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This project investigates changes in protein solvation during the folding reaction of Outer
membrane protein A (OmpA) of Escherichia Coli, and correlates this dehydration process with
shifts in local polarity. Changes in solvent accessibility were probed by fluorescence quenching
experiments and Stern-Volmer analysis while polarity was monitored via emission maxima,; site-
specific insights were gained by probing single tryptophan OmpA mutants (W7, W15, W57,
W102, W129, and W143). Fluorescence experiments were performed on OmpA denatured in 8.0

M urea, folded in small unilamellar vesicles (SUVs), adsorbed on SUVs, and aggregated in 0.5 M

XXi



urea. Time resolved experiments were performed during the folding reaction. The Stern-Volmer
guenching constant (Ksv) and fluorescence maxima (Amax) showed a correlation where high
values of Ksv corresponded to red-shifted Amax. Ksv and Amax values decayed from unfolded values
of 8.6-10 M* and 351-354 nm to folded values of 0.6-2.0 M1 and 325-338 nm. Double
exponential fits to the Ksv and Amax data showed fast (t ~ 3—11 minutes) and slow components (t ~
26-49 minutes). The majority of Amax Shift occurs in the fast step, while the majority of dehydration
occurs in the slower step. The fast component was attributed to a transition of the trp residues of
unfolded OmpA to a partially adsorbed state in the bilayer headgroup. A slower, dehydration
event took place in which the protein fully inserted into the bilayer. These results complement
previously proposed mechanisms of concerted folding, and provided insights into changes in

solvation that accompanies formation of native structure.
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Introduction

General background. Membrane proteins (MP) are essential for cellular processes
because they function as receptors, transporters and enzymes,! and they represent at least
26%723 of the human genome. In contrast to soluble proteins, relatively little is known about MPs.
Only about 0.7% of protein data bank (PDB) structures are of MPs;* there are 585 MPs of known
structure® in contrast to about 84,000 total proteins in the protein data bank. In a SciFinder

literature search, 7.3% of results for “proteins” refer to “membrane proteins”.®

Membrane proteins are divided into two classes; integral MPs span the lipid bilayer and
peripheral MPs are only embedded on the surface or weakly associated with the bilayer.” Integral
MPs are of great importance because they are the means by which cells interact with their
external environment. Misfolding of MPs is implicated in many common diseases like cancer,
cardiovascular disease and cystic fibrosis.® The five most common cancers, breast, prostate,
lung, colorectal and cervical are all associated with transmembrane (TM) receptor proteins that
initiate intracellular signaling pathways.® lon channels in smooth muscle are responsible for
maintaining vascular tone, which modulates the resistance of the circulatory system, having
implications to hypertension.®0 Oxidized forms of low density lipoprotein, a lipid-associated
protein that transports lipids through the bloodstream, have been associated with atherosclerosis,
a common cause of cardiovascular disease.!! Cystic fibrosis is caused by mutations in the cystic
fibrosis transmembrane regulator (CFTR) protein, an ion channel found in epithelial cells of the
respiratory system, sweat glands and pancreas.'? In cystic fibrosis, the faulty ion channel
prohibits transport of saline, causing mucus buildup and infection. As a consequence of the
important role that they play in biochemical systems, MPs constitute at least 60%33 of human
drug targets and are a large area of research. Recently, a new drug, Ivacaftor, was approved for
the treatment of cystic fibrosis in patients with certain mutations of the CFTR.14 Despite progress,
information on the structure and dynamics of MPs is lacking. Further study of the folding and
insertion of MPs into their native environments is an important pursuit for the advancement of

research and healthcare.


https://en.wikipedia.org/wiki/Ivacaftor

Outer membrane protein A (OmpA) of Escherichia coli (E. coli) is a suitable system for
the study of the folding and insertion of integral MPs into lipid bilayers. The intrinsic
hydrophobicity of most MPs is an obstacle to the conventional techniques applied to the
expression, purification and crystallization of proteins.® Most MPs require detergents for their
solvation, and most a-helical proteins are too hydrophobic for refolding studies without
detergents.1® B-barrel MPs, like OmpA, feature alternations of hydrophobic and hydrophilic
residues in the TM B-strands, making them moderately hydrophobic,'® and reducing ‘frustration’
in their folding-energy landscape.” B-barrel MPs are native to Gram negative bacteria, and
organelles (especially mitochondria) of eukaryotic cells!® (including those of humans), where they
have been shown to be essential for the biogenesis of the outer membrane.!® They are thought to
be the means by which our microbiome intake dietary polysaccharides for fermentation,?° a
process which is responsible for 10-15% of our daily calorie intake.2! Research on the dynamics
of B-barrels like OmpA is important because it may have influence on current research on the
human microbiome,?? the development of antimicrobial drugs and vaccines?324 and the study of

human B-barrel MPs.

OmpA, also known as Outer membrane protein II* (in the older literature),?® is a 325
residue?® (35,177 Da)?” integral MP that resides in the outer membrane of E. coli. OmpA forms an
N-terminal (residues 1 to ~170), 8-stranded, transmembrane B-barrel and has a C-terminal
(residues ~170-325), soluble, periplasmic domain?® (Figurel). In its native environment, OmpA
influences cell shape,?® is necessary for the action of colicin,3° and with lipopolysaccharide serves
as a receptor for F-mediated conjugation and bacteriophage Tull.3132 |n contrast to many MPs,
OmpA is fully soluble in 8 M urea solution,3® and has been shown to spontaneously fold and
insert into curved®* lipid bilayers, in an oriented fashion, upon dilution of denaturant, and in the
absence of detergents.3® The absence of necessity for detergents is a key benefit of OmpA in
terms of protein folding studies.3¢ Another attribute of OmpA is the existence of high resolution
structural data. X-ray diffraction3” (PDB ID 1QJP) and NMR?328 (PDB ID 1G90) spectroscopy

studies have provided atomic resolution structures of the OmpA transmembrane domain (Figure



1). These properties make OmpA an ideal system for the study of integral membrane protein

folding.

Fluorescence spectra of OmpA. OmpA has five native, fluorescent tryptophan
residues at positions 7, 15, 57, 102 and 143 (Figure 1) of its primary structure. In this thesis, | will
use the conventional abbreviations for tryptophan of ‘trp’ or ‘W’. Like most integral membrane
proteins, the trp residues are located near the membrane-aqueous interface.3%4° The trp residue
at position 7 (W7) is located on the periplasmic region of the outer membrane while tryptophan
residues 15, 57, 102 and 143 are located on the extracellular side of the outer membrane. We
have generated a sixth mutant Y129W that allows us to investigate a second tryptophan residue

on the periplasmic region.

The fluorescence of these residues has been used in many studies to gain information on
the structure and dynamics of OmpA. The increase of fluorescence quantum yield and blue-shift
of the emission maximum of the indole moiety upon transition from aqueous to apolar
environment has widely been exploited.*! Fluorescence spectra for W7, W15, W57, W102, W129,
and W143 in folded and unfolded conformations are shown in Figures 2 and 3 (experimental
conditions described in the Materials and Methods section). The unfolded and folded states of
OmpA in micelles*2 and SUVs3® were studied by this fluorescence assay. Similar assays were
used to study the kinetics of the folding and insertion process via investigations of the emission of
the individual trp residues, providing support for a concerted folding mechanism.* The
association of OmpA with the chaperone protein Skp was monitored by the same type of
fluorescence assay applied to protein-protein interactions.** More recently, Forster resonance
energy transfer (FRET) studies have determined distances between the native tryptophan
residues and cysteine linked dye molecules at different unfolding states of OmpA. These studies
determined the distance across the pore to be roughly 19 A, and the transmembrane distance to
be roughly 29 A.45 More information is yet to be revealed through fluorescence spectroscopy

techniques.



Fluorescence quenching. Another fluorescence spectroscopy technique that has been
used to gain valuable information about OmpA is fluorescence quenching. The following
description of fluorescence quenching is adapted mainly from Lakowicz.*¢ Fluorescence
guenching is any process that decreases the fluorescence quantum yield of a fluorophore.
Various processes, including isomerization, energy transfer, excited state chemical reactions,
ground-state complex formation, and collisional quenching, can be responsible for quenching.
Many molecules including molecular oxygen, halogenated compounds, and aromatic and

aliphatic amines are quenchers.

In this study, tryptophan fluorescence was collisionally quenched by acrylamide. Although
the quenching mechanism is not perfectly clear, the singlet excited state of trp is thought to form
a transient charge transfer complex with acrylamide, which returns the fluorophore to the ground
state.*”48.49 |n collisional quenching, the quencher diffuses to the fluorophore within the lifetime of
the excited state, makes van der Waals contact (< 5 A),%° and returns the fluorophore to the

ground state. Collisional or dynamic quenching is modeled by the Stern-Volmer (SV) equation

(Eq 1).
% = Ky [Q] + 1 = ky7o[Q] + 1 Equation 1

In Eqg. 1, Fo represents the fluorescence intensity of the fluorophore in the absence of quencher,
while F indicates the fluorescence intensity in the presence of quencher. When quencher is
absent ([Q] = 0), Fo is equal to F so the ratio Fo/F equals 1. The concentration of quencher is
denoted [Q] (or [Acr] for acrylamide). The SV quenching constant, Ksy, referred to as Ko in the
case of a dynamic quenching processes, is an indirect measure of solvent accessibility (SA)
when using soluble quenchers. Ko is equal to the product of the lifetime of the excited state of the
fluorophore 1,, and the bimolecular quenching rate constant kq. Another interesting interpretation
of Ksv, which has units of concentration (M), is that the reciprocal, Ksv! is the concentration of
guencher that decreases fluorescence intensity by 50%. Dynamic quenching usually results in

linear SV plots. Previous studies have shown that the quenching of tryptophan fluorescence by



acrylamide is primarily a dynamic process,° although slight deviation of the SV curve has been

noted in fluorescence quenching studies of proteins.5!

Fluorescence quenching may also occur through a static process. Upward-curving SV
plots are indicative of a combination of dynamic and static quenching; the latter occurs when the
fluorophore and quencher form a non-fluorescent, ground-state complex. The presence of static
guenching has been observed in single trp containing proteins, in the presence of acrylamide.5? It
is considered that indole and acrylamide have a relatively weak association, and do not form a
true, non-fluorescent, ground state complex. In this mechanism, the indole and acrylamide are
closely approximated in a “sphere of action” volume such that fluorescence is immediately
quenched when the quencher is within a certain distance from the fluorophore. The upward
curvature of these plots may reflect two populations of trp residues, one larger population that is
being purely dynamically quenched and one smaller population that is pseudo-statically
quenched in ‘dark complexes’. This type of combined static+dynamic quenching is described by

the following equation.
';—0 = (Kp[Q] + 1)eV1@l Equation 2

In Eqg. 2, Kp represents an analogous SV quenching constant for dynamic quenching, and
V represents a volume element around the fluorophore in which interaction with the quencher
creates a dark pseudo complex; the parameter V should be a constant for a given fluorophore-
guencher pair. One value of V determined for the trp analog, N-acetyl-L-tryptophanamide (NATA),
and acrylamide quencher is 1.44 L/mol. This value of V equates to a sphere of diameter 17 A nm
around each fluorophore. Previously reported diameter values for the indole fluorophore and
acrylamide are 4.4 A and 3.4 A 4° Representative SV data for NATA, are shown in Figure 4. Also
shown in figure 4 are the structures of tryptophan and acrylamide. The upward curvature of the
NATA SV plot is evident, and the data are fit to both dynamic (Eq. 1) and dynamic+static (Eq. 2)
models shown as the black and green fits, respectively. In this situation, NATA is solvent-

exposed, and acrylamide can readily quench the fluorescence; hence the slope of the SV graph,



and the corresponding Ksv or Kp values, are large (NATA exposed). If NATA were completely
buried, and acrylamide could not access NATA to quench the fluorescence, the SV plot would be
a horizontal line with slope of zero; this hypothetical SV graph is shown as a dashed line (NATA
protected). If NATA were partially-exposed to solvent, the slope would fall in between these two

extremes.

Fluorescence quenching is readily applicable to the study of protein-lipid interactions. The
requirement of van der Waals contact for both static and dynamic quenching, and the exclusion of
water®2 (and soluble quenchers) from lipid bilayers allows these experiments to provide
information on accessibility of quencher to fluorophore. Membrane-bound and soluble quenchers
can be used to determine relative locations of fluorophores in proteins as well as determine the
accessibility of the quencher, and therefore solvent, to the fluorophore. Fluorescence quenching
studies have previously been conducted on OmpA and have revealed valuable information.
Acrylamide has been used to establish Ksv values for the adsorbed, folded and inserted forms of
OmpA in dioleylphosphatidylcholine (DOPC, T¢ -17 °C)% and DMCP?3¢ vesicles. Fluorescence
guenching studies (using acrylamide) that probed the association of wild type OmpA (wt-OmpA)
with the chaperone Skp determined a Ksv value of 2.7 M-1.54 This indicated that in complex with
Skp, the solvent accessibility of the trp residues is comparable to a membrane bound ‘adsorbed’
folding intermediate. Time resolved distance determination by fluorescence quenching (TDFQ)
experiments (using brominated lipids) were performed on OmpA to track the distance between
individual trp residues and the center of the lipid bilayer during the folding process.4353:36 Steady-
state quenching studies with OmpA and soluble quenchers have established Ksv values for

folded and unfolded states, but, have not tracked the evolution of Ksv during the folding process.

