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ABSTRACT: Refolding curves of the integral membrane protein outer membrane protein A (OmpA) were
measured to determine the conformational stabilities of this model system for membrane protein folding.
Wild-type OmpA exhibits a free energy of unfolding (AGH o) of 10.5 kcal/mol. Mutants, containing a
single tryptophan residue at the native positions 7, 15, 57, 102, or 143, are less stable than wild- -type
OmpA, with AGH20 values of 6.7, 4.8, 2.4, 4.7, and 2.8 kcal/mol, respectively. The trend observed here
is discussed in terms of noncovalent interactions, including aromatic interactions and hydrogen bonding.
The effect of the soluble tail on the conformational stability of the transmembrane domain of OmpA was
also investigated via truncated single-Trp mutants; AGy, 1,0 values for four of the five truncated mutants
are greater by >2.7 kcal/mol relative to the full-length versmns suggesting that the absence of the soluble
domain may destabilize the unfolded transmembrane domain. Finally, dynamic light scattering experiments
were performed to measure the effects of urea and protein on vesicle size and stability. Urea concentrations
greater than 1 M cause an increase in vesicle size, and these diameters are unaltered in the presence of
protein. These dynamic light scattering results complement the fluorescence studies and illustrate the

important effects of vesicle size on protein conformational stability.

Membrane proteins adopt unique three-dimensional struc-
tures in cell membranes to be biologically active. Like soluble
proteins, membrane proteins that form aberrant structures
lead to a number of prevalent diseases, such as cystic fibrosis
and type II diabetes (/, 2). A great deal of experimental and
theoretical research has recently been devoted toward
elucidating the molecular mechanisms, thermodynamics, and
kinetics of protein folding in lipid bilayers (3—7). Despite
these efforts, our knowledge of membrane protein folding
remains inferior to our fundamental understanding of soluble
protein folding. A number of factors contribute to the inherent
difficulties in the study of membrane protein folding. First,
in contrast to soluble proteins, a limited number of membrane
protein systems are available to serve as models for
membrane protein folding (5—8). An additional challenge
is the membrane itself; lipid bilayers are complex systems,
with a high degree of chemical heterogeneity (6, 9). Finally,
the limited availability of membrane protein structures
inhibits rapid expansion of experimental and theoretical work
in this area.

A few o-helical and f-barrel membrane proteins and
peptides have been studied to provide insight into the driving
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forces relevant to membrane protein folding. The energeti-
cally expensive process of dehydrating the peptide bond is
balanced by two critical events: the formation of secondary-
structure hydrogen bonds in the bilayer and favorable
hydrophobic interactions. Peptide backbone stabilization in
the form of extensive hydrogen bond networks dominates
the formation of secondary structure; this large driving force
may provide the physical basis for why unfolded proteins
are not found within a bilayer (/0). Hydrogen bonds
involving side chains are also critical, and have been analyzed
for soluble proteins (/1, 12). Hydrophobic interactions have
been quantified in the form of measured free energies of
transfer from water to bilayer interface or to n-octanol on
White—Wimley hydrophobicity scales (6, 13, /4). Aromatic
amino acids also play critical roles in the stability of
proteins (/5, 16) and are considered to be anchoring residues
for membrane proteins. Hence, the aromatic residues Trp,1
Tyr, and Phe are found predominantly at the bilayer—water
interface (/17—21).

Outer membrane protein A (OmpA) is a monomeric, 325-
residue integral membrane protein found in the outer
membrane of Gram-negative bacteria (Figure 1, inset). It is
one of the most abundant proteins in the outer membrane
and is reported to have a variety of functions, such as acting
as a nonspecific pore, providing membrane stability, and

! Abbreviations: OmpA, outer membrane protein A; WT, wild-type;
Trp or W, tryptophan; Phe, phenylalanine; Tyr, tyrosine; DLS, dynamic
light scattering; SUVs, small unilamellar vesicles; LUVs, large unila-
mellar vesicles; SDS—PAGE, sodium dodecyl sulfate polyacrylamide
gel electropheoresis.
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FIGURE 1: Representative tryptophan fluorescence spectra of folded
protein (dark solid curve, Ay ~330 nm) and unfolded protein (light
solid curve, A ~350 nm). Inset, crystal structure of the trans-
membrane portion of wild-type OmpA (PDB 1QJP), with a cartoon
representation of the soluble periplasmic domain. The five native
tryptophan residues are highlighted.

