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Fluorescence spectroscopy, including Stern-Volmer quenching, is a valuable tool for the study of protein
dynamics. Changes in protein solvation during the folding reaction of a membrane protein, Outer mem-
brane protein A (OmpA), into lipid bilayers was probed with bimolecular fluorescence quenching with
acrylamide quencher. Six single-tryptophan OmpA mutants (W7, W15, W57, W102, W129, and W143)
allowed for site-specific investigations at varying locations within the transmembrane B-barrel domain.
A sphere-of-action quenching model that combines both static and dynamic components gave rise to
Stern-Volmer quenching constants, Kp, for OmpA denatured in 8.0 M urea, aggregated in 0.5 M urea,
adsorbed onto small unilamellar vesicles (SUVs), and folded in SUVs (t = 6 hrs). The average Kp values
were Kdmamred (g 4 M1 > Kassresed (5 g M’IP > Katorbed (1.9 M1y > K0%d(0.6 M~"). With knowledge of
the fluorescence lifetimes in the absence of quencher, the bimolecular quenching constants, k,, were
derived; the evolution of k,; (and therefore Kp)during the folding reaction into SUVs (t =0 hrtot=6
hrs) revealed desolvation timescales, Tgeso1, Of 41-46 min (W7, W15, W57, W102), 27 min (W129), and
15 min (W143). The evolution of /g during folding revealed fast and slow components, ¥, and
rlow mene Of 7-13 min and 25-84 min, respectively, for all mutants. For the five lipid- facing mutants
(W7, W15, W57, WI129, and W143), the general trend was ‘c’;‘if;m"mm(7 — 13 min) <
Tgesotr(15 — 46 min) < v - (25 — 84 min). These results suggest that there is an initial fast step in
which there is a large change in polarity to a hydrophobic environment, followed by a slower desolvation
process during evolution within the hydrophobic environment. These results complement previous
mechanisms of concerted folding and provide insights into site-specific changes in solvation during for-
mation of native B-barrel structure.

© 2021 Elsevier B.V. All rights reserved.

* Corresponding author.
E-mail address: judyk@ucsd.edu (J.E. Kim).

T D.K.A and LAK. contributed equally to this manuscript.

https://doi.org/10.1016/j.saa.2021.119919

1386-1425/© 2021 Elsevier B.V. All rights reserved.



D.K. Asamoto, I.A. Kozachenko, I. Lopez-Peiia et al.
1. Introduction
1.1. The role of water during protein folding

A longstanding question in the study of membrane proteins is
their folding mechanisms, and in particular, the process of transi-
tion from aqueous to lipid solvation during a folding process. The
idea that water significantly influences the insertion and folding
of membrane proteins is consistent with the extensive literature
that elucidates the significance of water in the dynamics and struc-
tures of proteins and membranes. For example, water expulsion
and inclusion are crucial for native structures [1], protein—protein
recognition [2], and folding pathways [3].

There has also been effort to elucidate the dynamics of water at
the interface and interior of lipid bilayers and proteins. The inter-
nal water molecules in folded proteins are exchangeable, as sup-
ported by studies of water penetration, mobility, and exchange in
folded proteins [4-6]. NMR studies on proteins have revealed that
surface-bound waters exchange rapidly (nanoseconds), while bur-
ied solvent molecules have longer residence times (up to millisec-
onds) [5,7]. These and other studies have aimed to elucidate the
role of water in structure and folding of soluble proteins, but few
experiments have probed the hydration status during a membrane
protein folding reaction.

Fig. 1. OmpA structure. Solution NMR structures (10 conformers) of the trans-
membrane domain of OmpA mutant with single tryptophan at position 7 (PDB ID
2GE4). The dynamics of the native tryptophan at position 7 (W7) is shown in red.
The remaining four native tryptophan residues at positions 15, 57, 102, and 143
were mutated to phenylalanine for the NMR study and are shown in blue (W15F),
black (W57F), green (W102F), and pink (W143F), respectively. The native tyrosine
residue at position 129 that was mutated to tryptophan for our present studies is
highlighted in orange (Y129). The bottom structure shows a top down view of the
transmembrane domain with a view looking down the center of the barrel.
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1.2. Folding of outer membrane protein A

The inherent challenges associated with membrane proteins
have restricted studies of membrane protein folding to a small sub-
set of proteins amendable to in vitro experiments. Outer membrane
protein A (OmpA) is one such system for studies of membrane pro-
tein folding. OmpA is an integral membrane protein that is found in
the outer membrane of E. coli [8]. It forms an N-terminal, 8-
stranded, transmembrane B-barrel and has a C-terminal soluble,
periplasmic domain [9,10]. OmpA influences cell shape [11,12], is
necessary for the action of colicin [13,14], and serves as a receptor
for F-mediated conjugation and bacteriophage Tull [15,16].

OmpA is soluble in 8 M urea [17] and has been shown to spon-
taneously fold and insert into curved [18,19] lipid bilayers in an
oriented fashion upon dilution of denaturant and in the absence
of detergents [20]. The absence of the need for detergents is a ben-
efit of OmpA in terms of protein folding studies. Another benefit of
OmpA is the existence of high-resolution structural data. X-ray
diffraction [21] and solution NMR [22] studies have provided
atomic resolution structures of the OmpA transmembrane domain
(Fig. 1). The breadth of previous of studies of OmpA makes it a very
good system for the study of integral membrane protein folding.

OmpA has five native tryptophan residues located near the
membrane-aqueous interface at positions 7, 15, 57, 102 and 143
(Fig. 1). The tryptophan residue at position 7 is located on the
periplasmic region of the outer membrane, while tryptophan resi-
dues 15, 57, 102 and 143 are on the extracellular side of the outer
membrane. Tryptophan fluorescence during OmpA folding has
been well characterized in micelles [23], small unilamellar vesicles
(SUVs) [20], amphipols [24], and nanodiscs [25]. Tryptophan fluo-
rescence has also been used to study the kinetics of the OmpA fold-
ing reaction into lipid bilayers via investigation of single
tryptophan OmpA mutants; these data support a model of con-
certed folding [26]. Forster resonance energy transfer (FRET) stud-
ies have determined distances between the native tryptophan
residues using cysteine linked dye molecules in different unfolding
states of OmpA [27].

1.3. Bimolecular quenching and solvent accessibility

Measurements of bimolecular fluorescence quenching with
external quenchers report on the solvent accessibility of native
tryptophan residues and may provide additional details about its
folding mechanism into lipid bilayers [28]. Tryptophan fluores-
cence is efficiently quenched by acrylamide through a combination
of collisional (dynamic) and static mechanisms [29,30]. The analy-
sis involves generation of a Stern-Volmer plot. In collisional
quenching, the quencher diffuses to the fluorophore within the
lifetime of the excited state, makes van der Waals contact (<5 A)
[31], and deactivates the fluorophore to the ground state without
the emission of a photon. Fluorescence quenching may also reflect
contributions from a static process in which the fluorophore and
quencher form a non-fluorescent, ground-state complex. The pres-
ence of static quenching has been observed in single-tryptophan
containing proteins in the presence of acrylamide [32]. It is
believed that indole and acrylamide have a relatively weak associ-
ation within a “sphere-of- action” volume where the fluorescence
is immediately quenched within this volume. These bimolecular
quenching mechanisms differ from those that rely on longer-
range dipole-dipole mechanisms, such as FRET, and thus report
on more local photophysical effects.

If tryptophan is solvent-exposed and accessible to a quencher,
such as acrylamide, the fluorescence is quenched, leading to
decreased fluorescence intensity. If tryptophan is buried and inac-
cessible to solvent, acrylamide may not diffuse to tryptophan
within the lifetime of the excited state to quench the fluorescence.
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If tryptophan is partially exposed to solvent, the extent of quench-
ing is moderate. In this manner, the extent of quenching reflects
changes in quencher accessibility; for a water-soluble quencher,
bimolecular quenching data can be interpreted to reflect evolution
of solvent accessibility of tryptophan during membrane protein
folding.

1.4. Changes in local environment during OmpA folding

The requirement of van der Waals contact for both static and
dynamic quenching, and the decreased amount of water [6] (and
soluble quenchers) in lipid bilayers allows these experiments to
provide information on accessibility of quencher to fluorophore
during folding. Time-resolved distance determination by fluores-
cence quenching experiments using brominated lipids were previ-
ously performed to track the distance between tryptophan
residues and the center of the lipid bilayer during the folding of
OmpA [26,33,34]. Other steady-state quenching studies with
OmpA and soluble quenchers have focused on folded and unfolded
states, but to the best of our knowledge, there have been no time-
resolved experiments to monitor the change in solvent accessibil-
ity of single-tryptophan residues during the folding reaction of
OmpA.

This report describes changes in solvent accessibility for trypto-
phan during the folding and insertion of OmpA into SUVs. The tem-
poral evolution of the Stern-Volmer plot during the folding
reaction provides insight into the kinetics of transfer from bulk
aqueous to bulk lipid environment, a process we refer to as desol-
vation. These results complement analogous changes in the emis-
sion maxima during folding and lead to new insights into the
folding reaction.