In this work, the folding and insertion of OmpA into lipid bilayers has been studied by
measuring the change in Ksv over the time of the folding reaction. Again, Ksv is an indirect
measure of solvent accessibility. This is an important topic because water plays an important role
in protein folding and function.5556 Water is important in catalysis®” and hydrogen bonding

networks, its dielectric coefficient mediates electrostatic interactions®, and it is an intrinsic part of



the hydrophobic interactions that are important to most protein folding processes.5%:60 The
temporal evolution of Ksv throughout protein folding provides new insight into the kinetics of
desolvation that compliments previous time-resolved studies of OmpA. This thesis introduces a
valuable method of monitoring the dynamics of MPs, and that shows promise for new applications
to other families of MPs, protein-protein interactions, and perhaps the dynamics of other

biological macromolecules.



Materials and Methods

Protein preparation. Mutants that contain single trp residues (referred to as “single trp
mutants”) of OmpA were expressed and purified following an established procedure.®1:35 OmpA
mutants were prepared with single trp residues at native (7, 15, 57, 102, 143) or non-native (129)
positions. In these mutants, the remaining four or five (in the case of 129) native trp residues
were mutated to phenylalanine (phe or F). Briefly, an OmpA-free cell stock JF733%° was
transformed with a plasmid containing the OmpA gene under the control of the lac operon. The
protein was overexpressed using isopropyl B-D-1-thiogalactopyranoside (IPTG), and the cells
were lysed by sonication after treatment with lysozyme. The membranes were collected by
centrifugation, and OmpA was extracted with 8 M urea and isopropanol. The crude protein was
purified on a Q sepharose Fast Flow (GE Healthcare Life Sciences) anion exchange column and
eluted by a NaCl gradient. The enriched fractions were combined, rinsed of NaCl, and
concentrated by ultrafiltration (Millipore ultracel NMWL 3 or 10 KDa). OmpA single trp mutants
were stored in the denatured state (8.0 M urea, 20 mM potassium phosphate buffer, pH 7.3), with

stock concentrations of 150-400 uM.

Preparation of samples for fluorescence experiments. Small unilamellar vesicles
(SUVs) of dimyristoylphosphatidylcholine (DMPC, phase transition temperature T¢= 24°C) and
dipalmitoylphosphatidylcholine (DPPC, T.= 41°C) were prepared according to a previously
published procedure.6! The lipids were purchased from Avanti Polar Lipids. Briefly, 1 mL of 25
mg/ml lipid in chloroform was dried under nitrogen gas. The dry lipid film was resuspended in 5
mL of pH 7.3 potassium phosphate buffer (KPi), sonicated with a probe sonicator tip, and the
SUVs were filtered through a 0.22 ym pore polyvinylidene fluoride (PVDF) filter, making a 5
mg/mL lipid stock solution. The SUVs were allowed to equilibrate overnight above their phase
transition temperature. The diameter of the vesicles was determined to be roughly 50 nm (with a
smaller population of larger, ~180 nm vesicles) by dynamic light scattering experiments (see

description below). 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 uL samples were prepared with concentrations
of acrylamide ranging from 0.0 M to 0.4 M; acrylamide was dispensed from a 1.0 M stock
solution. Protein was added to pre-made solutions that contained SUVs and acrylamide (if
appropriate) in KPi. Protein and urea were supplied from a secondary stock protein solution that
contained 80-140 uM OmpA and 5 M Urea. OmpA has been determined to be unfolded in 5 M
urea.52 The secondary protein stock was vortexed before aliquots were distributed to each
sample. The final protein concentration of all samples was 8-14 uM, as determined by the
absorption spectrum of protein in 0.0 M acrylamide. For each experiment, we aimed for a final
OmpA concentration of 10 uM, but inaccuracies in stock protein concentration resulted in final
concentrations of 8-14 uM, as determined by the absorption spectrum of protein in 0.0 M
acrylamide. The final urea concentration was 0.5 M for all samples. The final lipid to protein ratio
was 300:1 which resulted in a roughly 2 mg/mL lipid concentration. All solutions were prepared in
pH 7.3 KPi. All samples were mixed by stirring and pipetting the solution up and down with the
pipette tip after injecting 20 pL of the secondary protein stock. This mixing was done immediately
(=10 s) before the first fluorescence spectrum was acquired. Each cuvette was capped with a
parafilm-sealed teflon cap. Special care in sample preparation, especially the delivery of
acrylamide and protein stock was crucial to ensure that the fluorescence intensity showed the

proper trend to increasing concentrations of acrylamide.

Spectroscopic measurements of fluorescence quenching. Fluorescence spectra
were acquired on a Jobin Yvon Fluorolog Spectrofluorometer from 300 nm to 500 nm at 4 nm
step size with 0.5-second integration time and 3 nm entrance and exit bandpass; the excitation
wavelength was 290 nm. 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 aggregated (0.5
M urea) OmpA experiments. For the folding experiment, acquisition of fluorescence spectra

commenced upon addition of 20 L of the secondary OmpA stock (80-140 yM OmpA and 5 M
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urea) into five 2x10 mm quartz cuvettes, each of which contained 180 uL of a pre-made solution
of phosphate buffer, DMPC SUVs and varying amounts of acrylamide. The samples with final
volume 200 uL were excited along the 2 mm path and fluorescence was acquired along the 10
mm path. Spectra were acquired for each sample at 5-minute intervals for two hours, and then at
20-minute intervals until six hours had passed. A total of five samples with acrylamide
concentrations 0.0 M, 0.1 M, 0.2 M, 0.3 M and 0.4 M were analyzed for each experiment. This
method required that a fluorescence spectrum be acquired every minute during the first two hours
so SV plots could be generated. This time constraint influenced the choice of protein
concentration and relatively large step size such that sufficient signal could be detected over the
entire span of the emission spectrum (300-500 nm) of the indole moiety. In the beginning of the
experiment, an iterative, systematic and well-coordinated procedure needed be followed; this
procedure included vortexing the secondary protein stock, injecting protein into a solution of 0.0
M acrylamide, starting the clock, acquiring spectra, changing filenames, switching to the second
cuvette, vortexing and injecting protein into the second cuvette that contained 0.1 M acrylamide,
acquiring spectra, changing filenames, switching to the third cuvette, etc. This procedure resulted
in initiation of five folding reactions with five different acrylamide concentrations over a 5-minute
period. This was an intense procedure, and required practice to obtain reliable success. An
assistant helped in the first 5 minutes and then afterwards, the focus was to switch cuvettes and
change filenames for the next six hours. Absorbance 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 (6 hours).

Analogous experiments were conducted for one hour at ambient temperature (~21°C)
with DPPC SUVs instead of DMPC SUVs to investigate the kinetics of adsorption of OmpA.
Spectra were collected every five minutes for the first half hour and then every 10 minutes for the
last half hour. Aside from the decreased duration of the experiment, lower temperature, and gel
(solid) phase vesicles, all aspects of the adsorbed experiment and data workup were the same as

the 6-hour folding experiment with DMPC SUVs described in the previous paragraph.
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Control experiments were conducted at ambient temperature for unfolded (8 M urea) and
aggregated (0.5 M urea) OmpA in the absence of SUVs; these experiments revealed the level of
guenching for the fully denatured and aggregated states of OmpA. For these experiments,
samples were incubated for ~5 minutes, then fluorescence spectra were collected with 1-nm step
size and 1- second integration time. All other fluorescence spectra acquisition parameters as well
as protein and acrylamide concentrations were the same as the previously described quenching
experiments. Data workup for these experiments only required the calculation of a single Ksv

value.

Vesicle leakage assays. Vesicle leakage assays were conducted to investigate the
stability and permeability of the SUVs. Prior to sonication, the aqueous DMPC solution contained
50 mM 8-aminonaphthalene-1,3,6-trisulfonate (ANTS), a fluorophore, 50 mM p-xylene-bis(N-
pyridinium bromide) (DPX), a quencher, and 2.5 mg/ml resuspended DMPC. The decrease in
lipid stock concentration to 2.5 mg/ml relative to folding experiments (5 mg/ml) was necessary to
avoid undesired flocculation of lipid+dye solutions. After sonication, 3.0 mL of the 2.5 mg/ml
DMPC SUV stock solution with quencher and fluorophore was passed down a warm (~45 °C)
Econo-Pac® 10DG desalting column to separate vesicles encapsulating ANTS+DPX from free
ANTS and 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 and
DPX by acquisition of fluorescence spectra before and after lysing the SUVs in the presence of
0.1% (v/v)® Triton X-100; this concentration of Triton X-100 was obtained by 10x dilution of an
initial 1% Triton X-100 solution. 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.% Increase in fluorescence intensity after lysis indicated that

the first 1.0 mL of elution was the most enriched in SUVs encapsulating ANTS and DPX.

The effects of acrylamide and OmpA on the integrity of the SUVs were probed. In one
experiment, two 180 pL samples of dye-encapsulated DPMC SUVs from the first 1.0 mL of

elution were prepared with and without 0.4 M acrylamide and incubated at 37°C.



12

The fluorescence spectrum of ANTS and UV-vis absorbance were monitored over a period of 6
hours. In a separate experiment, a sample of the ANTS/DPX encapsulating SUVs was prepared
with ~10 uM OmpA in a manner analogous to the folding experiment. The fluorescence of
tryptophan (excitation at 290 nm and emission scan from 300-500 nm) and ANTS (excitation at
380 nm and emission scan from 300-500 nm) were monitored over time. For both experiments
involving ANTS/DPX encapsulating SUVs, fluorescence spectra were acquired over 6 hours, at
20 minute intervals for the first 3 hours and then at 30 minute intervals for the last 3 hours. One
preliminary experiment was conducted with fluorescence measurements at 1.5 hour intervals.
The samples were then lysed by adding 20 uL of 1% Triton X-100 to create a 0.1% Triton X-100

solution, and then fluorescence and absorbance spectra were measured again.

Dynamic light scattering experiments. Dynamic light scattering (DLS) experiments
were conducted in collaboration with Dr. Douglas Magde 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
degrees Celsius. DLS measurements were taken at 3 hour intervals. A Coherent Verdi Diode
Pumped Laser with a Nd:YVO4 crystal as the lasing medium provided monochromatic, coherent
light of 532 nm wavelength after second harmonic generation of the fundamental 1064 nm
emission. The green, 532 nm output of 1.01 Watts was attenuated with neutral density filters to ~
50 mW, focused with a 100 mm focal length lens and directed through the sample in a 1x1 cm
quartz cuvette. Rayleigh scattered light that was polarized in the horizontal plane was passed
through a small aperture (< 1 mm diameter) and collected at 90 degrees by a SPEX double
monochromator (250 mm focal length). Photons were detected by an Amprex Model 56
photomultiplier tube, and output was amplified by a factor of ten, discriminated to produce
standard pulses suitable for counting and then accumulated in a multichannel scaler. For each
acquisition, there were 524,288 bins accumulated, each for 20 ps, for a total of 10.5 s; for each

sample, 20 acquisitions were acquired. For each acquisition, the fluctuation in the intensity of the
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scattered signal, which is related to the number of scattered photons, (first 4000 bins) was

analyzed via the autocorrelation function (equation 3) by custom computer programs.
G(x) = (II(z) = lim % S IOICE +7)dt Equation 3

In equation 3, G(w) is the autocorrelation function,®® [ is the intensity of scattered signal at a
particular time, T is the number of bins acquired, and 7i is an integral multiple of the time

increment or bin size, At.

Fluorescence quenching data analysis. The raw fluorescence spectrum exhibits
fluorescence signal from OmpA as well as scattering from SUVs. The fluorescence originates
from the single tryptophan and 17 native tyrosine residues in OmpA, subtraction of the
contribution from tyrosine did not affect observed Ksv values (see below). Therefore, all spectra
were treated in the following manner, without removal of tyrosine signal. OmpA fluorescence
spectra were isolated by subtracting a scalar multiple of the vesicle background from each raw
spectrum to generate a corrected spectrum; OmpA corrected spectrum = raw OmpA spectrum -
c*vesicle spectrum, where c is a scalar between the values of 0.5 and 1.5. The selection of c was
based on the shape of the resulting curves, which depended on the blue shift of the fluorescence
maxima and the increase in fluorescence quantum yield at a particular time during the folding
reaction. For each time point, a graph of the quenching trend was constructed (see Figure 5 for
representative quenching trends of folded and unfolded OmpA). The value of ¢ was chosen such
that the region near 300 nm, where the scattering signal is greatest, exhibited reasonable shape
without obvious over- or under-subtraction. At the earliest times, the region near 300 nm was
nearly horizontal, and during the folding process, slopes approached 60 degrees. Although this
process is somewhat subjective, values of ¢c were chosen without regard to whether the expected
trends were achieved; this blind method hopefully reduced bias in the interpretation. Indeed,
some quenching trends did not display the expected outcomes, and showed overlap of

fluorescence spectra of the different samples.
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The isolated and corrected OmpA fluorescence spectra, called Fqps, were further
corrected for attenuation of the excitation beam and emission signal by quencher and fluorophore

(known as the inner filter effect) yielding Fcorr 46. The inner filter effect equation is displayed below.