serving as a receptor (22, 23). OmpA consists of a trans-
membrane f3-barrel constructed from eight antiparallel S-sheets
and a soluble C-terminal domain located in the periplasm
(24). The relative ease with which wild-type and mutant
OmpA can be overexpressed in E. coli combined with the
success with which OmpA spontaneously folds into a
membrane bilayer or micelles (25—27) make OmpA an ideal
candidate for 3-barrel membrane protein folding studies. The
existence of five native tryptophan residues that are sensitive
reporters of conformational state provides an additional
advantage of working with OmpA for membrane protein
folding studies. Steady-state fluorescence experiments may
be used to directly determine relative populations of folded
and unfolded states.

The in vitro folding mechanism of OmpA has been studied
by several groups and techniques. Electronic spectroscopy,
including fluorescence and circular dichroism, as well as
vibrational techniques, have yielded structural and kinetic
information (25—31). Effects of temperature, bilayer com-
position, and bilayer curvature on the folding of OmpA have
been investigated (25, 29, 32). Conversion between narrow
and large pore sizes of OmpA folded in planar bilayers has
also been reported (33, 34). These and other previous studies
have helped establish successful conditions for performing
folding experiments and have expanded our general under-
standing of f-barrel membrane protein folding.

Here, we present fluorescence data to shed light on the
conformational stabilities of wild-type and mutant OmpA
folded in small unilamellar vesicles (SUVs) and discuss the
observed trends in terms of important noncovalent interac-
tions. An important goal is to elucidate molecular interactions
of interfacial tryptophan residues that are critical for mem-
brane protein stability. In the current studies, mutations have
been made on wild-type OmpA to produce single-Trp
containing mutants, where four of the five native tryptophan
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residues have been replaced with phenylalanine residues. A
similar study was recently reported by the Tamm group in
which one or two aromatic amino acids was replaced by
alanine to determine the contribution of tryptophan, tyrosine,
or phenylalanine on conformational stability (35). In addition
to the contribution of amphiphilic tryptophan residues to
membrane protein stability, we compare refolding curves in
the presence and absence of the soluble C-terminus. Surpris-
ingly, the free energy of unfolding is greater when the soluble
domain is removed, highlighting the importance of the
unfolded state in these measurements of stability. Finally,
we report dynamic light scattering measurements to elucidate
changes in vesicle size in the presence of urea and/or protein,
and probe changes in protein conformational stability as a
function of vesicle diameter.

MATERIALS AND METHODS

Preparation of Single-Tryptophan Mutants. Site-directed
mutagenesis was performed on a plasmid encoding for the
single-tryptophan mutant at position 7 of outer membrane
protein A (OmpA) to produce additional full-length mutants
with single Trp residues in the other native positions (26).
In these single-Trp mutants, the remaining four native Trp
residues were mutated to phenylalanine residues. These
quadruple mutants are referred to throughout the text as the
single-Trp mutants W7, W15, W57, W102, and W143 for
mutants with a Trp residue at position 7, 15, 57, 102, or
143, respectively. Truncated versions of these OmpA single-
Trp mutants were generated by introducing a stop codon at
position 177 to cleave the periplasmic domain (147 residues),
resulting in single-Trp, transmembrane-spanning, truncated
mutants W7t, W15t, W57t, W102t, and W143t. PCR
products were transformed into XLI1-Blue supercompetent
cells; the resulting DNA was extracted using a Qiagen
Miniprep Kit. All sequences were verified before expression.

Expression, Isolation, and Purification of OmpA. Previ-
ously published procedures were adapted to isolate and purify
wild-type OmpA and OmpA mutants (25, 28). Wild-type
OmpA, containing five native tryptophan residues, was
obtained from E. coli strain JF701 (Genetic Stock Center,
Yale University). Cells were initially grown overnight in
sterile media (1% bactotryptone, 0.5% yeast extract, and 25
ug/mL streptomycin) at 37 °C before transferring to fresh
LB containing 25 ug/mL streptomycin. Single-Trp mutants
of OmpA were overexpressed in an OmpA~ and OmpF~ E.
coli strain JF733 (Genetic Stock Center, Yale University).
Cells containing the appropriate plasmid for the mutant
OmpA protein were initially grown overnight at 37 °C in
sterile LB media with 0.5% glucose and 50 ug/mL ampicillin
and then transferred to fresh LB containing 50 ug/mL
ampicillin. Overexpression of OmpA was induced with 1
mM isopropyl f3-D-thiogalactopyranoside (IPTG).