2. Materials and methods
2.1. Sample preparation

Chemicals used in the experiments include N-acetyl-
tryptophanamide (Sigma Aldrich), ultra pure urea (MP Biomedi-
cals), acrylamide (Thermo Fisher Scientific), dipotassium phos-
phate (Thermo Fisher Scientific), and potassium dihydrogen
phosphate (Thermo Fisher Scientific). These reagents were used
as received.

OmpA mutants that contain single tryptophan residues were
expressed and purified following an established procedure [10].
These mutants, referred to as single-tryptophan mutants, were
prepared with single tryptophan residues at native (7, 15, 57,
102, 143) or non-native (Y129W) positions. In these mutants, the
remaining four or five (in the case of 129) native tryptophan resi-
dues were mutated to phenylalanine. These OmpA mutants are
referred to as W7, W15, W57, W102, W143, and W129. An addi-
tional mutant, in which all tryptophan residues were replaced with
phenylalanine was also generated; this mutant is called WO0. The
protein was overexpressed in an OmpA-free stock JF733 and the
cells were lysed by sonication after treatment with lysozyme.
The membranes were collected by centrifugation, and OmpA was
extracted with a solution of urea and isopropanol. The crude pro-
tein was purified on a Q sepharose Fast Flow (GE Healthcare Life
Sciences) anion exchange column and eluted by a NaCl gradient.
The protein-enriched fractions were combined and concentrated
by ultrafiltration (Millipore Ultracel NMWL 3 or 10 KDa). The sam-
ples were stored in the denatured state (8.0 M urea, 20 mM potas-
sium phosphate buffer, pH 7.3), with stock concentrations of 150-
400 pM. All protein samples described in this report contained
20 mM potassium phosphate buffer, pH 7.3, referred to as KPi
buffer.
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2.2. Preparation of samples for fluorescence experiments

SUVs of dimyristoylphosphatidylcholine (DMPC, phase transi-
tion temperature Ty, = 24 °C) and dipalmitoylphosphatidylcholine
(DPPC, Ty, = 41 °C) were prepared according to a previously pub-
lished procedure [10]. The lipids were purchased from Avanti Polar
Lipids. Briefly, 25 mg of lipid dissolved in chloroform was dried
under nitrogen gas for several hours. The dry lipid film was resus-
pended in 5 mL of KPi buffer with a bath sonicator and SUVs were
formed using a probe sonicator tip. The SUVs were filtered through
a 0.22 pum pore polyvinylidene fluoride filter, resulting in a 5 mg/
mL (7.375 mM) lipid stock solution. The SUVs were allowed to
equilibrate overnight above their phase transition temperature
prior to experiments. The diameter of the vesicles was approxi-
mately 50 nm based on dynamic light scattering (DLS) experi-
ments. DMPC SUVs were used for the study of the folding and
insertion of OmpA at 37 °C; DPPC SUVs were used to study the
adsorbed state of OmpA at room temperature (~21 °C).

For each quenching experiment, five 200 pL samples were pre-
pared with acrylamide concentrations of 0.0, 0.1, 0.2, 0.3, and
0.4 M; acrylamide was dispensed from a 1.0 M stock solution. Pro-
tein was added to solutions that contained SUVs and acrylamide (if
appropriate) in KPi. Denatured OmpA was obtained from a sec-
ondary stock solution that contained 80-140 pM OmpA and
5.0 M urea. OmpA has been reported to be denatured in 4.0 M urea
[20]. The final protein concentration varied between 8 and 14 uM
based on the absorption spectra of protein in the 0.0 M acrylamide
sample. The final urea concentration was 0.5 M for all samples
because each sample was comprised of a 10-fold dilution of the
secondary stock. The final lipid concentration was 2 mg/mL
(2.950 mM), which gave a lipid to protein ratio of 300:1 for the tar-
geted 10 uM protein and resulted in folding yields of 78-100%
across all mutants. All samples were mixed thoroughly after inject-
ing 20 pL of the protein secondary stock into 180 pL of the
temperature-equilibrated SUV and acrylamide solution. This mix-
ing was performed immediately, within 10 s, before the first fluo-
rescence spectrum was acquired. Each cuvette was covered with a
parafilm-sealed Teflon cap.

2.3. Spectroscopic measurements of fluorescence quenching

Fluorescence spectra were acquired on a Jobin Yvon Fluorolog
Spectrofluorometer FL3-11. The emission window was 300 nm to
500 nm, and spectra were acquired with 4-nm step size with
0.5-second integration time and 3-nm entrance and exit bandpass;
the excitation wavelength was 290 nm. The fluorescence spectra
were collected as one accumulation. Temperature was maintained
at 37 °C for the OmpA folding study, and at room temperature
(~21 °C) for the adsorbed (DPPC), unfolded (8.0 M urea) and aggre-
gated (0.5 M wurea) OmpA experiments. The temperature-
dependence of tryptophan emission was investigated. The wave-
length of maximum emission remained 360 nm and the fluores-
cence intensities decreased ~23% with an increase in temperature
from 21 °C to 37 °C (data not shown).

For the folding experiment, acquisition of fluorescence spectra
commenced upon addition of 20 pL of the secondary OmpA stock
into five 2 x 10 mm quartz cuvettes, each of which contained
180 pL of a pre-made, temperature equilibrated, solution of KPi,
DMPC SUVs, and varying concentrations of acrylamide. The final
samples (200 pL total volume) were excited with 290 nm light
along the 2 mm path and fluorescence was acquired along the
10 mm path. During a folding experiment, spectra were acquired
for each sample at 5-minute intervals for the first two hours, and
then at 20-minute intervals for the remaining 4 h of the experi-
ment (6 h total). The fluorescence spectra of protein with five acry-
lamide concentrations (0.0, 0.1, 0.2, 0.3 and 0.4 M) were acquired
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in parallel, on the same day. To optimize the signal and collect
spectra efficiently, sufficiently high protein concentration and rel-
atively large step size (4 nm/step) were utilized. Fluorescence
spectra of blanks that contained vesicles, acrylamide (if appropri-
ate), and KPi were also acquired at the beginning and end of each
experiment. Absorption spectra of each sample were acquired on
an Agilent 8453 UV-visible spectrophotometer along the 10 mm
path length of the cuvette after the experiments were completed.

Analogous experiments were conducted for one hour at room
temperature with DPPC SUVs to investigate the kinetics of the
adsorption process of OmpA. Spectra were collected every 5 min
for the first 30 min and then every 10 min for the remaining
30 min (1 h total). Aside from the decreased duration of the exper-
iment, lower temperature, and gel phase vesicles, all aspects of the
adsorbed experiment and data workup procedure were identical to
the 6-hour folding experiment with DMPC SUVs.

Other experiments were conducted at room temperature for
unfolded (8.0 M urea) and aggregated (0.5 M urea) OmpA in the
absence of SUVs; these experiments revealed the level of quench-
ing for the fully denatured and aggregated states of OmpA. For
these experiments, samples were incubated for 5 min at room tem-
perature, followed by collection of fluorescence spectra with 1-nm
step size and 1-second integration time. All other fluorescence
parameters as well as protein and acrylamide concentrations were
the same as the previously described folding experiments.

2.4. Vesicle leakage assays

Vesicle leakage assays were conducted to investigate the stabil-
ity and permeability of the SUVs. Prior to sonication, the aqueous
DMPC solution contained 50 mM 8-aminonaphthalene-1,3,6-trisul
fonate (ANTS), a fluorophore, 50 mM p-xylene-bis(N-pyridinium
bromide) (DPX), a FRET quencher for ANTS [35,36], and 2.5 mg/
ml resuspended DMPC. The reagents ANTS and DPX were pur-
chased from Thermo Fisher and stored in a desiccator, in the dark,
prior to use. The decrease in lipid stock concentration to 2.5 mg/ml
relative to folding experiments (5 mg/ml) was necessary to avoid
flocculation of the lipid + dye solutions. After sonication, 3.0 mL
of the 2.5 mg/ml DMPC SUV stock solution with ANTS and DPX
was passed down a warm (~45 °C) 10DG desalting column (Bio-
Rad Laboratories) to separate vesicles encapsulating ANTS + DPX
from free ANTS and free DPX by size exclusion. After discarding
the initial dead volume of 3.0 mL, 0.5 mL fractions were collected.
The first 3.5 mL of elution were tested for encapsulation of
ANTS + DPX by acquisition of fluorescence spectra before and after
lysis of the SUVs in the presence of 0.1% (v/v) [37] Triton X-100
detergent; this concentration of Triton X-100 was obtained by
10x dilution of an initial 1% Triton X-100 solution purchased from
MP Biomedicals. ANTS fluorescence spectra were collected from
400 nm to 670 nm with 1-nm step size, 1-second integration time,
and 3-nm entrance and exit bandpass; the excitation wavelength
was 380 nm [38]. Increase in fluorescence intensity after lysis indi-
cated that the first 1.0 mL of elution was the most enriched in SUVs
encapsulating ANTS + DPX.