(Aex"'Aem)
2

Equation 4

Fcorr obs 10

In Eq. 4, Aexand Aem denote the absorbance at the excitation and emission wavelengths,
respectively (Aex is measured at 290 nm). Despite the blue-shift of the fluorescence maximum
from ~350 nm to ~330 nm, the wavelength used for Aem Was kept constant at 350 nm. The
difference in absorption from 350 nm to 330 nm is negligible in terms of the inner filter effect
correction. In some studies on OmpA, Aem has been disregarded because the samples absorbed
very little at the emission wavelengths, so self-absorption was considered to affect only the
excitation beam®3. To determine Aex and Aem, absorption values which were acquired along the 10
mm path length of the cuvette were multiplied by 0.2 to take into account that excitation for
fluorescence measurements was along the 0.2 mm pathlength. The assumption of 0.2 mm
pathlength for both excitation and emission paths is an estimate because the pathlength of the
emitted light is probably around 0.5 mm (full pathlength of cuvette along emission direction is 1
cm). However, given the negligible effect of Aem (value of Aem at 350 nm was typically 0.003 over
1 cm pathlength), the use of 0.2 mm vs 0.5 mm pathlength for emission does not significantly
affect the self-absorption correction. Fluorescence spectra were not normalized for protein
concentration because the absorbance of acrylamide overlapped with protein absorption, so it
was difficult to ascertain the protein concentration based on UV-Vis absorption. Because protein
concentrations could not be easily measured for each sample, it was especially important that my
technique be careful and reproducible. It was assumed that the concentration of protein in 0.1,
0.2, 0.3, and 0.4 M acrylamide was identical to that in 0.0 M acrylamide; the latter was
determined by UV-vis absorption measurements. Gaussian fits were applied to the peaks of all
corrected fluorescence spectra to determine maximum fluorescence intensities (Fmax) and

maximum fluorescence wavelengths (Amax).
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Stern Volmer plots were constructed from the Fmax of all five samples at each time point
during the folding reaction, regardless of slight differences in Amax. Briefly, the corrected
fluorescence intensity of each sample (0.1-0.4 M acrylamide) (Fmax , abbreviated simply as F) was
compared to the corrected fluorescence intensity in the absence of quencher (0.0 M acrylamide)
(Fo) by the ratio Fo/F and plotted versus the concentration of acrylamide. For the 6- or 1- hour
DMPC and DPPC experiments, respectively, Sterm-Volmer plots were constructed for each time
point. The plots were fit to the dynamic quenching models, see Eq. 1, to yield Ksv values as a
function of folding time. Ksv vs time data were averaged for multiple trials and fit to single

(Equation 5) or double (Equation 6) exponential decay functions.
Kgy(t) = yo + Ae™*® Equation 5
Key(t) = yo + Aje™M10 + 4,72 ® Equation 6

In these equations, Yo is the asymptotic Ksv value as t—<, A, A1, and Az are the amplitudes
associated with each decay constant, and k, ki, and k: are the decay constants (where k = 1/1,
where tis interpreted as a decay time). The decay time is the time that it takes for 1/e of the
OmpA population to fold into the lipid bilayer. Equations of the same form were also used to fit the

DLS data.

ANTS DPX data analysis. The raw ANTS DPX data were subtracted of their water
Raman signal and were not normalized for concentration of fluorophore. The absorbance and
fluorescence data were overlaid to emphasize leakage of ANTS and DPX and to make
comparison of the different conditions. Plots of fluorescence maxima (514 nm) for each fraction,
before and after lysis were constructed to visualize the efficacy of the separation process to
select the best fraction for experiments. Similar plots were constructed to compare the leakage of

ANTS DPX in the presence of acrylamide or OmpA.
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DLS Data Analysis The averaged autocorrelation curves were fit to single and double
exponential decay equations (Equations 5 and 6). The scattering vector q was calculated for the

experimental setup®® (Equation 7).
q= Tsin— Equation 7

In Equation 7, n is the refractive index of the solvent (1.33 for water), A is the wavelength of
incident light (532 nm), and 6 is the observation angle (90°). For each individual exponential term
(from single and double exponential fits), a diffusion constant, D, was calculated from the

scattering vector and the exponential decay constants (k, ki1, k2)6° (Equation 8).
D=— Equation 8

The diffusion constant was inputted into the Stokes-Einstein equation (Equation 9) to yield the

hydrodynamic radius, which is the radius of a sphere with an equal diffusion coefficient 5,

_ kpT
~ 6mnD

h Equation 9

In Equation 9, ks is the Boltzmann constant, T is the temperature in Kelvin (303.15K), and n is the

viscosity of the solvent (0.798 mPa-s) .61



Results

The folding and insertion of OmpA into SUVs of DMPC was studied by time resolved
fluorescence quenching techniques. The sensitivity of the fluorescence of the individual trp
residues to increasing concentrations of acrylamide was monitored over the time of their insertion
into the lipid bilayer. Five samples of 8-14 yM OmpA were prepared with SUVs of DMPC and
increasing concentrations of acrylamide (0.0, 0.1, 0.2, 0.3 and 0.4 M). For each experiment, 185
spectra were acquired (37 spectra for each acrylamide concentration corresponding to 37 time
points). Full data sets for all experiments are included in the supplemental information (Figures
S1-S39). Representative quenching data for the W102 OmpA mutant are shown in Figures 5-10.
It should be noted that these images represent the highest quality data (W102) collected in all
experiments. Corrected fluorescence spectra in which vesicle scattering has been subtracted are
shown in Figure 5 for W102 OmpA immediately following initiation of the folding reaction (solid)
and after 6-hours of folding (dashed); the blue-shift and increase in fluorescence quantum yield
associated with folding are evident. In these and subsequent analysis steps, the fluorescence
intensities were not normalized for protein concentration due to the fact that acrylamide
overwhelmed the absorbance in the region of tryptophan so concentrations could not be
spectroscopically measured. The strong absorption by acrylamide at 280 nm is evident in Figure

6, which shows absorption spectra of five W102 samples in different acrylamide concentrations.

The fluorescence wavelengths (Amax) and maximum intensities (Fmax) were plotted as a
function of folding time. These properties were determined via Gaussian fits to the fluorescence
spectra in the range 301 to 370 nm. IGOR macros were written, with the help of Ighacio Lopez-
Pefia, to apply the Gaussian fits to the data and are included in Figure Al. The characteristic
blue-shift during folding is shown in Figure 7 for W102 OmpA for all five acrylamide
concentrations (panel A). For all OmpA mutants, the spectra blue-shifted at least 15 nm, from
unfolded values of 351-354 nm, to folded values of 326-338 nm for the 0.0 M acrylamide
samples. The Amax versus time plots for the 0.0 M acrylamide samples were averaged over all

trials for each mutant (Figure 7, panel B) and exponential and double exponential fits were

17
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applied (described below). The blue shift was more prominent in the presence of acrylamide.
Enhanced blue shift in the presence of acrylamide is not observed in NATA fluorescence
guenching data. This indicates that the enhanced blue shift with acrylamide is most likely an
artifact of the protein environment rather than an indication of more thorough immersion of the
indole moiety into the apolar environment of the lipid bilayer. Because of the large number of
spectra for two variables (acrylamide concentration and folding time), quenching trends for all
time points cannot be simultaneously presented. Instead, the essential data are collected into a
graph that plots maximum fluorescence intensity (corrected for vesicle scattering and inner-filter
effect) as a function of folding time for all acrylamide concentrations; we refer to this graph of
intensity vs time as the ‘rainbow’ graph because of the visual appearance. A representative

rainbow graph is shown in Figure 8.

Stern Volmer plots were generated for each time point during folding. A Custom IGOR
macro (Figure A2) was written to convert the data in the rainbow plot into Stern-Volmer plots for
each time point of the experiment (Figure 9). Some Stern-Volmer plots, such as those of W102 in
Figure. 9, exhibited slight upward curvature, indicating the presence of static/sphere-of-action
guenching mechanisms. For reasons that are not clear, sphere of action quenching was not
observed in all experiments. In the experiments that exhibited upward curvature, this curvature
disappeared as the folding proceeded because the trp residue was no longer accessible to bulk
solvent and acrylamide. In the absence of ubiquitous sphere of action quenching and knowledge
of how to deal with the transition from dynamic+static quenching to pure dynamic (or pure static)
guenching during folding, Stern-Volmer plots were fitted to the linear, dynamic quenching model
for determination of Ksv values. Linear fits were not forced to have a y-intercept value of 1, but
the fits never significantly deviated from this ideal y-intercept. Ksv data were plotted as a function

of folding time, and these plots exhibited exponential decay (Figure 10).

This data analysis procedure was performed for all six OmpA mutants: W7, W15, W57,
W102, W143, and W129. The corresponding data for each mutant (analogous to Figures 5-10)

are shown in the Appendix 1 (Figures S1-S39). As mentioned above, tyrosine emission was not
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subtracted prior to calculation of Ksv values because the presence of tyrosine did not affect the
results. The insensitivity of Ksy to tyrosine is shown in Figures S40, S41 and S42, where a slightly
modified data analysis procedure in which tyrosine signal as measured from a tryptophan-free
OmpA mutant, called WO, was removed from raw fluorescence spectra of OmpA. The WO
fluorescence data in Figure S40 were subtracted from the W102 data in Figure S23 by the same
method described for subtraction of vesicle scatter in the OmpA folding experiment to yield the
plots in Figure S41. The resulting trp only Ksv versus time data was very similar to the tyrosine
inclusive data set (Figure S42, panel C), which indicated that tyrosine signal does not significantly

affect the results of the experiment.

Three trials were conducted for each mutant of OmpA (except W15 OmpA which was
studied 5 times). The plots of Ksv as a function of folding time were averaged for each mutant and
are shown in Figure 11. Plots showing the average Ksv versus time data with their experimental
error are shown in figure S43. These Ksv versus time plots were fitted to single and double
exponential functions (Egs 5 and 6), and are shown in Figure 12. Results from the fits are
summarized in Table 1. In general, the decays are very similar. Residual plots that compare the
experimental data to the fit (residual = observed — fit) were constructed (Figure S44). These plots
show complete overlap of single and double exponential fits for the W7 and W102 mutants,
indicating that the single and double exponential fits are equivalent. The residuals for W57 were
nearly as overlaid as those for W7 and W102. The residuals for the W15, W129 and W143

mutants indicated that the double exponential fit was more appropriate.

The fluorescence emission wavelengths (Figure 7) were also fit to single and double
exponential functions so we could compare timescales for the emission blue-shift with evolution
of Ksv. The fits are in Figure S45 and their residual plots are in Figure S46, and fit parameters

are shown in Table 2. For all mutants, the double exponential functions exhibited superior fits.

Data for the adsorbed (on DPPC SUVSs), fully unfolded (in 8.0 M urea) and aggregated

(0.5 M urea) OmpA were analyzed by similar methods. In these experiments, the fluorescence
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spectra did not evolve over time, so single Ksv values were obtained for each mutant. The DPPC
samples were monitored over the period of an hour. The Ksv vs time plots were fitted to flat lines
for determination of Ksv for the adsorbed state. Representative quenching data for unfolded and
adsorbed OmpA are shown in Figures 13 and 14, respectively, and Ksv values for all three
conditions are tabulated in Table 3 (also see Figures S47-S60). Graphs for aggregated OmpA are
very similar to those of unfolded OmpA, except for generally lower Ksv values; those data are

included in Appendix 1 (Figures S61 and S62).

Vesicle integrity and permeability in the presence of acrylamide and OmpA were
analyzed by leakage assays and DLS measurements. Figure 15 shows the separation of SUVs
encapsulating ANTS and DPX from free quencher and fluorophore by size exclusion
chromatography. Figure 16 shows fluorescence maxima (514 nm) of fractions #1-6 before and
after lysis with 0.1% Triton X-100 (final concentration). Also shown in Figure 16 is a fluorescence
spectrum of fraction 2 before and after lysis. Figure 17 shows the evolution of ANTS+DPX
leakage over time for the highest acrylamide concentration studied here, 0.4 M. Corresponding
control experiments of SUV stability in the absence of acrylamide were also performed.
Comparison of these fluorescence data indicate that acrylamide causes the vesicles to leak their
encapsulated ANTS and DPX. The integrity of the vesicle, however, is not compromised by
acrylamide. DLS data in Table 4 indicate that the size of the SUVs is unaffected by the presence
of acrylamide. The maintenance of an intact vesicle is also evidenced in the fluorescence data in
Figure 17 (panels A and C) which shows that the scattering component near ~300 nm remains
unchanged and only disappears upon lysis with Triton X-100, despite the leaky nature of the
vesicles. Data for a preliminary ANTS DPX experiment is shown in Figures S63 and S64. In this
data set, A sudden decrease in vesicle scatter in the absorbance spectra can be noticed after
lysis with Triton X-100 (Figure S64 panels B and D). Analogous experiments with ~10 uM OmpA
in place of acrylamide showed similar results, although OmpA did not make the vesicles as leaky

(Figures S65 and S66).
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DLS experiments were conducted to assess the effects of time and acrylamide on the
size of the vesicles. Samples were prepared with 0.0, 0.2 and 0.4 M acrylamide and monitored by
DLS at 3 hour intervals for 6 hours. Figure 18 shows representative DLS data for one 10-second
acquisition, and a resulting autocorrelation curve. Figure S67 shows autocorrelation curves for all
9 acquisitions. Exponential and double exponential fit data has been tabulated in Table 4. The
hydrodynamic Radii (Rn) calculated from the decay constants are tabulated there as well. A
residual plot shows that the double exponential fit to the 0 hour, 0 M acrylamide autocorrelation

data is more appropriate than the single exponential fit (Figure S68).
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Figure 1. OmpA structure. Depicted here are the X-ray (left) (PDB ID 1QJP) and NMR (right)
(PDB ID 1G90) structures of the transmembrane portions of OmpA superimposed on a DPPC
lipid 8 bilayer. Both structures show the native residues at positions 7, 15, 57, 102, 129 and 143
in red. The X-ray structure is wild-type OmpA, whereas the NMR structure is the W7 OmpA
mutant (10 conformers). For both structures, the protein was a truncated variant in which the
soluble tail was not expressed.



