRET efficiency in 8 M
urea is high at ~60%, indicating that a dynamic loop is likely formed be-
tween donor and acceptor in this denaturant. The presence of a loop is
consistent with theoretical predictions that the probability of loop for-
mation is maximum for a loop length of ten [54].

Upon initiation of the folding event, the FRET results indicate that
global changes occur on three different timescales. The most rapid
change in FRET efficiency was observed for the mutant that reports on
pore formation (F143W/F57CdnsΔ); this mutant exhibited a sharp in-
crease in FRET efficiency that reached its maximum value of ~100% in
15 min, followed by a slow decay in FRET signal over the remaining col-
lection period. Evolution of FRET signal occurred on an intermediate
timescale for the two mutants that probe bilayer traversal,
F143W/F7CdnsΔ and F57W/F7CdnsΔ. The FRET signal for both of
these mutants began to level off in ~60 min, with no significant change
following this initial rise. The slowest change in FRET efficiency

image of Fig.�6
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occurred for themutant that probes strand extension across the bilayer,
F15W/F7CdnsΔ. This mutant showed a large drop in FRET signal in the
first 60 min, and continued to evolve until the last data point was mea-
sured at 240 min during the folding reaction.

The FRET data may be assembled to yield the following picture of
OmpA insertion and folding into membranes (see Fig. 7). Because the
insertion process is known to be directional, the pore is at least partially
formed during insertion. Specifically, the inserting portion of the pro-
tein is likely to assemble as a compact pore as it inserts into the bilayer.
This initial formation is consistent with the early FRET response of the
F143W/F57CdnsΔ mutant. It appears that the presence of the dns
label at position 57 (described above) does not impact the formation
of the pore despite its apparent effect on insertion kinetics. Bilayer tra-
versal occurs on a slower timescale, on the order of 60 min. Here, the
term “bilayer traversal” is not intended to suggest that the bilayer is a
static medium in which the protein inserts. Rather, the dynamic nature
of the bilayer plays a critical role in the folding process and therefore, it
ismore appropriate to consider “lipid-assisted protein folding” inwhich
there are simultaneous changes in both protein and bilayer structures
during folding [29,55,56]. However, since the current studies are limited
to intraprotein FRET, we attribute the formation of a membrane-
spanning domain to bilayer traversal. Following this ~60-minute period
of bilayer traversal, a long-time component that is attributed to strand
extension and pore expansion persists over the 240-minute measure-
ment window.

We also investigated the FRET signal for adsorbed intermediates
that exhibit secondary structure, but does not insert into bilayers
that are in the gel phase of DPPC [47]. For the three mutants in
which donor and acceptor are distant in primary sequence, the
adsorbed intermediates exhibited FRET efficiencies that are consis-
tent with a compressed tertiary structure. This structure is more com-
pact than the extended conformations in 8 M urea, but less compact
than folded protein. The fourth mutant (F15W/F7CdnsΔ), in which
the donor and acceptor are eight residues apart, shows the opposite
trend where the adsorbed species is more extended than the unfold-
ed state, but more compact than the folded species. These results sug-
gest that while the β-sheet secondary structure of the adsorbed state
resembles that of the folded state [27,57], the tertiary structures of
the adsorbed and folded states are dissimilar.

Results from the present FRET experiments build upon prior studies
of OmpA that utilized tryptophan fluorescence, circular dichroism, and
SDS-PAGE analyses [21,30,57–59]. In these earlier reports, three
membrane-associated intermediates were identified, and the kinetics
of folding was found to depend on several factors, including pH, tem-
perature, and membrane properties. The emerging picture for the fold-
ing mechanism includes initial formation of an adsorbed (collapsed)
intermediate, followed by folding and insertion into the membrane in
a concerted manner [21]. Our results support this concerted picture,
Fig. 7. Schematic of OmpA folding into a membrane. Hydrophobic core and interfacial space
that is initially unfolded in 8 M urea forms at least a partial pore that begins to insert into th
to insert and traverse the bilayer for approximately 60 min following initiation. A long-time
strand extension and pore expansion. Timescales and structural changes are based on evolu
the protein. See main text for additional details.
and provide additional insight into changes in tertiary structure. One
important conclusion from the FRETmeasurements is that the pore ap-
pears to form early during the folding reaction, prior to completion of
bilayer traversal and secondary structure formation. This pore forma-
tion may be associated with adsorption. It should be noted that we
do not yet know the full extent of pore formation because the FRET
pair is located on the inserting portion of the protein. We are currently
pursuing FRET measurements to monitor pore formation on the other
end of the protein pore, near W7. Additional insight from the current
studies is that the kinetics of bilayer traversal is coincident with the
known blue-shift in fluorescence, and both occur on the order of
~60 min. This result suggests that the majority of the fluorescence
blue-shift reported here and in prior reports can be attributed to for-
mation of the membrane-spanning structure. Finally, the long-time
component (~60–240 min) of folding that is observed as slow changes
in the FRET signal and tryptophan fluorescence intensity (data not
shown) may be attributed to equilibration of the protein in the bilayer.
The current FRET results suggest that this equilibration may involve
strand extension and pore expansion. This relaxation may also reflect
slow changes in local solvation, such as expulsion of water from the
protein/bilayer core. While this interpretation is consistent with prior
reports, the current FRET data do not exclude the possibility of parallel
folding pathways that exhibit different kinetics.