The effects of acrylamide and OmpA on the integrity of the SUVs
were investigated. In one experiment, two 180 pL samples of
ANTS + DPX-encapsulated DMPC SUVs from the first 1.0 mL of elu-
tion were prepared with and without 0.4 M acrylamide and then
incubated at 37 °C. Fluorescence and absorption spectra were mon-
itored over a period of 6 h. In a separate experiment, a sample of
the ANTS + DPX-encapsulated SUVs was prepared with ~10 pM
OmpA in a manner analogous to the folding experiment. The fluo-
rescence of tryptophan (excitation at 290 nm and emission from
300 to 500 nm) and ANTS (excitation at 380 nm and emission from
400 to 670 nm) were monitored over time. For both experiments,
fluorescence spectra were acquired over 6 h, at 20-minute intervals
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for the first 3 h and then at 30-minute intervals for the last 3 h. The
samples were then lysed by adding 20 pL of 1% Triton X-100 to cre-
ate a 0.1% Triton X-100 solution, and fluorescence and absorption
spectra were measured on this lysed sample.

2.5. Dynamic light scattering experiments

DLS experiments were conducted to evaluate the diameter of
the SUVs and to investigate potential effects of acrylamide on their
size and stability. Samples of 2 mg/ml DMPC were prepared in the
presence of 0.0, 0.2 and 0.4 M acrylamide, and maintained at 37 °C.
DLS data were acquired at 3-hour intervals. The 1.01 Watt 532 nm
output from a diode-pumped Nd:YVO, laser (Coherent Verdi) was
attenuated with neutral density filters to ~50 mW, focused with a
100 mm focal length lens and directed vertically through the sam-
ple in a 10 x 10 mm quartz cuvette. Scattered light that passed
through a small aperture (<1 mm diameter) was collected at 90°
relative to the incident beam by a SPEX double monochromator.
Photons were detected by an Amprex Model 56 photomultiplier
tube, and the output was amplified and discriminated (Tennelec
454) to produce standard pulses suitable for counting; the signal
was accumulated in a multichannel scaler (ComTec GmbH FAST
multichannel analyzer). Each acquisition was comprised of 20 s
bins for a total accumulation time of 10.5 s; for each sample, 20
acquisitions were acquired. The fluctuation in the intensity of the
scattered signal revealed the radii of the SUVs [39].

2.6. Fluorescence quenching data analysis

The raw fluorescence spectrum is comprised of fluorescence
from OmpA as well as scattering from SUVs. The fluorescence orig-
inates from the single tryptophan and 16 or 17 native tyrosine resi-
dues in OmpA; subtraction of the signal from tyrosine did not
significantly affect the quenching or decay constants (see below
and Supporting Information). Therefore, all spectra were treated
in the following manner, without subtraction of tyrosine signal.
OmpA fluorescence spectra were isolated by subtracting a scalar
multiple of the blank spectrum from each raw spectrum to gener-
ate a difference spectrum: OmpA fluorescence spectrum = (raw
OmpA spectrum) — (¢ x blank spectrum), where c is a scalar
between the values of 0.5 and 1.5 and the blank spectrum exhibits
signal from all components of the solution except protein. The
selection of ¢ was based on the known spectral profile of OmpA
emission for high concentration sample where scattering is less
prominent; the difference spectrum properly reproduced the
blue-shifted fluorescence and increase in fluorescence quantum
yield during folding. Emphasis was placed on the region near
300 nm, where the scattering signal is greatest, and values of ¢
were selected to avoid over- or under-subtraction, especially in
this region (see Supporting Information). These difference spectra
that contained signal from OmpA only are referred to as isolated
OmpA fluorescence spectra.

The isolated OmpA fluorescence spectra, called F,;s, were fur-
ther corrected for the inner-filter effect, which is attenuation of
the excitation beam and emission signal by the sample itself. This
correction yielded a new corrected OmpA fluorescence spectrum
referred to as F, [28]. The equation for the inner-filter effect is
given:

Aex-+Aem )

Fcorr:Fobslo( 2 (1)

In Eq. (1), Aex and A, are the absorbance at the excitation and
emission wavelengths, respectively (A is 290 nm). The maximum
absorbance at 290 nm across all mutants and all trials, prior to the
correction for the inner filter effect, was 0.69. This absorbance
value includes contribution from vesicles, protein, and 0.4 M acry-
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lamide. Despite the blue-shift of the fluorescence maximum from
~350 nm to ~330 nm, the wavelength used for A.,, was kept con-
stant at 350 nm. The difference in absorption for 350 nm and
330 nm is negligible in terms of the inner-filter effect correction
for tryptophan. In similar studies on OmpA, A., was disregarded
because of negligible absorption at the emission wavelengths
[33]. To determine A., and A.,, absorption values along the
2 mm pathlength for the relevant wavelengths were determined.
The assumption of 2 mm pathlength for both excitation and emis-
sion paths is an estimate because the pathlength of the emitted
light is probably close to 5 mm, which is half the total pathlength
of 10 mm. However, given the negligible effect of A, (value of A,
at 350 nm was typically 0.003 over 1-cm pathlength), the use of
2 mm vs 5 mm pathlength for emission does not significantly affect
the self-absorption correction. Gaussian fits were applied to the
peaks of all corrected fluorescence spectra to determine maximum
fluorescence intensities (Fq) and maximum fluorescence wave-
lengths (Zmax ).

OmpA concentrations for samples that contained acrylamide
could not be determined from absorption spectra because the
absorbance of acrylamide overlapped with the 280-nm protein
band. Thus, it was especially important that sample preparation
and initiation of the folding reaction were carefully and repro-
ducibly executed. It was assumed that the concentrations of pro-
tein in the 0.1, 0.2, 0.3, and 0.4 M acrylamide samples were
identical to that in 0.0 M acrylamide; the latter was determined
by UV-Vis absorption measurements. Reported errors in the exper-
iments reflect, in part, variation in protein concentration.

Stern-Volmer plots were constructed from values of Fy,,, for all
five samples with different acrylamide concentrations at each time
point during the folding reaction. Briefly, the corrected fluores-
cence intensity of each sample (0.1-0.4 M acrylamide) (Fn. abbre-
viated simply as F) was compared to the corrected fluorescence
intensity in the absence of quencher (0.0 M acrylamide) (Fo) by
the ratio FTO and plotted versus [acrylamide]. The intensities were
determined at the wavelength corresponding to maximum emis-
sion intensity. For the 6- or 1- hour DMPC (folding) and DPPC (ad-
sorbed) experiments, respectively, Stern-Volmer plots were
constructed for each time point. The plots were fit to the standard,
linear dynamic quenching model to yield Ksy values as well as a
combined dynamic-static quenching model to yield Kp values.
The latter model utilized the sphere-of-action equation, which
has been associated with the tryptophan-acrylamide system [28].

0

. F
Dynamic model : T Ksv[Q] + Yine = kqTo[Q] + Vine (2)

Sphere — of — action model : F—; = (Kp[Q] + Vi )" = (k,T0[Q] + Yinc)e"®

3)

In Egs. (2) and (3), Fo represents the fluorescence intensity of
the fluorophore (tryptophan) in the absence of quencher, while F
indicates the maximum, corrected fluorescence intensity in the
presence of quencher. Under ideal experimental conditions, the
value of the y-intercept (y;,) should be 1. In the present analysis,
Yine Was allowed to vary between 0.95 and 1.05 to take into account
slight experimental offsets. The quencher concentration, [Q], is that
of acrylamide. In the dynamic model (Eq. (2)), the Stern-Volmer
quenching constant reflects purely dynamic (collisional) quench-
ing and is denoted Ksy. In the sphere-of-action model, there is a
dynamic quenching component, denoted Kp, as well as a static vol-
ume (V), called the “sphere of action”, within which the probability
of quenching is unity. In the present experiments, values of V were
determined for the different conformations of denatured,
adsorbed, and aggregated OmpA. Additionally, the values of V at
the t = 0 and t = 6 hr timepoints during folding were determined
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for each mutant. An average value of V based on the combined
t=0and t = 6 h timepoints for all mutants was also determined.
The dynamic constants Ksy and Kp are the product of the bimolec-
ular quenching constant (k,) and lifetime of the fluorophore in the
absence of quencher (7). The published values of 7, for OmpA
were utilized [40], and the values of k, derived from K, were plot-
ted as a function of folding time. These kinetic traces were aver-
aged for multiple trials and fit to single or double exponential
decay functions.

2.7. SUV leakage data analysis

The optimal sample of SUVs that encapsulated ANTS and DPX
and that eluted from the column was selected by comparing the
increase in fluorescence signal upon 100% lysis with Triton-X.
The fluorescence spectrum of the fraction that revealed the largest
change in signal upon lysis was subtracted of their water Raman
signal. The fluorescence spectra were not normalized for concen-
tration of fluorophore because the leakage caused by protein or
acrylamide was assessed relative to 100% lysis on the same sample.
This relative leakage was visualized in plots of fluorescence max-
ima (514 nm) before and after addition of OmpA or acrylamide
(as a function of time), compared to the spectrum for lysis with Tri-
ton X.