23

@ @ @
S g g
2 2 2
(O] @ (O]
2 2 2
3 3 3
o (=} [=]
= =2 =
TS [T [T
300 350 400 450 500 300 350 400 450 500 300 350 400 450 500
Wavelength (nm) Wavelength (nm) Wavelength (nm)
2 204 D =3 =3
8 154 8 3
c o [ =
& 1.0+ 3 3
$ 05— 8 3
S 0o g g
o . i e
300 350 400 450 500 300 350 400 450 500 300 350 400 450 500
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 2. Fluoresence spectra of folded and unfolded OmpA. Depicted here are the
fluorescence spectra for the single trp OmpA mutants W7 (A), W15 (B), W57 (C), W102 (D),
W129 (E) and W143 (F) in the unfolded state (denoted ‘u’) and in the folded state (denoted ).
The individual graphs have been labeled with the average Amax values from the various trials on
each single trp mutant.
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Figure 3. Overlay of fluorescence spectra of folded and unfolded conformations of all
OmpA mutants. Shown here is an overlay of the fluorescence spectra in Figure 2 to allow
straightforward comparison of emission peaks and quantum yields. The spectra for the unfolded
OmpA are in solid lines and the spectra for the folded OmpA are in dashed lines; the spectra for
the various single trp mutants are color coded. The fluorescence spectra of folded OmpA have
been normalized to a value of 1.0, and the unfolded spectra are scaled based on the difference in
guantum yields between folded and unfolded states.
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Figure 4. Quenching of NATA fluorescence by Acrylamide. Panel A shows the structure of
L-tryptophan. NATA is an analog of tryptophan with an acetylated N-terminus and an amide
group replacing the carboxylic acid group on the C-terminus. NATA is less photoreactive than
tryptophan and has a better approximation of the polypeptide backbone than tryptophan or indole,
making it a good model compound for the study of tryptophan fluorescence in proteins.#’ Indole is
the aromatic bicyclic ring structure with hydrogen replacing the B carbon. Panel B shows the
structure of acrylamide. Panel C shows fluorescence spectra of NATA at different concentrations
of acrylamide in a plot that is referred to as a quenching trend. Panel D shows a SV plot
constructed from the fluorescence maxima data from panel A. Black and green fits are from
equations 1 (dynamic model) and 2 (dynamic+static model), respectively, where [Q] is
concentration of acrylamide quencher. Also displayed is a hypothetical SV plot for an indole
fluorophore that is completely protected from solvent and quencher in an inaccessible buried
pocket (NATA protected).



26

w
oS
|

~
\
4

Fluorescence (Mcps)

O_| |7| LI B |||| | T 1ﬁ_|_l_m_|l

300 350 400 450 500
Wavelength (nm)

Figure 5. Quenching Trends. Fluorescence spectra of W102 OmpA in the presence of DMPC
SUVs with 0.0 M (red), 0.1 M (blue), 0.2 M (green), 0.3 M (black) and 0.4 M (purple) acrylamide
immediately upon initiation of the folding reaction, which we approximate as 0 hours (solid lines),
and 6 hours (dashed lines) after initiation of the folding reaction.
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Figure 6. Absorbance Data. Displayed here are absorption spectra for the W102 OmpA mutant
at different concentrations of acrylamide. The trp absorbance is completely overwhelmed by the
acrylamide absorbance, thus preventing determination of protein concentrations for the individual

samples by spectrophotometry.
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Figure 7. Fluorescence maxima. The plot in panel A shows the shift in fluorescence Amax,
determined from Gaussian fits of the fluorescence spectra at different times throughout the
folding experiment (for the W102 mutant). Displayed in panel B are the average fluorescence Amax
versus time for each mutant in 0.0 M acrylamide. Exponential and double exponential fits to the

data in panel B are shown in Figure S45, and fit parameters have been tabulated in Table 2.
Residuals plots are shown in Figure S46).
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Figure 8. The Rainbow Graph. Fluorescence intensity maxima of W102 OmpA in the presence
of DMPC SUVs with 0.0 M (red), 0.1 M (blue), 0.2 M (green), 0.3 M (black) and 0.4 M (purple)
acrylamide at indicated time points during the folding reaction. The maxima do not correspond to
a single emission wavelength.
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Figure 9. Stern-Volmer Plots. Stern-Volmer plots for W102 OmpA derived from the data in
Figure 8; solid lines that connect the data points are drawn to guide the eye. The linear slope of
the plots (Ksv) decreases over the time of the folding process. The upward curvature is indicative
of the presence of static quenching mechanisms.
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Figure 10. Ksy vs. Time. Graph of Ksv as a function of folding time for W102 OmpA derived from
the data in Figure 9. Curve connecting points is to guide the eye.
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Figure 11. Ksy Averages. Average Ksv as a function of folding time for mutants studied in this
project. Averages were determined based on multiple trials (see text). Curves connecting points
are to guide the eye. Ksvdecayed from 8.9 to 0.7 M-1 for OmpA W7, from 9.2 to 1.9 M- for OmpA
W15, from 9.9 to 1.4 M1 for OmpA W57 from, from 9.4 to 1.1 M1 for OmpA W102, from 9.7 to 1.3
M1 for OmpA W129 and from 9.7 to 1.5 M-1 for OmpA W143.
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Figure 12. Single- and double-exponential fits to average Ksy plots. Displayed here are
ovelays of the single (blue curves) and double (green curves) exponential fits to the average Ksv
data (red crosses) of each mutant presented in Figure 11. In some graphs the single and double
exponential fits are indistinguishable, and the blue and green curves overlap perfectly.
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Figure 13. OmpA in 8.0 M urea. Panel (A) shows the quenching trend and (B) shows the
resulting SV plot for the W7 OmpA mutant in 8 M urea and the resulting equation where [Q] is

acrylamide concentration.



35

o 30
Q. — 0.0 M Acr. 2.0 B
O 25 —01M
= —02M 18-
— 03M
2 . — 04M L s
c 15 The '
3 1.4
§ 10 :
m 0'|lllll|||l|]|| IIIIIIIIIIIIIIIIIIIII
300 350 400 450 500 0.0 0.1 0.2 0.3 0.4
Wavelength (nm) [Acrylamide] (M)
3.0, "
25+ g , ’ = " * ¥ +
< 204
= Ksv(t) = 2.7 + Ksv
< 154 ol
>
X 10—
0.5 C
0.0 1
IllII|IIIIIIIII|IIII|IIII|IIIIIIIII|IIIIIIIII|IIII|IIII|IIII|
0 10 20 30 40 50 60
Time (min)

Figure 14. OmpA adsorbed onto DPPC SUVs. Data are for W57 OmpA mutant in the presence
of DPPC vesicles (A) Quenching trend; (B) SV plots for all 10 time points; and (C) plot of Ksv
versus time (C). In Panel A,the overlapping spectra for a given acrylamide concentration
correspond to fluorescence spectra collected at 10 timepoints over the period of an hour.
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Figure 15. Size exclusion chromatography of dye-encapsulated SUVs. Displayed from left to
right are the fractions that eluted from the size-exclusion column after the dead volume was
discarded. The first, and sometimes second, fractions (labeled 1 and 2) were usually determined
to have the highest enrichment of SUV encapsulated ANTS and DPX. Columns that appear
yellow had high concentration of free (unencapsulated) dye.
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Figure 16. Disruption of DMPC SUVs that contained ANTS and DPX. Panel (A) Fluorescence
chromatogram of fractions #1-6 of DMPC vesicles encapsulating ANTS and DPX before and after
lysis with 0.1% Triton X-100 (Tx100). Fraction number on x-axis is same as Figure 15. For this
particular experiment, fraction 1 was accidentally left out in room temperature, whereas the other
fractions were incubated at 37 °C. This difference in handling may be responsible for the lack of
significant increase in fluorescence after lysis for fraction 1. Fraction 2 however showed a
sizeable increase in fluorescence after lysis (panel B), and was a suitable sample for the vesicle
leakage assay.
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Figure 17. Leakage assay spectra. An aliquot of fraction 2 was diluted to, and monitored by
fluorescence and UV-Vis absorbtion spectroscopy (panels A and B, respectively) over the period
of 6 hours. Spectra were recorded every 20 minutes for the first 3 hours and then every 30
minutes for the last 3 hours. Another aliquot of fraction 2 was diluted, and 0.4 M acrylamide was
added. This sample was monitored by the same method (panels C and D). In panels (A) thru (E),
the spectra upon lysis with 0.1% Triton X-100 are shown as dashed curves. Panel E shows an
overlay of the fluorescence spectra of the two samples in panels A (red) and B (blue) for ease of
comparison, with dashed curves representing post-lysis with Triton X-100. Panel F shows the
maximum fluorescence intensities over time; the maximum intensities after lysis are shown as
filled circles.
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Figure 18. DLS data. Panel A shows a representative plot of counts per bin for a single
acquisition of DLS data. Panel B shows a zoomed in view of the first 12000 bins to illustrate the
fluctuations. Panel C shows the auto correlation (G(t)) of the fluctuations in Rayleigh scattering of
the 0.0 M acrylamide sample at the 0O hour timepoint. Overlayed on the plot of G(t) are
exponential (blue) and double exponential (green) fits. The double exponential fit (green curve)
has almost complete overlap with G(t) shown in red, while the single exponential shows deviation.



Table 1. Ksy fits. Kinetic constants based on single (exp) and double exponential (dexp) fits
(Figure 12) of the Ksv vs time averages depicted in Figure 11.

X

w7 W15 W57 w102 W129 W143
exp
A 8.0 6.8 8.6 8.1 7.6 7.3
k 0.022 0.025 0.023 0.024 0.037 0.033
T (min) 45 40 43 41 27 31
Yo 0.6 2.0 14 1.0 14 1.7
2 0.622 0.379 0.137 0.670 1.35 1.18
dexp
A1 4.1 6.0 1.8 4.0 6.5 6.3
k1 0.022 0.022 0.016 0.024 0.030 0.027
t1(min) / % 46 / 51% 45/ 84% 62/21% | 42/50% 33/78% 371 77%
Az 3.9 11 6.9 4.1 1.8 1.8
k2 0.022 0.12 0.025 0.025 0.31 0.23
T2 (mMin) / % 46 / 49% 8/16% 40/79% | 41/50% 3/22% 4/23%
Yo 0.6 2.0 14 1.0 1.3 1.6
2 0.622 0.073 0.129 0.670 0.173 0.082




41

Table 2. Anax fits. Kinetic constants based on single (exp) and double exponential (dexp) fits of
the Amax Vs time averages depicted in Figure 7, panel B.

W7 W15 W57 w102 W129 W143
exp
A 26 14 15 17 16 13
k 0.062 0.062 0.076 0.064 0.096 0.066
T (mMin) 16 16 13 16 10 15
Yo 327 338 337 334 336 337
2 24.8 2.83 4.85 2.56 3.30 13.4
dexp
A1 6 6 3 9 4 5.7271
k1 0.012 0.032 0.021 0.039 0.036 0.022
t1(min) /% | 84/20% 31/41% 48 1 22% 25/ 50% 27 1 26% 45 / 38%
Az 23 9 12 9 13 10
k2 0.092 0.12 0.12 0.13 0.15 0.17
2 (min) /% | 11/80% 9/59% 9/78% 8 /50% 7174% 6/62%
Yo 325 338 337 334 335 337
2 0.419 0.0408 0.166 0.0551 0.393 0.489




Table 3. Adsorbed, denatured and aggregated OmpA. Ksv values (M) for the adsorbed and
fully denatured and aggregated states of OmpA mutants.

w7 W15 | W57 | w102 | w129 | w143
adsorbed (DPPC)

\ 2.4 \ 2.7 \ 2.7 \ 3.4 | 1.6 | 3.0
denatured (8 M urea)

\ 9.6 \ 8.3 \ 9.4 \ 10.5 | 11.9 | 8.7
aggregated (0.5 M urea)

\ 8.7 \ 6.0 \ 8.7 \ 9.2 \ 9.8 \ 9.2
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Table 4. DLS data. The exponential (exp) and double-exponential (dexp) fit data of the
autocorrelation curves in Figure S62, as well as the calculated hydrodynamic radii are tabulated
here

Time (hours) 0 3 6 0 3 6
0.0 M Acr 0.2 M Acr
exp exp
A 1.74 1.59 1.56 1.66 1.40 1.42
k (us?) 0.0053 | 0.0055 | 0.0056 | 0.0050 | 0.0053 | 0.0056
Yo 0.01 0.01 0.01 0.01 0.01 0.01
%2 0.059 0.051 0.051 0.066 0.040 0.040
R(H) (nm) 52 50 49 55 51 49
dexp dexp
A1 0.84 0.68 0.69 0.70 0.63 0.69
k1 (us?) 0.0034 | 0.0033 | 0.0034 | 0.0029 | 0.0032 | 0.0035
Az 1.09 1.08 1.04 1.13 0.92 0.89
k2 (us?) 0.010 0.010 0.011 0.0091 | 0.0099 0.011
Yo 0.00 0.00 0.00 0.00 0.00 0.00
¥2 0.002 0.001 0.002 0.003 0.002 0.001
R(H)1 (nm) 82 84 82 95 85 78
R(H)2 (nm) 27 27 26 30 28 25

0.4 M Acrylamide

exp
A 1.60 1.44 1.53
k (us?) 0.0049 | 0.0053 | 0.0057
Yo 0.01 0.01 0.01
x2 0.054 0.041 0.040
R(H) (nm) 56 52 48
dexp
A1 0.74 0.66 0.68
ki (us?t) 0.0031 | 0.0032 | 0.0035
Az 1.01 0.93 1.00
k2 (us) 0.0093 | 0.0098 0.010
Yo 0.00 0.00 0.00
x2 0.001 0.001 0.001
R(H)1 (nm) 90 85 79
R(H)2 (nm) 29 28 27




Discussion

An important goal of this project is to investigate changes in protein solvation during the
folding reaction of a membrane protein, and to correlate this dehydration process with shifts in
local polarity. Here, changes in solvent accessibility were probed by steady-state and time-
resolved tryptophan fluorescence quenching experiments and Stern-Volmer analysis on single
tryptophan OmpA mutants while shifts in polarity were monitored by fluorescence maxima. We
aim to complement our interpretation with other published studies that focused on secondary
structures (e.qg. circular dichroism experiments), tertiary structures (e.g. FRET), and distance

evolution during folding (e.g. heavy-atom quenching experiments).