4.3. Interpretation of FRET distances

The conversion from FRET efficiency to intramolecular distance is,
in principle, a straightforward task. However, for membrane proteins,
we face several challenges. Here, we have shown that evolution of the
absorption and emission profiles as well as the emission quantum
yield during folding does not significantly alter the Förster distance
for a given orientation factor; if orientational averaging of the donor
and acceptor is assumed (κ2=2/3), R0 is calculated as 21 Å for the
folded and unfolded states. However, it is possible that the use of
2/3 for κ2 is not valid for folded OmpA, as has been discussed for
dns-labeled bacteriorhodopsin [60]. Some deviation from the average
value of 2/3 is supported by steady-state and time-resolved fluores-
cence anisotropy measurements that indicate that the donor is rota-
tionally hindered when OmpA is inserted and folded in a bilayer [61].

The experimental difficulties of measuring the orientational factor
have not precluded the wide use of FRET as a spectroscopic ruler. One
reason for the quantitative success of FRET is that for systems that
contain a heterogeneous population of conformations, the assump-
tion of orientational averaging is valid [62]. For the majority of pro-
teins in which donor and acceptor are covalently linked to solvent-
exposed regions of the protein via flexible linkers, this assumption
likely holds true. For OmpA and other membrane proteins, however,
it is not known whether the folded protein exhibits preferential
of lipid bilayer are indicated as dark and light gray shaded regions, respectively. OmpA
e bilayer within the first 15 min of initiating the folding reaction. The protein continues
equilibration period lasts up to at least 240 min, during which period OmpA undergoes
tion of FRET signal of specific donor (closed circle) and acceptor (open circle) pairs on

image of Fig.�7
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orientations of donor and acceptor within the membrane. The struc-
tural restrictions that complicate the interpretation of FRET data for
membrane proteins can be overcome by selection of appropriate
donor–acceptor pairs. In the case of tryptophan and dns, both mole-
cules exhibit more than one transition dipole moment associated
with overlapping electronic transitions [63–65]. The presence of
these near-degenerate transitions significantly limits the range of
possible κ2 values such that errors in distances are likely less than
10% [65]. Therefore, the combination of structural heterogeneity and
optimized photophysical properties enables FRET to be a useful
probe despite the challenges associated with the orientation factor.

In the case where a protein structure is available, comparison of
the apparent FRET distances, r′ (using κ2=2/3), with those from
the crystal/NMR structure may provide insight into the extent of con-
formational heterogeneity [31]. The use of κ2=2/3 for a membrane
protein is not unprecedented, and was justified in a previous study
of helix–helix interactions of bacteriorhodopsin [42]. The evolution
in distances between donor and acceptor for OmpA is summarized
in the following form: r in 8 M urea→r′ folded in membrane (with
crystal structure distances from Fig. 1 in parentheses). The distance
changes are 31 Å→22 Å (24 Å) for donor and acceptor across the bi-
layer (F57W/F7CdnsΔ), 27 Å→13 Å (27 Å) for donor and acceptor
across the bilayer (F143W/F7CdnsΔ), 22 Å→16 Å (19 Å) Å for
donor and acceptor across the pore (F143W/F57CdnsΔ), and
20 Å→31 Å (29 Å) for donor and acceptor on the same strand across
the bilayer (F15W/F7CdnsΔ). Satisfactory agreement between FRET
and crystal structure distances for folded protein is achieved for
three mutants, suggesting that κ2 may not significantly deviate from
the value of 2/3. This finding is consistent with other reports that in-
dicate variation in κ2 do not result in significant error [44,66,67]. The
fourth mutant, F143W/F7CdnsΔ, exhibits a folded distance that is
much smaller than expected given that the donor and acceptor
must span the bilayer. This discrepancy likely arises because of the
low labeling yield of 45% for this particular mutant, and this finding
emphasizes the importance of high yields to obtain reliable results.
Despite the overall agreement between crystallographic and FRET-
based distances for the three mutants with high labeling yields, a
more rigorous treatment of κ2 would be necessary to confirm the ab-
solute distances during folding [31,60,68,69]. Nonetheless, the quali-
tative trends reported here are likely to be valid.

5. Conclusion

The results presented here illustrate the application of FRET to the
study of membrane protein folding. FRET experiments are advantageous
because they provide insight on intraprotein distances during a folding
event, and results from this technique complement existing knowledge
about secondary structure and local environment that is gained from
other tools. Relative timescales for global changes, such as protein pore
formation, bilayer traversal, and strand extension, help elucidate the
mechanisms of protein insertion and folding into a synthetic bilayer. De-
spite the relative success of these initial FRET experiments, it is clear that
several challenges persist. Low labeling yields and lack of knowledge of
the orientation factor hinder facile quantitative assessment of distances.
Nonetheless, qualitative insight is gained and motivates ongoing FRET
experiments on membrane protein folding.
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