3. Results

The change in solvent accessibility during the folding and inser-
tion of OmpA into SUVs was studied via bimolecular fluorescence
quenching. For a given OmpA mutant, five samples of 8-14 uM
protein were prepared with DMPC SUVs and increasing concentra-
tions of acrylamide (0.0, 0.1, 0.2, 0.3 and 0.4 M). Each experiment
resulted in the collection of 185 spectra (37 spectra for each of five
acrylamide concentrations corresponding to 37 time points over
6 h). SDS-PAGE differential mobility analysis was performed to
confirm that the presence of acrylamide did not significantly hin-
der the folding yield; the yield changed less than 10% in 0.4 M acry-
lamide relative to in the absence of acrylamide. Representative
fluorescence data for each mutant is shown in Supporting Informa-
tion. Representative data for the folding of W102 into SUVs in the
absence of acrylamide and presence of 0.4 M acrylamide are shown
in Fig. 2. These spectra show the characteristic blue-shift from
~350 nm to ~330 nm as well as increase in fluorescence quantum
yield during folding into SUVs. The spectra indicate that the pres-
ence of acrylamide affects the wavelength of fluorescence in a sub-
tle manner, but the relative blue-shift during folding is
approximately the same for all acrylamide concentrations for a
given mutant. The maximum tryptophan fluorescence intensities
for all five acrylamide concentrations are plotted as a function of
folding time in the Fig. 2 inset; these intensities were determined
irrespective of the wavelength of emission, which varied systemat-
ically from ~350-327 nm for all mutants during the folding
reaction.

Stern-Volmer plots were generated for each of the 37 time
points during the folding reaction; Fig. 3 shows representative data
for the Stern-Volmer plots of W102. The Stern-Volmer plots can be
fit to the dynamic (Eq. (2)) or sphere-of-action (Eq. (3)) models. For
the latter, proteins exhibit different values of V that depend on
their conformation and effort was made to determine the most rea-
sonable value of V.

It is expected that V should evolve during a folding reaction and
this evolution leads to complexities in the analysis. A simple model
was first tried: values of V = 0.0, 0.3, 0.6, and 0.9 M~ were selected
based on literature and utilized for all folding time points of all
mutants. The resulting values of K for each of these four values
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Fig. 2. Representative fluorescence data during the folding reaction in the absence
and presence of acrylamide. Fluorescence spectra are shown for OmpA W102 in the
absence (solid red curves) and presence of quencher (0.4 M acrylamide, dashed
purple curves) during the folding reaction (0 to 6 h) into SUVs. The spectra are
corrected for scattering from SUVs and signal from buffer as described in the main
text and Supporting Information. The isolated OmpA spectra were further corrected
for the inner filter effect using Eq. (1). Inset shows the maximum fluorescence
intensity for each acrylamide concentration (0.0, 0.1, 0.2, 0.3, and 0.4 M) during the
folding reaction.
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Fig. 3. Representative Stern-Volmer plots during the folding reaction. Stern-Volmer
plots are for OmpA mutant W102 during the folding reaction (0-6 h) into SUVs. The
dashed curves are fits to the data using the sphere-of-action model (Eq. (3)) with V
held constant at 0.46 M. The inset shows the evolution of K}, during the folding
reaction.

of V were determined. The decays of K, during folding were fit to
an exponential function and the decay constant for each value of V
was determined (Supporting Information); for all mutants except
W7, the four values of the decay constants were within 5% of one
another. For example, for W15 (n = 4), the reciprocal decay con-
stant was 46, 46, 45, and 45 min for values of V = 0.9, 0.6, 0.3,
and 0.0 M, respectively. The average value for W15 for these four
values of V was 45.5 min. W7 exhibited the greatest deviation of
values of the decay constant, but still within 13% of one another:
the reciprocal decay constant was 41, 45, 46, and 46 min for
V =0.9, 0.6, 0.3, and 0.0 M, respectively (with average value of
44 min). The average value of the reciprocal decay constants were
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44, 46, 43, 41, 28, and 15 min for the four values of V for W7, W15,
W57, W102, W129, and W143, respectively.

As a more informed model, an average value of V of 0.46 M™!
was utilized for all time points and mutants during the folding
reaction. This value of V was determined by performing a simulta-
neous fitting scheme, which we refer to as a global fit, across all tri-
als of all mutants at the extremes where the value of V is expected
to be largest (t = 0 hr) and smallest (t = 6 hr). For both of these time
points, there were a total of 19 trials, with three trials each for W7,
W57, W102, W129, and W143 and four trials for W15. The result-
ing value for V from this global fit were V = 0.69 M~! for t = 0 hr
(n=19)and V = 0.23 M~ for t = 6 hr (n = 19) time points (see Sup-
porting Information). The average of these values is V = 0.46 M~!
(n = 38), and this value of V = 0.46 M~ was used as the sphere-
of-action volume for our analysis of the folding reaction of OmpA.
Fig. 3 shows representative fits to the sphere-of-action model with
V =0.46 M~! for W102 during folding; the corresponding decay of
Kp during folding is shown as the inset. The average K, decay
curves for each mutant across all trials are shown in Supporting
Information. The values of K, were converted to kq by taking into
account 7o, and k, values were plotted as a function of folding time
(Fig. 4 and Table 1). The conversion of K, to k, involves division of
Kp with the lifetime (), so the exponential time constant is iden-
tical for Kp and k,. The results from single exponential fits to the k,
decays gave rise to reciprocal time constants of 46, 46, 43, 41, 27,
and 15 min for W7, W15, W57, W102, W129, and W143, respec-
tively (Table 1). Single exponential fits to Kp with residuals are
shown in Supporting Information. As a final analysis, Ksy and Kp
values were compared and as expected, the values for Ky, are
higher than Kp values (Table 1). Despite the superior fit of the data
to the sphere-of-action model, however, the temporal evolution of
Ksy and Kp were identical (Supporting Information).

OmpA in the denatured, aggregated, and adsorbed states were
also investigated. Representative fluorescence spectra and Stern-
Volmer plots are shown in Supporting Information. The values of
V for denatured (8.0 M urea), aggregated (0.5 M urea), and
adsorbed (DPPC SUVs) OmpA were determined using the same
method as for the folding reaction. Namely, global fits to all
mutants for each condition led to values of V of 0.80, 0.71, and
0.39 M! for denatured, aggregated, and adsorbed OmpA, respec-
tively (Supporting Information). Corresponding values of K, are
provided in Table 1 and Supporting Information

The contribution of the tyrosine on Stern-Volmer quenching
constants was determined by subtracting the spectrum of WO from
that of the tryptophan-containing mutant at a given time in the
folding reaction. The tyrosine-free spectra were then analyzed in
the same manner described above; representative data for W102
are shown in Supporting Information. The effect of tyrosine emis-
sion on the evolution of Kp during the folding reaction was minor,
so the subtraction of WO from each mutant was not needed.

The fluorescence wavelength at the maximum emission inten-
sity, /max, Was determined via Gaussian fits to the fluorescence
spectra in the range 301 to 370 nm. This range was selected
because it encompasses the emission maximum for all data sets
and across all mutants. Data from multiple trials were averaged
(Supporting Information), and the average wavelengths were plot-
ted as a function of folding time. The characteristic blue-shift of the
fluorescence wavelength during folding, from time O to 6 h, are
shown in Fig. 4 (bottom panel) for all OmpA mutants. The presence
of acrylamide did not significantly affect these observed changes in
fluorescence wavelength during folding despite the fact that acry-
lamide led to a slight blue-shift of approximately 2 nm of the abso-
lute fluorescence wavelengths (see Supporting Information). The
modest blue-shift in the fluorescence wavelength in the presence
of acrylamide was not observed for NATA. For all OmpA mutants,
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Fig. 4. Evolution of k; (top panel) and Ana (bottom panel, absence of acrylamide)
during the folding reaction of OmpA mutants into SUVs. The values are averages of
3-4 trials. Solid curves are fits to single exponential (top) or double exponential
(bottom) functions. The values for k, were determined from the sphere-of-action
model using a fixed V of 0.46 M.

the spectra blue-shifted 15-29 nm, from t = 0 h (unfolded) values
of 351-354 nm, to t = 6 h (folded) values of 325-338 nm in the
absence of acrylamide. The graphs of /.. versus time for the
0.0 M acrylamide samples were fit to single and double exponen-
tial functions. A double exponential fit was required, and the
resulting fit gave rise to reciprocal time constants of 7-13 min
for the fast component and 25-84 min for the slow component
for all mutants (Table 2). The exponential fits and residuals are
shown in Supporting Information. In the presence of acrylamide,
the folding-induced blue-shifts were slightly reduced by about
3 nm; for example, for the representative W102 data in Figs. 2
and 3, the blue-shift in the presence of 0.0, 0.1, 0.2, 0.3, and
0.4 M acrylamide were 17, 16, 15, 15, and 14 nm, respectively.