Solvent-accessibility for steady-state structures. The OmpA mutants were studied in
various steady-state conformations, including fully denatured in 8 M urea, fully folded in DMPC
SUVs, adsorbed on DPPC SUVs, and aggregated in 0.5 M urea. A summary of Ksy values is
shown in Table 5. For all six OmpA mutants in the denatured state of 8 M urea, Ksv values
ranged between 8.3 and 11.9 M-1. This range of values agrees well with Ksy values reported for
wild-type OmpA in 4 M urea, ~10.4 Mt (estimate from graph)3¢ and in glycine buffer at 40 °C,
11.7 M1.58 When the protein was fully folded after 6 hours, the Ksv values had dropped to their
lowest fitted values of 2.0 - 0.6 M. A previously recorded value for the fully folded state of wild-
type OmpA in DMPC vesicles at 30 °C is 2.2 M-1;36 in DOPC vesicles at 40 °C, Ksy was 1.8 M-1.53
The decrease in Ksv values reported here and in previous reports is consistent with tryptophan
residues that become less solvent exposed upon insertion into the lipid bilayer.533¢ However, it
should be noted that these previous studies investigated native OmpA which contained all five
tryptophan residues and therefore, the reported Ksv values reflect an average for all five
fluorophores. Our study is an improvement on these previous studies because we probe site-

specific changes in Ksv values during the folding reaction.

It is valuable to compare the level of solvent exposure in other conformations that may be
relevant to the folding, reaction such as the aggregated and adsorbed states. In this thesis, the

aggregated state is defined as OmpA that has inclubated in 0.5 M urea for about 5 minutes,
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where the protein is shown to exhibit spectroscopic blue-shifts that support partial burial of the
tryptophan residues.® 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 TM (3-barrel region based on
circular dichroism.3%67 The Ksv values ranged between 9.8 and 6.0 M-1. These values are
generally lower than or comparable to the Ksv values extrapolated to t = 0 during the folding
reaction, which ranged 10.0 to 8.6 M-1. A previously measured value for the aggregated state of
wild-type OmpA in glycine buffer with 0.08 M urea at 2 °C is 5.3 M-1.53 Our values are higher than
this previous report, and the discrepancy can be attributed to the different incubations times of 10
min in this previous report (compared to less than 5 minutes in our study), variation in urea
concentration of 0.08 vs 0.5 M, and also because our measurements were made at room

temperature, not 2 °C.

OmpA in the adsorbed state on DPPC vesicles exhibited Ksy values between 1.6 and 3.4 M-,
and these values all fall between theose of the aggregated and fully folded states. A previously
recorded value for the adsorbed state of wild-type OmpA in DMPC vesicles at their solid-like gel
phase at 10 °C is 2.8 M-1.36 | performed a time study on the adsorption process, but Ksy values
were not observed to decay significantly (see Figure 14), indicating that the temporal evolution of
the adsorption process may not be resolved by this technique. The adsorption and folding
experiments differed in that the adsorption studies were performed at ~21 °C whereas folding
experiments in DMPC proceeded at 37 °C; at 21 °C, DPPC is in the gel phase, which means the
bilayer has greater thicknes than fluid-phase DMPC bilayers.58 Given these variations, it appears
that the adsorbed state trapped on DPPC vesicles is different from any adsorbed state that might

be associated with OmpA folding into DMPC vesicles.

The solvent accessibility can be compared for adsorbed and aggregated states. Both
structures exhibit different degrees of secondary structure; the adsorbed state exhibits beta-barrel
features similar to the native state based on circular dichroism studies, and there appears to be
greater secondary structure for the adsorbed state than aggregated state.3>67 In these previous

studies as well as our current report, the tryptophan residues in the adsorbed species are less
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solvent-exposed than in the aggregated state. The fact that tryptophan residues have moderate
solvent accessibility in aggregated OmpA is consistent with the fact that OmpA, like many beta-
barrel membrane proteins, is not highly hydrophobic and therefore, is not expected to aggregate
as easily as alpha-helical MPs.6.17 Upon forming greater secondary structure as an adsorbed

species, the tryptophans become more buried.

Evolution of solvent accessibility during folding. We hypothesized that the observed Ksy
values would progressively decrease, with the highest values in the denatured state, followed by
an exponential decrease to moderate Ksy values of the aggregated and adsorbed states, and
finally converge to the smallest values for the fully folded conformation. This trend was observed
for the W7 and W102 OmpA mutants. Considering the possibility that there are site-specific
similarities in solvent exposure between the unfolded and aggregated states, a more general
expectation would be that Ksv values would progressively decrease from the beginning the folding
experiment, to high Ksy values similar to those of the aggregated state, to Ksv values similar to
the adsorbed state, and finally to low values of the fully folded state. This trend of Ksv values met
this expectation for all mutants except W129 and W7, in which the aggregated Ksv value was

similar to Ksv at the beginning of the folding reaction.

The temporal evolution of Ksy could be satisfactorily modeled with single and double
exponential functions (Figure 12). For W7 and W102 mutants, the use of double exponential
functions did not improve the fit substantially. As can be seen in Table 1 and summarized in
Table 5, double exponential fits resulted in a dominant rate constant that persisted for all mutants;
the minor component contributed less than 23% across all samples, and was generally a fast
component (3-8 min) with the exception of W57 that exhibited a minor long component of 62
minutes. The dominant time constant was 40-45 minutes for all mutants except W129 and W143,
which exhibited dominant time constants between 33 and 37 minutes. The consistency in time
constants indicates that all tryptophan residues are being desolvated on a comparable timescale
(~35-45 min), but that there are differences in dehydration kinetics at the various topological

areas of the protein/membrane interface.
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Evolution of local environment during folding. Analogous analyses based on emission
maxima can be performed for the OmpA mutants, and are summarized in Table 6. The general
trend is that the emission maxima blue-shifted as the protein folded into the bilayer. For the
denatured state in 8 M urea, Amax Values ranged between 355 and 354 nm for all mutants; these
values are higher than the Ksy values at the start of the folding reactions. For the aggregated
state, Amax Values ranged between 353 and 351 nm for all mutants. In the DPPC adsorbed state,
Amax values ranged between 342 and 332 nm, which are intermediate values between the
aggregated/unfolded and fully folded Amax values for all but one mutant of OmpA. For W129, the
adsorbed Amax value was lower than the fully folded value. In the fully folded state, Amaxranged

between 338 and 326 nm.

The site-specific variations in emission maxima provide insight into the local environement
near each tryptophan residue. The most blue-shifted Amax was observed for the W7 OmpA
mutant, which reached 326 nm. This value indicates that W7 resides in the most apolar
environment of all the trp residues of OmpA. This environment is consistent with the large number
of aromatic residues near the region of tryptophan 7.26 Fluorescence Amaxvalues for the other
mutants were: W102 (334 nm), W129 (335nm), W143 (337 nm), W57 (337nm), and W15
(338nm). Previously reported ordering of Amax for single-trp mutants of OmpA (except W129) in

DOPC vesicles shows the same increasing trend, although the values are not exactly the same.*3

The differences in folded Amax may reflect local differences among the tryptophan residues.
For example, W15 exhibits a relatively red Amax 0f 338 nm, which is consistent with the existence
of a hydrogen-bond according to the crystal structure,38:37 or other perturbation such as cation-1
interactions according to UV resonance Raman.52 69 We were surprised that W102 exhibits a
strongly blue-shifted emission maximum of 334 nm because it is the only tryptophan residue that
faces the interior of the protein pore as opposed to the bilayer; despite it's nominal exposure to
passively diffusing water and other small molecules, tryptophan 102 appears to remain in a
hydrophobic environment. The mutant W129 exhibits a moderate blue-shifted emission maximum

of 335 nm; this is a non-native tryptophan residue, and the native Y129 is in a hydrophobic,
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aromatic pocket in the periplasmic region, like W7. Despite the similar environment of W7 and
W129, the emission maxima differ by 9 nm. The variations in emission maxima reflect local
environment. It does not seem that there are any topological correlation between these values, as
W143 and W57 which have the same Amax Values are on opposite sides of the reported crystal
structures, and W7 and W15, which are on the same - strand have the greatest disparity in Amax

values.

The evolution of the emission maxima (Figure 7) were also modeled with single and double
exponential decay functions. Amax decayed from unfolded state values of 355 - 351 nm at the start
of the experiment, to folded state values between 338 and 326 nm. This trend is similar to
previously reported study of the same OmpA mutants in DOPC vesicles at 40 °C.*3 In contrast to
Ksv data, the emission maxima were all more appropriately fit to double exponential decay. The
time constants in Table 2 and summarized in Table 6 indicate that there are fast and slow time
constants, with generally larger contributions to the overall decay from the fast component. For
the W15 -W143 mutants, the fast components are ~6 to 9 min (50-78% of the decay) while the
slow components are 26 to 49 min (22-50%). The W7 mutant is a special case, having a fast
component of 11 minutes (80%), and a slow component of 83 (20%) minutes. A long decay has
previously been observed for W7, and has been attributed to a third, transition between a partially
folded membrane bound intermediate and the native state.*® It seems intuitive that trp7 would
have distinct kinetics in view of the unique behavior of its Amax Vs time data in comparison to the
other mutants (Figure 7). It is not certain whether this unique, long decay represents resolution of
a transition distinct from those observed in the other mutants or a more thorough immersion of

W?7 in the bilayer than the other trp residues.

Vesicle properties. The primary measurements in this thesis are fluorescence quenching
trends on account of bimolecular collision. The fact that acrylamide and other small molecules
have been shown by osmotic shrinking experiments to diffuse through lipid bilayers at a relatively

fast rate is crucial for the interpretation of these experiments.” Additionally, it is important that we
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perform control experiments to establish that the kinetics of Ksvand Amax values are not artifacts

because of the presence of acrylamide.

We probed the effect of acrylamide on the diffusion properties of the SUVs via leakage
assays; these leakage assays revealed the rates at which encapsulated molecules diffused out of
the interior of the SUVs in the presence of extravesicular acrylamide and protein (Table 7). Our
data show that the presence of acrylamide causes DMPC vesicles to leak encapsulated ANTS
and DPX, indicating that acrylamide does cause the vesicles to be more permeable. However,
the time evolution of ANTS/DPX leakage in the presence of acrylamide is much slower than the
folding reaction with a dominant t value of 510 minutes (88%) and a faster t value of 98 minutes
(12%) from a double exponential fit. As comparison, the dominant t value in the absence of
acrylamide was 560 minutes (87%). In the presence of OmpA, the dominant t value for leakage
was 530 minutes (81%). Despite the leakage, the SUVs remained intact. DLS and fluorescence
data indicate that the size of the SUVs was unchanged by the presence of acrylamide, and that
the SUVs continued to scatter light in the presence of acrylamide. The size of the vesicles is
important because OmpA has been shown to fold and insert into highly curved SUVs and not into
less curved large unilamellar vesicles.3534 The DLS measurements determined that the majority
of the vesicles were SUVs of ~ 50 nm diameter, which is the appropriate size for OmpA folding
reactions.3> A smaller population of larger, ~180 nm vesicles may have been produced by the
filtration process (220 nm pore PVDF), and could have caused decreased folding yields, resulting

in higher Ksv values from solvent exposed trp residues.