The correlation between k; and Znq values is shown in Fig. 5 for
each mutant in the following states: denatured in 8.0 M urea,
t = 0 h during folding, adsorbed on DPPC, and fully folded at
t = 6 h. A general trend of high values of k,; for high values of
Jmax 1S Observed. The analogous graph for Kp and /gy is shown in
Supporting Information.

The permeability and integrity of SUVs in the presence of acry-
lamide and OmpA were analyzed by leakage assays and DLS mea-
surements. Spectra of ANTS fluorescence for SUVS in the absence
and presence of acrylamide are shown in Supporting Information;
the presence of acrylamide caused ANTS fluorescence to increase in
a pseudo-linear fashion over time. OmpA also caused vesicles to
leak, albeit at a slower timescale than acrylamide. The relative
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kinetics of folding and leakage are compared in Supporting Infor-
mation; these data indicate that the folding reaction is faster by
a factor of 7 compared to leakage caused by acrylamide. Despite
the enhanced permeability of SUVs in the presence of acrylamide
or OmpA, the integrity of the vesicle is not compromised. DLS anal-
ysis indicates that the size of the SUVs is unaffected by the pres-
ence of acrylamide or OmpA. The maintenance of an intact
vesicle is also evidenced in the OmpA fluorescence data which
shows that the scattering component near ~300 nm remains
unchanged and only disappears upon lysis with Triton X-100.
DLS experiments were also conducted to confirm negligible effects
of time and acrylamide on the size of the vesicles.

4. Discussion

OmpA is an integral membrane protein that has served as a
model B-barrel system for the study of membrane protein folding
for nearly 30 years, since the first report in 1992 [20]. The slow
folding rate enables straightforward spectroscopic studies using
steady-state methods. The present study aims to elucidate the evo-
lution of protein (de)solvation during the in vitro folding reaction
of OmpA via fluorescence quenching experiments. Stern-Volmer
analysis of OmpA mutants during folding leads to site-specific
insights on the accessibility of a quencher, acrylamide, to trypto-
phan at varying locations within its transmembrane domain. These
results complement prior studies that focused on the kinetics and
formation of secondary and tertiary structures as well as depth of
insertion into the bilayer.

4.1. Acrylamide as the quencher

Acrylamide has been widely used to measure the extent of sol-
vent accessibility for tryptophan. One reason for its utility is that
the experiment is simple and involves steady-state or lifetime
measurements of tryptophan fluorescence in the presence of dif-
ferent concentrations of acrylamide. The mechanism of quenching
has been attributed to electron transfer [30,31,41]. There are static
and dynamic contributions to the quenching mechanism, and the
presence of both components is evident in the upward curvature
of the Stern-Volmer graph of NATA (Supporting Information). In
Eq. (3), the constant V is interpreted as the volume element around
the fluorophore within which the fluorescence is instantaneously
quenched. For NATA in phosphate buffer, a fit of the data to Eq.
(3) yields a value of V = 1.4 M~'; this value corresponds to a radius
of 8 A, meaning that an acrylamide molecule within 8 A of a pho-
toexcited NATA molecule will result in a non-fluorescent, dark
form of NATA. In 8.0 M urea, the value of V remains 1.4 M~! while
the value of K, decreased from 14.2 (buffer) to 10.7 (urea) M.
This change in Kp corresponds to a decrease in k; from

47%x107° to 24x10°° M~! s~! using values of 7, of 3.0 and
4.5 ns, respectively [40,42]. The decrease in bimolecular quenching
constant k, by a factor of 2 is consistent with the increase in viscos-
ity of a factor of 1.7 for 8.0 M urea compared to buffer [28,43].
There is a slight temperature-dependence of the Stern-Volmer
graph that supports the predominantly dynamic nature; with an
increase in temperature from room temperature to 37 °C, the value
for Kp increased less than 10%.

In proteins with single tryptophan residues, the Stern-Volmer
graphs with acrylamide are varied, and both upward-curving and
linear graphs, with V typically ranging between 0 and 1.0 M},
have been reported [29]. For example, values of V = 1.0, 0.6, and
0.0 M~' have been reported for folded glucagon, HSA (in SDS)
and for RNase, respectively [29]. The general trend is that protected
tryptophan residues in rigid protein environments exhibit linear or
pseudo-linear Stern-Volmer graphs, with low or zero values for V
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Table 1
Summary of results from Stern-Volmer analysis. The conditions are denatured in 8.0 M urea, aggregated in 0.5 M urea, adsorbed on DPPC SUVs, and during folding into DMPC
SUVs (t=0 hrand t = 6 hr). The change in K during folding, K (t =0 hr) - K (t = 6 hr), is indicated as AK, folding. The average Kj, and k, values for the six mutants is indicated in

the last column. The evolution of K, and k, during folding were fit to an exponential function Kp(t) = Ae /%o + y, or kq(t) = Ae~t/%eor + yo using a global analysis of multiple
trials. The Ksy values at t = 6 hr were determined for each mutant using a global fit to multiple trials. Slight discrepancies in the table reflect rounding outcomes.

OmpA mutant w7 W15 W57 w102 w129 w143

Kp (M) Avg
denatured* 6.3 5.3 6.1 6.9 8.0 5.7 6.4
aggregated? 5.9 4.0 5.9 6.4 6.8 6.3 5.9
adsorbed® 1.7 2.0 2.0 2.6 1.0 2.1 1.9
t=0hr" 6.7 7.1 7.7 7.1 7.0 6.3 7.0
t=6hr® 0.1 1.2 0.8 0.4 0.8 0.5 0.6
AKp folding 6.6 5.9 6.9 6.7 6.2 5.8 6.4
Kp decay parameters”

Tgesoly (MiN) 46 + 3 46 + 2 43 +4 41 +1 27 £1 15+1 -
AM™ 6.6 £ 0.2 5.8+0.1 6.9+0.3 6.7 £ 0.1 6.3+0.2 5.8 0.1 -
Yo (M™1) 0.1 £0.1 1.2+0.1 0.8+0.1 0.4 +0.1 0.8 £0.1 0.5+0.1 -
Ksy (M7 Avg
t=6hr 0.7 19 14 1.1 1.3 1.1 13
g (109 M sy Avg
denatured 2.0 1.8 1.8 1.8 24 2.0 2.0
aggregated 1.9 14 1.7 1.6 2.0 2.2 1.8
adsorbed 0.5 0.6 0.5 0.6 0.3 0.7 0.5
t=0hr 1.9 2.1 1.9 1.6 1.9 1.9 1.9
t=6hr 0.02 0.4 0.2 0.1 0.2 0.2 0.2
kg decay parameters®

Tgesoly (MiN) 46+ 3 46 +2 43+ 4 411 27 +1 1541 -
A(10°M s 1.8+0.1 1.8 +£0.1 1.7 £0.1 1.5+0.1 1.7 £0.1 1.8 £0.1 -
Yo (1072 M~ 1s71) 0.02 + 0.03 0.38 +0.02 0.20 + 0.03 0.09 + 0.01 0.20 + 0.01 0.16 + 0.01 -

2 Values for Vwere 0.80 M~*,0.71 M~', and 0.39 M for denatured, aggregated, and adsorbed OmpA, respectively. The error for Kp values is 8% and were derived from the
sphere-of-action fits (n = 1 for each condition).

b Values for Kp at t = 0 and 6 hr were determined from the resulting parameters of the fit with V fixed at 0.46 M~"'. The errors for K, decay parameters are derived from
global fits to multiple trials for the folding reaction (n = 3 for W7, W57, W102, W129, W143; n = 4 for W15).

¢ The errors for Ksy are 10% (W7), 5% (W15), 6% (W57), 6% (W102), 11% (W129), 8% (W143) and were derived from global fits to the same trials to determine Kp.

9 The average of the tryptophan lifetime, 75", in urea and DMPC, for each OmpA mutant was used to calculate corresponding kq values for t = 0 hr, t = 6 hr, and adsorbed
states; the values for 75" were 3.6 ns (W7), 3.3 ns (W15), 4.0 ns (W57), 4.4 ns (W102), 3.8 ns (W129), 3.3 ns (W143). The known values of 7, in urea were used to calculate k;
for the denatured and aggregated states. The lifetimes were obtained from reference 44.

€ The errors for k; decay parameters were derived from global fits to the same trials to determine Kp.

Table 2

Summary of results from wavelength analysis. The conditions are denatured in 8.0 M urea, aggregated in 0.5 M urea, adsorbed onto DPPC SUVs, and during folding
(extrapolated at t = 0 hr and t = 6 hr). The change in / during folding, /e (t = 0 hr) = Zme (t = 6 hr), is indicated as A/ folding. The evolution of /4 during folding were fit to a
double exponential function Zpx(t) = Apsce L — Abh,we”/’i'n“ﬂmmw + Y, using a global analysis to multiple trials. Stated errors for the kinetic fits are upper and lower limits for
multiple trials. Slight discrepancies in the table reflect rounding outcomes.

OmpA mutant w7 w15 W57 w102 w129 W143
Amax (NM)

denatured® 356 355 355 355 356 355
aggregated?® 353 352 352 351 353 353
adsorbed?® 339 339 342 342 333 342
t=0 hr° 354 353 352 351 352 353
t=6hr’ 325 338 337 334 335 337
Almax folding 29 15 15 18 17 16
Decay parameters”

fot (min) 111 13:3 9+1 842 7% 71
Tf»mmnmem (min) 84 + 32 48 + 21 48 + 12 25+4 28+8 80 + 21
Ajast (nm) 23+2 1143 12£1 9+2 13£2 14£1
Agow (nM) 6+1 4+3 4+1 9+2 4+2 241
Yo (nm) 325+ 1 338 £ 1 337 +1 334+ 1 335+ 1 337 +1

2 The error for imq values for denatured, aggregated, and adsorbed OmpA is 0.1% based on the error of the Gaussian fit to the fluorescence curve of the 0.0 M acrylamide
samples (n = 1 for each condition).

b Values for Zme at t = 0 and 6 hr were determined from the resulting parameters of the fit. The error for /nq decay parameters were derived from global fits to multiple
trials for the folding reaction (n = 3 for W7, W57, W102, W129, W143; n = 4 for W15).

and low values of k; while solvent-exposed and dynamic trypto- tion has been explained by considering the dynamics of the protein

phan residues exhibit upward curvature and relatively high values
of V and kg. In exceptional cases, a protein may exhibit a large V,
indicative of high probability of finding acrylamide near trypto-
phan, but with a small kg, indicative that the tryptophan is buried
and protected by the protein; this seemingly contradictory situa-

where relatively high concentration of acrylamide may be found
near an otherwise protected tryptophan because of favorable pro-
tein dynamics and thermodynamics that creates a high local con-
centration of acrylamide [44]. Unfolded proteins with a solvent-
exposed tryptophan generally exhibit curved Stern-Volmer graphs,



D.K. Asamoto, I.A. Kozachenko, I. Lopez-Peiia et al.

307 __ W7 O Urea
X Adsorbed

25| — W15 € 0hour
i — W57 ® 6 hours
T 2.04 (e0)
"_E — W102 & 08
o 157 w129
s -
101 W143
xU'

X
0.5 .§ 'S
00] ® o0

T T T T T ¥ T L I T
325 330 335 340 345 350 355
Amax (nm)

Fig. 5. Correlation of average values of k; and /. for different conformations of
OmpA: denatured in 8.0 M urea, adsorbed on DPPC SUVs, t = 0 h during folding into
DMPC SUVs, and fully folded in DMPC SUVs at t = 6 hrs. The values are from Tables 1
and 2.

with values of V around 0.7-0.9 M~ [29,45], e.g. for the unfolded
TN-I subunit (V = 0.7 M~") and p-trypsin (V = 0.9 M) [29,45].
Some proteins, such as pepsin and B-trypsin, exhibit linear Stern-
Volmer graphs in the folded form that evolve to a positive-
curvature graph upon unfolding [29]. For proteins with multiple
tryptophan residues, downward-curving Stern-Volmer graphs that
reflect fractional accessibility of fluorophores are also possible [28].
The Stern-Volmer graphs of OmpA evolve during folding: they
have upward curvature for denatured protein and in the initial
stages of folding, and are linear at a later stage of folding and for
fully folded protein. The systematic loss of curvature is reasonable
and may reflect the impact of the change in local environment of
the tryptophan residue during folding. For example, the quenching
mechanism may be less efficient in a bilayer environment and
thus, the value of V could decrease as the protein folds. On the
other hand, an alternative analysis would assume the value of V
is essentially constant for a given tryptophan because the quench-
ing mechanism is primarily defined by the inherent properties of
the tryptophan-acrylamide pair for a protein, and not necessarily
the local environment. We have adopted the latter strategy and
maintained a constant value of V for all mutants during folding.
This seemed the most reasonable approach because of the limited
dataset and lack of rigorous constraints that would allow simulta-
neous optimization of V and Kp in a reasonable manner for all
timepoints. Thus, we have taken two approaches to analyze the
Stern-Volmer graphs. In the first approach, all Stern-Volmer graphs
were analyzed using a constant value of V and corresponding
decay constants for the evolution of Kp during folding were deter-
mined for a given value of V. Four different values of V that encom-
pass the range reported for other proteins (V =0.0,0.3,0.6,0.9
M) were tried. In the second approach, an average value of V
based on our experimental data was utilized. This average value
was determined from a global fit to all 38 Stern-Volmer graphs
for the six mutants, as described above. The resulting global aver-
age value of V = 0.46 M~ is consistent with other values of V from
literature. The results from both methods are discussed below.

4.2. Bimolecular quenching and local environment for tryptophan in
various OmpA conformations

OmpA mutants that contain single tryptophan residues were
studied in different equilibrium conformations, including
denatured in 8.0 M urea, adsorbed on DPPC SUVs, aggregated in
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0.5 M urea, and folded in DMPC SUVs. A summary of the Stern-
Volmer constants (Kp) and emission maxima (Znq) are provided
in Tables 1 and 2. In general, the sphere-of-action Kp values

exhibited a trend of K64 M) > Kigeresaed (5.9 M”) >

Kisorbed(1.9 M) > KR%1(0.6 M), where the parenthetical val-
ues are the average value of Kp for all six mutants. An additional
value of interest is the extrapolated values of Kp at the first time
point (t = 0 hr) during folding; these values ranged from 6.3 to
7.7 M~ for the six mutants (average value of 7.0 M~ for all six
mutants). The corresponding values for k, are included in Table 1.
The general trend of decreasing k, during folding is accompanied
by the blue-shift of Ana; Fig. 5 shows a correlation between k,
and /e Where folded OmpA exhibits the lowest values of k; and
most blue-shifted /. (~330 nm) while denatured protein has
the highest values of k, and most red-shifted Ane (~355 nm).

The Stern-Volmer results are comparable to prior Stern-Volmer
studies of OmpA in the denatured, aggregated, adsorbed, and
folded conformations [33,34,46]. These previous studies focused
on wild-type OmpA and thus, the results reflect an average of the
five native tryptophan residues. These prior studies did not utilize
a Stern-Volmer model that reflects a combined static and dynamic
quenching mechanism despite the upward curvature for the dena-
tured and aggregated species. Nonetheless, the Stern-Volmer
graphs of the denatured conformation reported here are similar
to these prior studies in terms of relatively high values of Fy/F as
a function of acrylamide concentration as well as the positive cur-
vature; in the present experiments, V = 0.80 M~ for denatured
protein in 8.0 M urea. The emission maxima of the tryptophan resi-
dues in denatured OmpA (354-356 nm) are also comparable to all
previous reports and also similar to NATA in 8.0 M urea. The Stern-
Volmer constants and emission maxima for the t = 0 hr unfolded
structure at the initial stage of folding are similar to those of the
denatured state in terms of the emission maxima and Kp values.

4.3. Aggregation

The aggregated state, defined as OmpA in 0.5 M urea, represents
a potential competitive, stable species that prevents folding into
bilayers [20]. The structure of aggregated OmpA has been reported
to be a mixture of a-helix and B-strand in the periplasmic domain
and unstructured in the transmembrane B-barrel region based on
circular dichroism [20,47]. This species may be relevant to the pre-
sent study because the folding reaction is initiated by rapid dilul-
tion of a stock solution of denatured OmpA in 8.0 M urea to a
final urea concentration of 0.5 M in the presence of SUVs. Thus,
it is possible that some population of OmpA may aggregate and
prevent folding into SUVs. There is a modest blue-shift of the emis-
sion maxima of 2-3 nm (from average of 355 nm to 352 nm for all
mutants) compared to the denatured state. There is also a minor
decrease in the K, values to a range of 6.8-4.0 M~ (average value
of 5.9 M~! for all mutants) relative to denatured state. The positive
curvature of the Stern-Volmer curves for the aggregated state is
reflected in V = 0.71 M~!, which is also similar to the denatured
state value of V = 0.80 M. These results do not evolve within
the time resolution of the present experiments and indicate that
the aggregated and denatured states exhibit similar quenching
behavior. There is one previous experiment on the aggregated state
of wild-type OmpA; however, this previous study utilized a linear
quenching model and reported a low-temperature Stern-Volmer
constant of 5.3 M~ (0.08 M urea at 2 °C) [33]. This study also illus-
trated that the Stern-Volmer constant is relatively high, and more
similar to denatured protein than to folded protein.