We also investigated the effect of acrylamide on the emission maximum. Acrylamide was
observed to cause enhanced blue shifts of OmpA fluorescence in the denatured, aggregated,
adsorbed and fully folded forms (Table 8). This blue shift was not noticed in the trp analog NATA,
which suggests that the observed blue shifts with acrylamide are an effect of the protein
environment. It is reasonable for acrylamide to cause OmpA to have different denatured,
aggregated, and adsorbed structures because acrylamide is a moderately hydrophobic molecule

in relatively high concentrations of up to 0.4 M. It is difficult to explain why folded OmpA exhibits



50

a greater blue shift in the presence of acrylamide than in the absence. One possibility is that the
presence of acrylamide causes OmpA to fold deeper into the bilayer, or that it causes a higher
fraction of protein to fold correctly. Alternatively, the presence of diffusing acrylamide in the
bilayer may cause a slightly different folded structure in the bilayer. These and other possible

effects of acrylamide are the focus of future investigations.

Figure 19 shows normalized kinetics for Amax, Ksv, and vesicle leakage. All data are
presented as decay curves on a scale of 0 to 1 to allow for facile comparison of these kinetics.
For leakage assays, the data are presented as decrease in SUV integrity as assessed by
decrease in encapsulation efficacy. The curves in Figure 19 show that the observed kinetics
associated with Amaxand Ksv are much faster than those of vesicle leakage, indicating that the

changes in Amax and Ksv are largely independent of the effects of acrylamide on vesicle integrity.

Correlation between Ksy and emission maxima. A comparison of the steady state Amax
and Ksv values for the fully folded states of the OmpA single trp mutants shows a correlation
between the Amax and Ksv values, where the lowest Ksy value is reported for the most blue-shifted
mutant. Stern-Volmer constants and Amax values for the mutants are: W7 (Ksv 0.7, Amax 326);
W102 (Ksv 1.1, Amax 334); W129 (Ksv 1.3, Amax335); W57 (Ksv 1.4, Amax 337); W143 (Ksv 1.5, Amax
337); and W15 (Ksv 1.9, Amax 338). The correlation between the values is not perfectly linear but
nonetheless, appears to be significant (Figure 20). Comparison of the exponential fits to Ksv and
Amax vValues shows that the dominant component (50-78%) of Amaxdecay is the fast component
(t =6 —11 minutes) whereas for Ksy, the dominant component is the slow decay (t = 33-46 min).
For Ksv, the fast component (t = 3-8 min) of decay is of lesser magnitude (< 23%). This results in

Amax decaying quicker overall 33-45 min.

The observation that there is a fast and dominant blue-shift of the emission maximum that
precedes changes in hydration (Ksv) suggests that there are at least two observable changes in
protein environment during the folding reaction. We can interpret the data to state that the

majority of blue shift occurs in the fast step, while the majority of desolvation occurs in a slower
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step. Previous folding studies of OmpA single trp mutants in DOPC vesicles at 2 degrees C
reported similar decay constants from double exponential fits to the fluorescence data.*® In this
previous study, the fast component ((trast = 1.4 - 1.8 min)(relative amplitude 0.46 — 0.66)) of
fluorescence quantum yield increase was attributed to adsorption of OmpA to the bilayer surface,
and the slower component was attributed to transition from the adsorbed state to a partially folded
and inserted intermeidate. Other time resolved studies of OmpA folding and insertion (performed
by another member of our group, Dr. Guipeun Kang) have probed the formation of secondary”*
and tertiary”2 structure. Secondary structure formation was probed by a time resolved circular
dichroism study, which determined a t value of 37 minutes for the formation of the beta structure
of the transmembrane domain of OmpA. This t value is comparable to time constants determined
in this experiment, which indicates that water may be involved in the formation of secondary
structure during insertion and folding. 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.”? 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 minutes and
then the majority of pore formation is complete after 50 minutes. A final set of relevant data come
from fluorescence quenching experiments with brominated lipids in specific locations along the
hydrocarbon chain of the bilayer.5® These experiments were conducted at 2 °C in brominated
DOPC vesicles that probed the movement of the trp residues along the bilayer normal, and
revealed two time constants of 2 minutes for the first, fast transition that was attributed to
adsorption, and 87 minutes for the second, slow transition attributed to insertion. The slow time
constant from this experiment is reminiscent of the slow decay of Amax for W7. All of these
previous experiments (summarized in Table 9) indicate a fast transition immediately upon

initiation of the folding reaction and a subsequent slow transition.

We propose that the fast step that is obvious in Amaxdecay represents a transition from a fully

sovent exposed, unfolded conformation to one where the trp residues are in a less polar
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environment in the polar head group of the lipid bilayer, where acrylamide is likely to exist (figure
21). The existence of acrylamide in the headgroup region can be justified by comparison of
relevant dielectric constants. Water has a dielectric constant of about 74 at 37 °C," the dielectric
constant of the phosphatidyl choline polar region has been calculated to be 23-29,7475 and the
dielectric of the lipid core is about 2.76 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)77 and liquid forms (dielectric 59)77 and a dielectric constant for
solid acrylamide of 2.9.78 The moderately polar region of the bilayer headgroup favorablly
accommodates the trp residues and acrylamide when OmpA initially associates with the lipid
bilayer, and this association 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 the trp residues of OmpA from a fully solvent exposed state with high
Ksvand red Amax Values corresponding to those of the unfolded state, to a partially adsorbed state
in the bilayer headgroup that has a decreased dielectric constant (blue-shifted Amax ) but relatively
high acrylamide concentration. This conclusion is consistent with the results of brominated
guenching experiments that determined the distance of the trp residues in the first membrane
bound folding intermediate to be ~14-16 A from the center of the DOPC lipid bilayer, a distance

that is consistent with the polar region of the bilayer.537°

The slow component is attributed to a transition of the trp residues from the polar region of
the lipid bilayer into the fatty core of the bilayer, upon which Ksvand Amax values decrease further
to the fully folded values. This slow transition is illustrated in Figure 21. The fact that the final Ksv
values of folded OmpA are not zero can be explained by the presence of acrylamide in the bilayer
itself; in this scenario, the mechanism for quenching is likely to be static given that the diffusion of

acrylamide in the bilayer is likely to be slow.
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Figure 19. Comparison of Ksy, Amax, and leakage assays. Shown in these graphs are
normalized decay plots for Ksv, Amax, and ANTS/DPX data over the time of the folding reaction for
W7 (left) and W143 (right). The plots of Ksv (red) and Amax (blue) show that Amax decays faster than
Ksv. The decay plots for the leakage assays were generated by subtracting the post lysis
fluorescence intensity (figure 17 panel F) from each fluorescence maxima (514 nm) vs time data
set, multiplying by -1 and then normalizing to the highest value of the resulting curve.
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Figure 20. Correlation of Ksyand Amax. Shown here is the correlation between Ksvand Amax
values that were determined from the average Ksvand Amax versus time data at the fully folded
state (t = 6 hours).
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OmpA Foldlng Scheme
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Figure 21. OmpA Folding Scheme. Shown here is a folding scheme for OmpA. The lipid bilayer
is shown as the hydrophobic core with dielectric 2 (light gray) and the polar headgroup regions
with dielectric 23-29 (dark gray). The values for dielectric constants are shown in the figure.
Aqueous space (dielectric 74) is shown in light blue. OmpA is shown in blue, with the tryptophan
residues as red balls. The unfolded protein (left) transforms to a lipid-associated structure
(middle) in the fast step of folding; this process is described with a time constant associated with
the fast blue-shift in Amax (t1amax = 6 — 11 min). The second, slow transition, is associated with
OmpaA fully inserting and folding the final structure (right). During this transition, the tryptophan
residues are unable to interact extensively with the quencher and therefore, the time constant
associated with this step is given by the time constant for change in the value for Ksv (t2ksv = 33 —
46 min). Placed above the scheme is the plot of normalized decay for Ksv and Amaxfor the W7
mutant. The fast and slow transitions are shaded in blue and grey respectively.
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Table 5. Summary of Ksy values and corresponding decay times. *Values of Ksv att = 0 and
6 hr were determined from double exponential fit parameters. **Values of t were determined
from double exponential fits to data, and reflect the fast and slow components and corresponding
relative amplitudes. For two mutants (W7 and W102), fast and slow components were identical,
and reported as a single value

Ksv (M1) w7 W15 W57 w102 W129 W143
denatured 9.6 8.3 9.4 10.5 11.9 8.7
t=0h* 8.6 9.1 10.0 9.1 9.7 9.7
aggregated 8.7 6.0 8.7 9.2 9.8 9.2
adsorbed 2.4 2.7 2.7 3.4 1.6 3.0
t=6 h* 0.6 2.0 1.4 1.0 1.3 1.7
Decays**
T (Min) 46 45:8 40 : 62 41 33:3 37:4
Relative amplitude | 1.00 | 0.84:0.16 | 0.80:0.20 1.00 0.78:0.22 | 0.77:0.23




Table 6. Summary of Amax and corresponding decay times. *Values of Amax att =0 and 6 hr
were determined from double exponential fit parameters. **Values of © were determined from
double exponential fits to data, and reflect the fast and slow components and corresponding
relative amplitudes.

Amax (NmM) w7 w15 w57
denatured 356 355 355
t=0 h* 354 353 352
aggregated 353 352 352
adsorbed 339 339 341
t=6 h* 325 338 337
Decays**
7 (min) 11:83 9:31 9:49
Relative amplitude 0.80:0.20 0.60:0.40 0.78:0.22
Amax (Nm) W102 W129 W143
denatured 354 356 355
t=0 h* 351 352 352
aggregated 351 353 353
adsorbed 342 333 341
t=6 h* 334 335 337
Decays**
7 (min) 8:26 7:28 6:45
Relative amplitude 0.50:0.50 0.74:0.26 0.63:0.37




Table 7. Single and double exponential fits to ANTS/DPX decays. Tabulated here are
exponential fit parameters for single and double exponential fits to the ANTS/DPX decays in

Figure 17 and S64 and S65.

ANTS/DPX/Acr ANTS/DPX/OmpA ANTS/DPX
Double exponential
Yo -0.35 0.34 0.86
A1 0.17 0.53 0.11
ki (min1) 0.010 0.0019 0.0018
1 (min) / % 98/ 12% 530/ 81% 560/ 87%
Az 1.17 0.13 0.017
k2 (min-1) 0.0020 0.021 0.012
2 (min) / % 510/ 88% 49/ 19% 571 13%
Single exponential
Yo -0.10 0.55 0.88
A1 1.08 0.44 0.11
k (min?) 0.0033 0.0058 0.0030
T (min) 310 170 330
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Table 8. Anax values for indole with and without protein. The following table was prepared to
show the difference in Amax values at increasing concentrations of acrylamide in the presence and
absence of protein structure. In all folding states of the protein, denatured (8 M urea), beginning
of folding reaction (t = 0 hours), aggregated, adsorbed, and fully folded (t = 6 hours), Amax Shows a
decreasing trend with increasing concentrations of acrylamide, but in the absence of protein
environment (NATA), the effect is not observed.

[Acr] (M) | NATA | 8Murea | t=0hours | aggregated | adsorbed t=6
0.0 359 356 353 351 339 338
0.1 358 355 351 350 336 337
0.2 359 354 350 349 335 337
0.3 358 354 350 349 335 336
0.4 359 354 349 348 334 336
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Table 9. Comparison of timescales from various studies of OmpA folding. Tabulated here
are timescales derived from previous experiments on fluorescence intensity,* circular
dichroism 71, tertiary structure,’? and insertion.>® Amplitudes from these previous studies are
omitted. Data from this study are indicated as asterisks.

Technique A1 11 (min) Az T2 (Min)
Environment polarity Fluorescence 14-18 30-40
Secondary structure | Circular Dichroism 1 37
Tertiary structure FRET 2 50
Insertion TDFO 2 87
Amax * Fluorescence 0.50-0.80 6-11 0.20-0.50 26-49
Solvent accessibility* Quenching 0.16-0.23 3-8 0.84-0.77 33-46
*This work




Conclusion

The aim of this study was to gain a more in-depth view of the folding and insertion of
OmpA into lipid bilayers. The experiments involved measurement and analysis of the kinetics of
site specific desolvation and changes in polarity that occur upon transition from aqueous
environment to membrane-associated states. Steady state quenching experiments as well as a
time resolved fluorescence quenching technique were applied to the folding of six single
tryptophan mutants of OmpA into fluid bilayers of DMPC at 37 °C. The experiments revealed Ksy
values for the denatured, aggregated and fully folded states of OmpA, and Ksv and Amax data that
were fit to single and double exponential decay functions. Double exponential fits to Ksv data
showed a minor component of fast decay (t ~ 3 — 8 minutes) and a dominant component of slow
decay (t ~ 33 — 46 minutes). Double exponential fits to Amax data showed a dominant component
of fast decay (t ~ 6 — 11 minutes) and a minor component of slow decay (t ~ 26 — 49 minutes).
The different trends indicated that the majority of blue shift happens in the fast step, while the
majority of desolvation occurs in the slow step. In consideration of differences in polarity of the
lipid headgroup region and the bilayer core, the fast step was attributed to transition from the
aqueous environment to the polar headgroup region and the slow step was attributed to transition
from the polar headgroup region to the bilayer core. The results of the experiment are consistent
with the results of previous studies of OmpA folding by time resolved fluorescence experiments.
What this study offers in addition to those studies is the elucidation of the desolvation and

changes in the polarity of the environment of the individual trp fluorophores.