The observation that the tryptophan residues experience simi-
lar levels of solvent accessibility and local environment in the
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aggregated and denatured states is consistent with the nature of
OmpA. Like many B-barrel membrane proteins, OmpaA is not highly
hydrophobic and therefore, is not expected to aggregate as easily
as the hydrophobic, alpha-helical membrane proteins [48,49].
Despite the potential for an aggregated state to serve as an off-
pathway intermediate in the folding process, there is no evidence
of such a folding trap in the present studies. First, prior studies of
OmpA folding with gels, which monitors the formation of tertiary
structure, illustrated that under these conditions, OmpA folds with
80-97% efficiency [20,25,50]. Additionally, decomposition of the
fluorescence spectra in our studies of the fully folded species
(t = 6 h) indicates 78-100% folding efficiency across all mutants.
Finally, the Stern-Volmer graphs of OmpA during folding indicate
that the extrapolated values of K at the earliest timepoint of O
hr is relatively large (6.3 - 7.7 M™1), similar to the values of aggre-
gated and denatured states. Thus, if an aggregated state exists, it
does not appear to be prohibiting the folding process in the current
experiments.

4.4. Adsorption

The adsorbed state represents a potential on-path intermediate
during folding. In the present experiments, the adsorbed state was
prepared by incubating OmpA with DPPC SUVs at room tempera-
ture; under this condition, the DPPC bilayer is in the gel phase,
and thus has greater thickness and is more rigid than fluid-phase
DMPC bilayers, preventing folding and insertion into the bilayer
[51]. The adsorbed species exhibits B-barrel features similar to
the native state based on circular dichroism studies, and there
appears to be greater secondary structure for the partially inserted
adsorbed state than aggregated state [20,52]. In the current report,
the results suggest that the adsorbed conformation has tryptophan
residues that are more protected from the solvent (less steep and
less curved Stern-Volmer graph) and in a more hydrophobic envi-
ronment (blue-shifted emission maxima) relative to the denatured
and aggregated states. As with the aggregated state, the spectral
features of the adsorbed state do not evolve with time and the
adsorbed species appears to be formed within a few seconds of
mixing OmpA with DPPC SUVs. The previously reported linear
Stern-Volmer constants for the adsorbed state of 2.8 M~! (ad-
sorbed on DMPC vesicles at 10 °C) [34] and 5.4 M~ (adsorbed on
DOPC vesicles at 2 °C) [33] are higher than the values reported
here, but this systematic difference can be attributed to the use
of a sphere-of-action model in the present study that leads to Kp
values of 1.0-2.6 M~!. Temperature effects may also impact the
quenching data.

4.5. Folding

The fully folded structures exhibit the most buried and
hydrophobic environments for all six single-tryptophan mutants.
The Stern-Volmer graphs for folded species appear linear and with
the smallest slope; the prior reports of 2.2 M~! (folded in DMPC
vesicles at 30 °C) [34] and 1.8 M~! (folded in DOPC vesicles at
40 °C) [33] are higher than the sphere-of-action Kp values in the
present study 0.1 to 1.2 M~'. However, if a linear as opposed to
sphere-of-action fit to the Stern-Volmer graphs for the six OmpA
mutants is utilized here, the resulting Kg, values of 0.7-1.9 M~!
are comparable to previous reports (Table 1). The decrease in
Stern-Volmer constants translates directly to decreased bimolecu-
lar quenching constants (k,) by about a factor of 10, perhaps more,
for the folded state compared to denatured state. The decrease in
bimolecular quenching constant is consistent with the increased
viscosity in the fluid DMPC lipid bilayer (T > T,,) by a factor of 40
compared to in 8.0 M urea [43,53]. The fact that the bimolecular
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quenching constant remains relatively high for some mutants, such
as W15 with Kp = 1.2 M~ suggests that some tryptophan residues
are accessible to solvent, or perhaps are dynamic, in the folded
state.

4.6. Evolution of bimolecular quenching and local environment during
folding

The expected evolution of V during folding led to different
methods to analyze the Stern-Volmer kinetics. In the simple
approach, four different values of V from 0.0 to 0.9 M~! were tried
for each mutant; this range encompasses published values of V for
other proteins and also encompasses the maximum and minimum
value of V for any OmpA mutant. In a more informed approach, a
single average value of V = 0.46 M~ based on a global fit to all tri-
als of OmpA t = 0 and 6 hr timepoints was utilized. Both analyses
gave the same result for reciprocal decay constant within error.
Thus, we will focus on the values with V = 0.46 M.

A reasonable hypothesis is that the Kp values (and hence k)
should decrease during folding because the tryptophan residues
become buried and inaccessible by the acrylamide quencher. The
data support this hypothesis. The temporal evolution of K, could
be satisfactorily modeled with an exponential function (Table 1);
use of a double exponential function did not improve the fits sub-
stantially (Supporting Information). The values of k, for the earliest
time point during folding (t = 0 hr) were extrapolated using the
parameters from the exponential fit; these k, values for the six
mutants varied 1.6-2.1 x 107° M~! s~!, which are similar to those
of the denatured state. The similarity of k, values for the denatured
state and at t = O hr is consistent with the observation that the
denatured state is expanded, and that folding competes success-
fully against aggregation/oligomerization [47]. The kqvalues
decrease substantially in the folded state (0.02-0.4 x 10°° M~!
s~ ). The inverse decay constants (1/k) for the evolution of k, dur-
ing folding, referred to as desolvation lifetimes (% = Tdesoly ), Were
41-46 min (W7, W15, W57, W102), 27 min (W129), and 15 min
(W143). This variation suggests there is site-specific desolvation
kinetics associated with folding, discussed below.

A kinetic analysis of the evolution of emission maxima was also
performed, and the results are presented in Table 2. It is well doc-
umented that the emission maxima of the tryptophan residues in
OmpA undergo a blue-shift during folding. This blue-shift has been
interpreted as a change in local environment from aqueous (un-
folded and at early time) to hydrophobic (fully folded). In contrast
to the decay of k;, the temporal evolution of 4 exhibited fast and
slow components and required a double exponential function
(Supporting Information). The fit parameters from the double
exponential fit were used to extrapolate values of /4 at the earli-
est time during folding (t = 0 hr). The magnitude of the blue-shift
during folding was mutant-dependent. W7 exhibited the largest
shift of 29 nm while other mutants shifted 15-18 nm. This blue-
shift has been previously reported by other studies of the OmpA
mutants in DOPC vesicles at 40 °C [26] as well as in DMPC at
37 °C [54]; in both of these prior reports, the value of /4 at
t = 0 hr were not extrapolated through kinetic fits. The fast and

slow inverse rate constants, %', = amd tlow = . were 7-
13 min and 25-84 min, respectively. The fast component accounts
for the majority (50-80%) of the blue shift.

The kinetics of the blue-shift differ from those of the change in
emission intensity at a fixed wavelength of 332 nm. The latter
reflects a combination of evolution of the wavelength and fluores-
cence quantum yield, and has been shown to scale linearly with
population of folded protein in a two-state model. The evolution
of the emission intensity was analyzed and compared to the kinet-
ics of the blue-shift; the rate constants associated with intensity
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changes were slower by a factor of 1.5 - 3.2 than those of the rate

constants for the blue shift; r{ﬁénsiwm”m
T;low

intensity332nm Was 28-117 min (data not shown). These kinetics of
intensity increase are consistent with prior reports [26,33,55].

Previous folding studies of OmpA mutants in DOPC vesicles at
2 °C reported similar decay constants from double exponential fits
to the fluorescence data [26]. In this previous study, the fast com-
ponent (Tpy = 1.4-1.8 min) of the evolution of the fluorescence
intensity was attributed to adsorption of OmpA to the bilayer sur-
face, and the slower component was attributed to transition from
the adsorbed state to a partially folded and inserted intermediate.
Other time- resolved studies probed the formation of secondary
[56] and tertiary [27,56,57] structures. A circular dichroism study
on the folding of a truncated (absence of periplasmic domain)
OmpA mutant into DMPC SUVs revealed a time of 37 min for the
formation of the B- structure of the transmembrane domain (data
not published). Another circular dichroism study of OmpA folding
into a shorter chain lipid diC,PC showed a first- and second- order
rates of 20 and 12 min, respectively [56]. It is expected that the
folding rate increases with decreasing lipid chain length [56]. The
time of 37 min for formation of B-structure during folding into
DMPC SUVs is comparable to Tgesor, and 7o - reported here,
which suggests that desolvation may be involved in the formation
of secondary structure. The formation of tertiary structure was
probed by Forster resonance energy transfer (FRET) experiments
that determined changes in the distance between a tryptophan
FRET donor and a cysteine-linked FRET acceptor dye molecule over
the time of the folding reaction [57]. For a donor/acceptor pair at
positions 7 and 129 (directly across the pore on the periplasmic
side) these studies determined that a rapid collapse occurs within
2 min and the majority of pore formation is complete after 50 min
[57]. A final set of complementary data come from fluorescence
quenching experiments with brominated lipids in the bilayer
[33]. These experiments were conducted at 2 °C and probed the
movement of the trytophan residues along the bilayer normal,
and revealed two timescales of 2 min for the first, fast transition
that was attributed to adsorption onto the bilayer, and 87 min
for the second, slow transition attributed to insertion [33]. The
slow time component from this experiment is similar to

sow went 10T W7 and W143. These previous experiments support
fast and slow components in the folding pathway.