Future studies should focus on the role of static quenching on the reported Ksv data to
investigate whether the conversion from dynamic+static quenching to purely dynamic quenching
during the folding process reveals new insights into the folding mechanisms. The effects of
acrylamide on the folding reaction and kinetics should also be further investigated by, for
example, comparison with other quenchers such as iodide. . Future time resolved quenching

experiments could investigate other folding pathways by variation of lipid composition.
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Temperature studies may also help provide new insights into the thermodynamics of the folding
reaction. Finally, it would be valuable to perform similar experiments on other membrane proteins,

such as alpha-helical systems and oligomeric membrane proteins such as the trimeric OmpF.
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Figure S1: W7 Experiment 1 Data. Depicted are the fluorescence spectra for the 0.0M (A), 0.1M

(B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 6 hours of the experiment.
Gaussian fits are in red.
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Figure S2: W7 Experiment 1 Data Workup. Panel A depicts fluorescence maxima from the
gaussian fits for each sample and time point. For panels A, D and E, red corresponds to the 0.0M
acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M sample
and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in the
experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over the
time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all
samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.
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Figure S3: W7 Experiment 2 Data. Depicted are the fluorescence spectra for the 0.0M (A), 0.1M
(B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 6 hours of the experiment.
Gaussian fits are in red.
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Figure S4: W7 Experiment 2 Data Workup. Panel A depicts fluorescence maxima from the
gaussian fits for each sample and time point. For panels A, D and E, red corresponds to the 0.0M
acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M sample
and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in the
experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over the
time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all
samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.
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Figure S5: W7 Experiment 3 Data. Depicted are the fluorescence spectra for the 0.0M (A), 0.1M
(B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 6 hours of the experiment.

Gaussian fits are in red.
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Figure S6: W7 Experiment 3 Data Workup. Panel A depicts fluorescence maxima from the
gaussian fits for each sample and time point. For panels A, D and E, red corresponds to the 0.0M
acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M sample
and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in the
experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over the
time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all
samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.
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Figure S7: W15 Experiment 1 Data. Depicted are the fluorescence spectra for the 0.0M (A),
0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 6 hours of the experiment.

Gaussian fits are in red.
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Figure S8: W15 Experiment 1 Data Workup. Panel A depicts fluorescence maxima from the

gaussian fits for each sample and time point. For panels A, D and E, red corresponds to the 0.0M
acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M sample

and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in the
experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over the
time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all

samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.
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Figure S9: W15 Experiment 2 Data. Depicted are the fluorescence spectra for the 0.0M (A),
0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 6 hours of the experiment.
Gaussian fits are in red.
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Figure S10: W15 Experiment 2 Data Workup. Panel A depicts fluorescence maxima from the
gaussian fits for each sample and time point. For panels A, D and E, red corresponds to the 0.0M
acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M sample
and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in the
experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over the
time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all
samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.
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Figure S11: W15 Experiment 3 Data. Depicted are the fluorescence spectra for the 0.0M (A),
0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 6 hours of the experiment.

Gaussian fits are in red.
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Figure S12: W15 Experiment 3 Data Workup. Panel A depicts fluorescence maxima from the
gaussian fits for each sample and time point. For panels A, D and E, red corresponds to the 0.0M
acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M sample
and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in the
experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over the
time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all
samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.
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Figure S13: W15 Experiment 4 Data. Depicted are the fluorescence spectra for the 0.0M (A),
0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 6 hours of the experiment.
Gaussian fits are in red.
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Figure S14: W15 Experiment 4 Data Workup. Panel A depicts fluorescence maxima from the
gaussian fits for each sample and time point. For panels A, D and E, red corresponds to the 0.0M
acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M sample
and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in the
experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over the
time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all
samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.
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Figure S15: W15 Experiment 5 Data. Depicted are the fluorescence spectra for the 0.0M (A),
0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 6 hours of the experiment.
Gaussian fits are in red.
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Figure S16: W15 Experiment 5 Data Workup. Panel A depicts fluorescence maxima from the
gaussian fits for each sample and time point. For panels A, D and E, red corresponds to the 0.0M
acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M sample
and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in the
experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over the
time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all
samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.
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Figure S17: W57 Experiment 1 Data. Depicted are the fluorescence spectra for the 0.0M (A),
0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 6 hours of the experiment.
Gaussian fits are in red.
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Figure S18: W57 Experiment 1 Data Workup. Panel A depicts fluorescence maxima from the
gaussian fits for each sample and time point. For panels A, D and E, red corresponds to the 0.0M
acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M sample
and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in the
experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over the
time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all
samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.
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Figure S19: W57 Experiment 2 Data. Depicted are the fluorescence spectra for the 0.0M (A),
0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 6 hours of the experiment.
Gaussian fits are in red.
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Figure S20: W57 Experiment 2 Data Workup. Panel A depicts fluorescence maxima from the
gaussian fits for each sample and time point. For panels A, D and E, red corresponds to the 0.0M
acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M sample
and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in the
experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over the
time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all
samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.



W57
L 25 L 25
O (&)
= 20— A = 20
3 3
e 16 — e 16
3 3
> 1o—| S 10
o o
o b5 o 5
= =)
L L
0 ||l|||||||||l|||_l_l_I_I 0||||||||||||||||_l_l_l_l_|
300 350 400 450 500 300 350 400 450 500
Wavelength (nm) Wavelength (nm)
L 95 L 28
O O D
= 20 = 20
3 3
2 15 = 15
3 3
S 10 S 10
o 2
o 5 o 5
3 E ~
L L
0|||l|||||||||lf_I_I_I_I_I_I 0]|||||||||||||1_|_|ﬁ_l_l_|
300 350 400 450 500 300 350 400 450 500

Wavelength (nm)

Fluorescence (Mcps)
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0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 6 hours of the experiment.

Gaussian fits are in red.
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Figure S22: W57 Experiment 3 Data Workup. Panel A depicts fluorescence maxima from the
gaussian fits for each sample and time point. For panels A, D and E, red corresponds to the 0.0M
acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M sample
and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in the
experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over the
time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all
samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.
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Figure S23: W102 Experiment 1 Data. Depicted are the fluorescence spectra for the 0.0M (A),
0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 6 hours of the experiment.
Gaussian fits are in red.
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Figure S24: W102 Experiment 2 Data. Depicted are the fluorescence spectra for the 0.0M (A),
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0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 6 hours of the experiment.

Gaussian fits are in red.
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Figure S25: W102 Experiment 2 Data Workup. Panel A depicts fluorescence maxima from the
gaussian fits for each sample and time point. For panels A, D and E, red corresponds to the 0.0M
acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M sample
and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in the
experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over the
time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all
samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.
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Figure S26: W102 Experiment 3 Data. Depicted are the fluorescence spectra for the 0.0M (A),

0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 6 hours of the experiment.
Gaussian fits are in red.
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Figure S27: W102 Experiment 3 Data Workup. Panel A depicts fluorescence maxima from the
gaussian fits for each sample and time point. For panels A, D and E, red corresponds to the 0.0M
acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M sample
and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in the
experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over the
time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all
samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.
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Figure S28: W129 Experiment 1 Data. Depicted are the fluorescence spectra for the 0.0M (A),
0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 6 hours of the experiment.

Gaussian fits are in red.
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Figure S29: W129 Experiment 1 Data Workup. Panel A depicts fluorescence maxima from the
gaussian fits for each sample and time point. For panels A, D and E, red corresponds to the 0.0M
acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M sample
and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in the
experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over the
time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all
samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.
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0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 6 hours of the experiment.

Gaussian fits are in red.
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Figure S31: W129 Experiment 2 Data Workup. Panel A depicts fluorescence maxima from the
gaussian fits for each sample and time point. The, unanimous and anomalous drop in
fluorescence intensity may have been caused by a faulty power supply, resulting in the observed
fluctuations Ksv values remained unchanged. For panels A, D and E, red corresponds to the

0.0M acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M

sample and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in

the experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over
the time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all

samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.
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0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 6 hours of the experiment.

Gaussian fits are in red.
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Figure S33: W129 Experiment 3 Data Workup. Panel A depicts fluorescence maxima from the
gaussian fits for each sample and time point. For panels A, D and E, red corresponds to the 0.0M
acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M sample
and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in the
experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over the
time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all
samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.
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Figure S34: W143 Experiment 1 Data. Depicted are the fluorescence spectra for the 0.0M (A),
0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 6 hours of the experiment.

Gaussian fits are in red.
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Figure S35: W143 Experiment 1 Data Workup. Panel A depicts fluorescence maxima from the
gaussian fits for each sample and time point. For panels A, D and E, red corresponds to the 0.0M
acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M sample
and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in the
experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over the
time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all
samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.
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Figure S36: W143 Experiment 2 Data. Depicted are the fluorescence spectra for the 0.0M (A),
0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 6 hours of the experiment.
Gaussian fits are in red.
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Figure S37: W143 Experiment 2 Data Workup. Panel A depicts fluorescence maxima from the
gaussian fits for each sample and time point. For panels A, D and E, red corresponds to the 0.0M
acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M sample
and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in the
experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over the
time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all
samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.
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Figure S38: W143 Experiment 3 Data. Depicted are the fluorescence spectra for the 0.0M (A),
0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 6 hours of the experiment.

Gaussian fits are in red.
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Figure S39: W143 Experiment 3 Data Workup. Panel A depicts fluorescence maxima from the
gaussian fits for each sample and time point. For panels A, D and E, red corresponds to the 0.0M
acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M sample
and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in the
experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over the
time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all
samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.
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Figure S40: WO Experiment. A folding experiment was conducted with the W0 mutant of OmpA.
In WO, all native trp residues have been mutated to phenylalanine. Depicted are the fluorescence
spectra for the 0.0M (A), 0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 6
hours of the experiment. These spectra have not been corrected by subtraction of vesicle
scattering. Rather, they were used as tyrosine and vesicle scatter blank spectra to be subtracted
out of a single trp OmpA mutant experiment to observe the effects of fluorescence on the Ksy vs
time data.
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Figure S41: W102 trp only experiment. Depicted are the fluorescence spectra for the 0.0M (A),
0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 6 hours of the experiment.
These spectra have been subtracted of OmpA WO tyrosine emission and vesicle scattter blanks

that are shown in Figure S40. Gaussian fits are in red
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Figure S42: W102 trp only Experiment Data Workup. Panel A depicts fluorescence maxima
from the gaussian fits for each sample and time point. For panels A, D and E, red corresponds to
the 0.0M acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the

0.3M sample and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time

point in the experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B
(red) over the time of the experiment. Also included in panel C is the Ksv data for the same W102
experiment but without subtraction of the tyrosine signal (blue). Panel D depicts the shift of
maximum wavelength of emission for all samples over the time of the experiment. Panel E

depicts absorbance spectra for all samples.
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Figure S43: Ksy Error Bars. Shown here are the average Ksv versus time plots for all one trp
mutants with error bars. These error bars indicate the upper and lower bounds of experimentally

determined Ksy versus time data for each mutant.
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Figure S44: Ksy Residual plots. Shown here are residual plots for the exponential and double
exponential fits to the average Ksvversus time data in figure 12. The residual was calculated as
the difference between the experimental data (observed) and the fit equation.
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Figure S45. Amax versus time. Displayed here are the average Amax versus time curves for the 0.0
M acrylamide samples of each single trp mutant (red crosses). Overlaid on the plots are the
exponential and double-exponential fit curves. Residual plots for each of these graphs are

included in Figure S65. The fit parameters are included in Table 4.
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Figure S46. Amax versus time residuals. Displayed here are the resiual plots for the exponential
and double exponential fits to the Amax VS time curves in Figure S64. The residuals were
calculated as the experimentally determined Amax values less the fit value.
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Figure S47: W7 DPPC Experiment Data. Depicted are the fluorescence spectra for the 0.0M
(A), 0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 60 min of the
experiment. Gaussian fits are in red.
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Figure S48: W7 DPPC Experiment Data Workup. Panel A depicts fluorescence maxima from
the gaussian fits for each sample and time point. For panels A, D and E, red corresponds to the
0.0M acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M
sample and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in
the experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over
the time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all
samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.
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Figure S49: W15 DPPC Experiment Data. Depicted are the fluorescence spectra for the 0.0M
(A), 0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 60 min of the
experiment. Gaussian fits are in red.
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Figure S50: W15 DPPC Experiment Data Workup. Panel A depicts fluorescence maxima from
the gaussian fits for each sample and time point. For panels A, D and E, red corresponds to the
0.0M acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M
sample and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in
the experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over
the time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all
samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.
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Figure S51: W57 DPPC Experiment Data. Depicted are the fluorescence spectra for the 0.0M
(A), 0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 60 min of the
experiment. Gaussian fits are in red.
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Figure S52: W57 DPPC Experiment Data Workup. Panel A depicts fluorescence maxima from
the gaussian fits for each sample and time point. For panels A, D and E, red corresponds to the
0.0M acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M
sample and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in
the experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over
the time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all
samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.
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Figure S53: W102 DPPC Experiment Data. Depicted are the fluorescence spectra for the 0.0M
(A), 0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 60 min of the
experiment. Gaussian fits are in red.
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Figure S54: W102 DPPC Experiment Data Workup. Panel A depicts fluorescence maxima from
the gaussian fits for each sample and time point. For panels A, D and E, red corresponds to the
0.0M acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M
sample and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in
the experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over
the time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all
samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.
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Figure S55: W129 DPPC Experiment Data. Depicted are the fluorescence spectra for the 0.0M
(A), 0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 60 min of the
experiment. Gaussian fits are in red.