Additional insights are provided through comparison of the
evolution of Jn« and ky. With the exception of W102, which is
the only tryptophan mutant that does not point towards the
bilayer in the published structures, the general trend for the five
lipid-facing mutants is

was 10-25 min and

Tfast
environment

(7 — 13 min) < Tgesorr(15 — 46 min)
slow (25 — 84 min)

— “environment
. The different kinetics associated with evolution of Ang and kg indi-
cates that there is a fast change in /g that precedes the change in
solvent accessibility (k,), followed by a comparable or slower equi-
libration reflected in continuous evolution of 4. This result can be
restated as the majority of the change in environment (blue-shift)
occurs in a fast step, while the desolvation process (collisional
quenching) occurs in a slower step.

These results augment previous findings. We propose that the
fast step revealed by /. reflects a transition from a fully solvent
exposed, extended, unfolded conformation to a different conforma-
tion in which the tryptophan residues are in a less polar environ-
ment in the polar head group region of the lipid bilayer, where
acrylamide continues to exist. The existence of acrylamide in the
headgroup region is reasonable based on consideration of the rel-
evant dielectric constants. Water has a dielectric constant of about
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74 at 37 °C [58], and the dielectric constants associated with the
bilayer is about 23-40 (phosphatidylcholine polar headgroup
region) [59,60] and 2 (lipid core) [61,62]. The dielectric constant
of acrylamide has been estimated to be around 43; this value
was calculated by a proportional estimate from dielectric constants
of acetamide in solid (dielectric of 4) [63] and liquid forms (dielec-
tric 59) [63] and a dielectric constant for solid acrylamide of 2.9
[64]. The moderately polar region of the bilayer headgroup favor-
ably accommodates the tryptophan residues and acrylamide when
OmpA initially associates with the lipid bilayer, and this associa-
tion would result in the observed blue-shift of emission maxima
but relatively high accessbility of acrylamide to tryptophan. The
fast component is therefore attributed to a transition of OmpA
from a solvent exposed, unfolded state with large k, and ~352
/max Values to a partially inserted adsorbed state in the bilayer
headgroup that has a decreased dielectric constant (blue-shifted
/max) but relatively high acrylamide concentration (large k,). This
conclusion is consistent with the results of brominated quenching
experiments that determined the distance of the tryptophan resi-
dues in the first membrane-bound intermediate to be ~14-16 A
from the center of the DOPC lipid bilayer, a distance that is consis-
tent with the polar region of the bilayer [33,65]. It is important to
note that this initial, on-path adsorbed structure is likely different
from the trapped adsorbed species that is isolated with DOPC. The
reason for this distinction is because the values for Kp are much
larger for the t = 0 hr intermediate compared to the isolated
adsorbed species.

The two comparable slow components, Tges,(15 — 46 min) and
gslow ment(25 — 84 min), are attributed to a transition of the trp
residues from the polar region of the lipid bilayer into the
hydrophobic core of the bilayer, resulting in concomitant decrease
in k, and further blue-shifting of Amq to the fully folded values. The

kinetics of intensity changes, e . .. (10—25 min) and
slow

Stensity33nm (28 — 117 min), are also comparable to these slow
events. The slow transition also occurs on roughly the same time-
scale as formation of secondary and tertiary structures, thus sup-
porting the previously proposed concerted mechanism of folding.
The fact that the Kp values of folded OmpA are not zero can be
explained by the presence of acrylamide in the bilayer itself [66].

4.7. Vesicle integrity

Control experiments were performed to confirm that the
observed quenching reflects structural changes of OmpA as
opposed to loss of vesicle integrity on account of acrylamide. These
experiments are important because it has been shown that acry-
lamide and other small molecules can diffuse through lipid bilayers
[66,67] and it is not clear if this diffusion alters the vesicle proper-
ties. The control experiments involved leakage assays in which
FRET donor and acceptor molecules (ANTS and DPX, respectively)
were encapsulated within the interior of the SUVs, and if released
to the extravesicular space, the FRET donor produced a large fluo-
rescence signal. The data show that in the presence of 0.4 M acry-
lamide or OmpA, the DMPC SUVs leaked at a faster rate than in the
absence of acrylamide or protein, indicating that acrylamide and
OmpA cause vesicles to be more permeable. However, the leakage
rate as assessed by the increase in fluorescence from ANTS was
much slower than the folding kinetics. The 1/e time for the change
in ANTS fluorescence in the presence of acrylamide is 260 min
while the 1/e times for Kp and /nq are at least 6-fold faster (5-
40 min). In the presence of OmpA, the leakage was substantially
slower (1/e time of 700 min) and the inherent degradation of the
SUVs was negligible. Despite the leakage caused by acrylamide,
the SUVs remained intact. DLS and fluorescence data indicate that
the size (~50 nm) and scattering properties of the SUVs were
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unchanged in the presence of acrylamide. This observation is
important because OmpA has been shown to fold and insert into
highly curved SUVs and not into lower-curvature large unilamellar
vesicles [18,20].

4.8. Implications for folding: Site specific mutants

The present study provides insights into site-specific changes in
kq and Zmay values during the folding reaction. The smallest value of
ks and most blue-shifted /.4 was observed for W7. This result
indicates that for folded OmpaA, the tryptophan residue at position
7 is in the most hydrophobic environment of the lipid region with
least amount of bimolecular quenching relative to all six trypto-
phan residues studied here. The largest value of k; and least
blue-shifted 2. was observed for W15. This result for W15 is con-
sistent with the reported interaction between the tryptophan at
position 15 and the lipid head group; for example, UV resonance
Raman spectroscopy suggested a cation-7 interaction [54,68].

The overall trends of /4 and k, values for all the mutants are
roughly the same, as shown in Fig. 5. A similar correlation between
Jmax and the Stern-Volmer constant has been reported in a prior
study of melittin [69]. In OmpA, the An trend is: W7
(325 nm) < W102 (334 nm) < W129 (335 nm) < W143
(337 nm) ~ W57 (337 nm) < W15 (338 nm). Previous data for
Jmax Of single-trp mutants of OmpA (except W129) in DMPC and
DOPC vesicles showed the similar trend, although there was slight
variation in the actual values of /nq [26,40,54]. The k, trend is: W7
(002 x 10°° M ! s71) < W102 (0.1 x 10°° M ! s71) < W129
(02 x 10 M ' s71) &~ W143 (02 x 10°° M~ ! s71) ~ W57
(02 x 10°M 151y < W15 (0.4 x 10°° M~ ! s~1). The result for
W102 is interesting because according to two structures, the tryp-
tophan residue at position 102 faces the interior of the pore (X-ray)
or the extravesicular region (NMR) instead of towards the lipid
bilayer [21,22]; thus, one might expect a less hydrophobic environ-
ment and facile solvent accessibility and hence, more red-shifted
/max and higher value for kq than is reported here. The hydrophobic
environment and inaccessibility of acrylamide to quench the tryp-
tophan residue at position 102 suggests that the detergent-
solubilized crystal and NMR structures may differ from the
bilayer-solubilized structure. An alternative interpretation is that
the protein dynamics in this region of the protein restrict solvent
accessibility.

The kinetics of folding also exhibit site-specific behavior. W143
exhibits the fastest decrease in solvent accessibility (Tgesorr = 15
min), followed by W129 (Tgesor, = 27 min). The remaining mutants
exhibit similar values of T4, 0f 41-46 min. The blue-shift of /q

is also fastest for W143 and W129, though the values for ¢,
have larger errors and are within a factor of two for all the mutants.
The fast desolvation process of the tryptophan residues at positions
143 and 129 may reflect a more rapid entry into the bilayer. How-
ever, a previous study suggested that the four tryptophan residues
at positions 15, 57, 102, and 143 transverse the bilayer at similar
rates in the concerted mechanism of folding. An alternative expla-
nation is that the desolvation process is more facile near positions
near 143 and 129, in part because of their relative proximity in
sequence to the soluble tail. The transmembrane portion nominally
ends at residue 171, and the soluble tail has been hypothesized to
serve as a chaperone that prevents undesireable oligomerization of
OmpA [47]. Residues near the soluble tail may be more rapidly des-
olvated through interactions with the chaperone-like tail.

5. Conclusion

Fluorescence quenching studies with acrylamide on six OmpA
mutants has probed site-specific desolvation kinetics and changes
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in local tryptophan environment in the transmembrane domain
upon folding into lipid bilayers. The use of single-tryptophan
OmpA mutants for site-specific investigations during folding are
an improvement to previous quenching studies which utilized
wild-type OmpA and probed the average of the five native trypto-
phan residues in equilibrium conformations. The improved Stern-
Volmer analysis for OmpA folding uses the sphere-of-action model
which reflects both static and dynamic components in the quench-
ing mechanism to account for the upward curvature associated
with some conformations. As OmpA transitions from an unfolded
conformation at the earliest time point of the folding reaction to
its native state within the bilayer, the loss of accessibility of acry-
lamide to tryptophan is reflected by the exponential decrease in Kp
over time. The present results complement and support previous
studies that suggest a concerted OmpA folding mechanism.
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