118

W129
m _W
Q ]
O =
= 16 A
] i iy o
& Iy o -
(%2} o
9 12 _1/0——0-—.'__'_./0—0-—‘—""——4
o -~
2 —
T ] i
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIII]IIIIIIIIII
0 10 20 30 40 50 60 0.0 0.1 0.2 0.3 0.4
Time (min) [Acrylamide] (M)
2.0 c i
] = 334+
1.5 —:W E/ ] D
‘-’E‘ ] £ 333
< 104 = ]
z . & 332
05 > :
57 & 3317
: = ]
0.0 - 330
IIIII||IIIIIIIIIIII||IIII|IIII| IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 10 20 30 40 50 60 0O 10 20 30 40 50 60
Time (min) Time (min)
Key
§ E (Graphs A, D and E)
bt Red 0.0M Acrylamide
5 Blue 0.1M
2 Green  0.2M
< Black 0.3M
Purple 0.4M

250 300 350 400
Wavelength (nm)

Figure S56: W129 DPPC Experiment Data Workup. Panel A depicts fluorescence maxima from
the gaussian fits for each sample and time point. For panels A, D and E, red corresponds to the
0.0M acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M
sample and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in
the experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over
the time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all
samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.
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Figure S57: W143 DPPC Experiment Data. Depicted are the fluorescence spectra for the 0.0M
(A), 0.1M (B), 0.2M (C), 0.3M (D) and 0.4M (E) acrylamide samples for all 60 min of the
experiment. Gaussian fits are in red.
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Figure S58: W143 DPPC Experiment Data Workup. Panel A depicts fluorescence maxima from
the gaussian fits for each sample and time point. For panels A, D and E, red corresponds to the
0.0M acrylamide sample, blue to the 0.1M sample, green to the 0.2M sample, black to the 0.3M
sample and purple to the 0.4M sample. Panel B depicts Stern-Volmer plots for each time point in
the experiment. Panel C depicts the linear slope (Ksv) of the Stern-Vomer plots in panel B over
the time of the experiment. Panel D depicts the shift of maximum wavelength of emission for all
samples over the time of the experiment. Panel E depicts absorbance spectra for all samples.
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Figure S59: W7, W15 and W57 8M Urea Experiments. Panels A, C and E depict ‘quenching
trends’ for OmpA mutants W7, W15 and W57 respectively in 8M urea with no SUVs. Panels B, D
and F depict Stern-Volmer plots constructed from the fluorescence data in panels A, C and E
respectively.
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Figure S60: W102, W129 and W143 8M Urea Experiments. Panels A, C and E depict
‘quenching trends’ for OmpA mutants W102, W129 and W 143 respectively in 8M urea with no
SUVs. Panels B, D and F depict Stern-Volmer plots constructed from the fluorescence data in

panels A, C and E respectively.
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Figure S61: W7, W15 and W57 0.5 M Urea Experiments. Panels A, C and E depict ‘quenching
trends’ for OmpA 1W mutants W7, W15 and W57 respectively in 0.5 M urea with no SUVs.
Panels B, D and F depict Stern-Volmer plots constructed from the fluorescence data in panels A,
C and E respectively.
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Figure S62: W102, W129 and W143 0.5 M Urea Experiments. Panels A, C and E depict
‘quenching trends’ for OmpA 1W mutants W102, W129 and W 143 respectively in 0.5 M urea with
no SUVs. Panels B, D and F depict Stern-Volmer plots constructed from the fluorescence data in
panels A, C and E respectively.
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Figure S63: ANTS DPX Experiment 1 Fraction Selection. Panel A shows the fluorescence
intensity at 514nm of fractions 1 thorugh 6 before (red) and after (blue) triton X-100. Panel B
shows the fluorescence spectra for fraction 1 before (red) and after (blue) triton X-100.
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Figure S64: ANTS DPX Experiment 1 Fraction 1. Panel A depicts the fluorescence intensity of
DMPC SUVs encapsulating ANTS and DPX from fraction 1 over a period of 6 hours and at 6
hours with triton X-100 (dashed). Panel B depicts the absorbance spectra of the sample in panel
A at the same times. Panel C depicts the fluorescence intensity of 2mg/ml DMPC SUVs
encapsulating ANTS and DPX from fraction 1, with 0.4M acrylamide, over a period of 6 hours and
at 6 hours with triton X-100 (dashed). Panel D depicts the absorbance spectra of the sample in
panel C at the same times. Panel E depicts The fluorescence intensity of ANTS and DPX in the
absence (red) and in the presence of acrylamide (blue). Panel F depicts the fluorescence maxima
of the samples in panel E; the circles indicate the fluorescence intensity after Triton X-100.
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Figure S65: ANTS DPX and OmpA Experiment. Panel A shows the fluorescence intensity at
514nm of fractions 1 thorugh 6 before (red) and after (blue) triton X-100. Panel B shows the
fluorescence spectra for fraction 1 before (red) and after (blue) triton X-100. Panel C shows the
fluorescence intensity of the tryptophan residue of the W57 OmpA mutant. As it folds into DMPC
SUVs encapsulating ANTS and DPX. Spectra were acquired at 20 minute intervals for the first 3
hours and then at 30 minute intervals for the last 3 hours. Panel D shows the increase in
fluorescence quantum yeild as the trp residue inserts into the lipid bilayer. Panel E shows the
‘blue shift’ of Amax as the trp residue inserts into the lipid bilayer. The data in panels D and E are
from gaussian fits to the data in panel C.



128

o _ 1
8 4 AW
2 g 1V
o 3 C 08— '
o o 7 1
c £ 064 1
[
8 2 o - 1
@ 8 04 :
& < i
c 1 02—
= l, g
T - 0.0 —
[TTT T[T I T T[T T T T[T T T T TTTTI] LI ﬁ'lTﬁﬂ'rl‘l'l'lTl'lTl‘rﬁwrm‘lTﬂ'l‘l‘rﬁTrr
400 450 500 550 600 650 300 400 500 600
Wavelength (nm) Wavelength (nm)
L 4
S @
Q ©
2 Qo
= e
o 2 I}
O %)
[%] o]
2 4 <
(@]
=
T i 0
IIIIIIIIIIIIIIIIIIIIIIIIII_r-J III|IIIIIIIII|IIIIIIIII|IIII|IIII|IIII
400 450 500 550 600 650 300 400 500 600
Wavelength (nm) Wavelength (nm)
Q 4 g w/ OmpA 3
” % — — _ —— w/ OmpA
§ ! “\\ — wio OmpA 8 8_ 40 —t+— w/o OmpA F
~ 3 c O 3.5 —
g 2 eE 07 :
(@)
3 S5 25
S e )
c 1 Lo
u_=_! . 2.0 J
=
I | B ! I LB I P I LI ) I LB I_l_ll I T l T I T I T
400 450 500 550 600 650 0 100 200 300
Wavelength (nm) Time (min)

Figure S66: ANTS DPX and OmpA Experiment continued. Panel A depicts the fluorescence
intensity of DMPC SUVs encapsulating ANTS and DPX from fraction 1 over a period of 6 hours
and at 6 hours with triton X-100 (dashed). Panel B depicts the absorbance spectra of the sample
in panel A at the same times. Panel C depicts the fluorescence intensity of DMPC SUVs
encapsulating ANTS and DPX from fraction 1, with ~10 yM W57 OmpA, over a period of 6 hours
and at 6 hours with triton X-100 (dashed). Panel D depicts the absorbance spectra of the sample
in panel C at the same times. Panel E depicts The fluorescence intensity of ANTS and DPX in the
absence (red) and in the presence of W57 OmpA (blue). Panel F depicts the fluorescence
maxima of the samples in panel E plotted versus time; the circles indicate the fluorescence
intensity after Triton X-100.
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Figure S67: Autocorrelation curves. Samples of sonicated DMPC were prepared in 0.0 (top
row), 0.2 (middle row) and 0.4 M (bottom row) acrylamide and were monitored by DLS at O (left
column), 3 (middle column) and 6 hours (right column). The autocorrelation of the Rayleigh
scatter is shown in these plots. The corresponding exponential and doulble exponential fit
information as well as the calculated hydrodynamic radii are included in table 3.
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Figure S68: Autocorrelation data residual plot. Shown here are representative residual plots
for the exponential fit (red) and double exponential fit (blue) to the autocorrelation data for the 0.0
M acrylamide sample at time zero hours. The residuals indicate that the double exponential fit is
a more appropriate fit for these data. Only one is shown because the autocorrelation data are so
similar across the variables of time and acrylamide concentration. Despite the superiority of the
double exponential fit, the decay constants from both fits were used for calculation of
hydrodynamic radii for comparison (Table 3).



Appendix 2. Custom IGOR Macros

Function GaussFitXY(GraphNameStr, xaxis)
/l E.g., maxint("Graph0", q11_datx)
String GraphNameStr // if ", use the top most graph
Wave xaxis
String list = TraceNameList(GraphNameStr,";",1) // create a list of traces on graph
Variable numltems = ItemslinList( list)
if (numltems ==0)
/[quit if number of waves is zero
return O
endif
Make/O/N=(numItems) maxYvalue, maxXpnt, maxXvalue, maxgYvalue, maxgXvalue
String text ="
String buffer
text += "\rFit Results: \r"
sprintf buffer, "WaveName\tRange\tgxMax\tgY Max\t\r"; text += buffer
String traceName
Variable index, j
for( index = 0; index < numlitems ; index += 1)
traceName = StringFromList(index, list,";")
wavestats/q $traceName
maxYvalue[index]=V_max
maxXpnt[index]=V_maxRowLoc
j = maxXpnt[index]
maxXvalue[index]=xaxis[j]
Wave wname = $traceName

CurveFit/M=2/Q/W=2 gauss, wname[maxXpnt[index]-
5,maxXpnt[index]+5]/X=xaxis|[maxXpnt[index]-5,maxXpnt[index]+5]/D

Figure Al. GaussFitXY Macro. This macro was written to apply Gaussian fits to the
fluorescence data for the quenching experiemnts. The macro is continued on the next page.
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Wave W_coef
maxgYvalue[index]=W _coef[0]+W _coef[1]
maxgXvalue[index]=W_coef[2]

sprintf buffer, "%s\[ %g %g ]\t%.2f\t%g\r", traceName, xaxis[maxXpnt[index]-5],
xaxis[maxXpnt[index]+5], maxgXvalue[index], maxgYvalue[index]

text += buffer

endfor

Print "No. Waves Fitted: ", numltems

text += "\r-------- \r

String noteName = "Note_" + StringFromList(0, list,";")

print notename

if (WinType(noteName)==0)
NewNotebook/N=$noteName/F=1
Notebook $noteName, fstyle=1, fSize=11

endif

Notebook $noteName, fstyle=0, fSize=11, tabs=34, text=text

DoWindow/K $(StringFromList(0, list,";")+"_fitResults")

Edit/N=3$(StringFromList(0, list,";")+"_fitResults") maxXpnt, maxXvalue,
maxgXvalue, maxYvalue, maxgYvalue

End

Figure Al. GaussFitXY Macro, continued. This is the latter half of a macro was written to apply
Gaussian fits to the fluorescence data for the quenching experiemnts.
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Function sternvolmerplots(GraphNameStr, xaxis, acr)
/I E.g., maxint("GraphQ", q11_datx)
String GraphNameStr // if ", use the top most graph
Wave xaxis, acr
String list = TraceNamelList(GraphNameStr,";",1) // create a list of traces on graph
Variable numlitems = ItemsinList( list ) // should be 5 for my expt.
if (numitems ==0)
/[quit if number of waves is zero
return O

endif

Variable numpts

wavestats/q xaxis

numpts= V_npnts // usually the number of time points that | have
display // make a blank graph

Variable i // this index # indicates the time point

String outwName

for(i=0;i<numpts;i+=1)

make/FREE/N=(numlitems) f_temp // make a wave for each time point with
numitems entries.

Variable j // this index indicates the trace for each different concentration of
acrylamide

String traceName

for(j = 0; j< numlitems; j += 1) // this loop is supposed to fill the wave made in the
outer for loop with the entries indexed for each trace in list

traceName = StringFromList(j, list,";")
Wave wname = $traceName
f_templj]J=wname][i] //tempWave[j]J=wname]i]
endfor
outwName = "fof_" + num2str(i)

Figure A2. SternVolmerPlots Macro. This macro was written to make Stern-Volmer plots for
each time point in the experiment from the data in the rainbow graphs. The macro is continued on
the next page.
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Make/FREE/N=(numltems) fof temp
fof temp =f_temp[0]/f_temp
Duplicate/O fof_temp, $outwName

appendtograph $outwName vs acr // add each new stern volmer plot to the
blank graph during each iteration of the outer for loop

endfor
End

Figure A2. SternVolmerPlots Macro, continued. This is the latter half of the macro that was
written to make Stern-Volmer plots for each time point in the experiment from the data in the
rainbow graphs.
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