Wild-type and mutant OmpA were isolated and purified
by the following procedure. Defrosted cells were placed in
an ice bath and resuspended in a cold solution of 0.75 M
sucrose in 10 mM tris-HCI buffer (pH 7.8). A solution of
cold 20 mM EDTA with lysozyme (0.5 mg/mL) was added
over a period of one minute. Phenylmethanesulfonylfluoride
(PMSF) was also added. The solution was stirred in an ice
bath until cells dissolved and sonicated in an ice bath with
a standard horn tip. After intact cells and other particulates
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were removed, the cell lysis was centrifuged, and the
resulting red-brown pellets containing OmpA was redissolved
in pre-extraction buffer (3.5 M urea, 20 mM tris-HCI, pH 9,
and 0.05% 2-mercaptoethanol) in a 50 °C water bath to
solubilize peripheral membrane proteins. This solution was
centrifuged, and the pellets containing OmpA were dissolved
in a 1:1 mixture of 2-propanol/extraction buffer (8§ M urea,
20 mM tris-HCI, 0.05% 2-mercaptoethanol, pH 8.5). The
solution was stirred in a 50 °C water bath until pellets
dissolved, and solubilized OmpA was isolated via centrifuga-
tion from the lipid membrane. The supernatant containing
crude OmpA was purified by anion exchange chromatogra-
phy. OmpA was eluted using a linear concentration gradient
of up to 200 mM NaCl in urea buffer (8§ M urea, 15 mM
tris-HCI, and 0.5% 2-mercaptoethanol, pH 8.5) over 20
column volumes. Fractions containing purified protein were
combined, washed, and concentrated via ultrafiltration (Ami-
con, PM-10 for full-length protein, and YM-3 for truncated).
Stock protein samples were stored as unfolded protein in 8
M urea and 20 mM KP;, pH 7.3 buffer at —80 °C.
SDS—PAGE was used to determine a purity of ~90%.

Preparation of Unilamellar Vesicles. Small unilamellar
vesicles (SUVs) were prepared using an adaptation of a
previously published procedure (25). A stock solution (20
mg/mL) of 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC, Avanti Polar Lipids) in chloroform was dried under
a stream of argon and resuspended in phosphate buffer (20
mM KP;, pH 7.3) to a final lipid concentration of 5 mg/mL.
SUVs (~50 nm diameter) were made by sonication of the
lipid solution with a Branson ultrasonicator microtip. The
sonicated solution was passed through a 0.22 um filter to
remove titanium dust and other particulates. The SUVs were
further diluted to a final concentration of 1 mg/mL for all
experiments. Vesicle solutions were equilibrated overnight
at 37 °C and used the following day.

Small and large unilamellar vesicles were also made by
extrusion (36). Stock DMPC solutions were dried and
resuspended in KP; buffer as discussed above. Resuspended
lipid solutions were passed through an extruder with a
membrane of appropriately sized pores to produce nominal
vesicle diameters of 50, 100, 200, and 400 nm. A gravity-
flow size-exclusion column (Bio-Rad, 10DG) was used to
separate the vesicles based on size. Dynamic light scattering
experiments were performed to measure the average vesicle
size for each fraction. Appropriately combined fractions with
DLS-determined diameters of ~70, ~120, ~200, and ~300
nm were diluted to a final concentration of 1 mg/mL. The
population of the nominally 400 nm vesicles was ~50% 300
nm and ~50% >1 um. Vesicle solutions were equilibrated
overnight at 37 °C and used the following day.

Steady-State Fluorescence and Absorption Spectroscopy.
OmpA refolding was monitored by tryptophan fluorescence.
Steady-state fluorescence measurements with 290 nm excita-
tion were performed with a Jobin Yvon-SPEX Fluorolog
FL3-11 spectrofluorometer. Samples were maintained at 30
°C, which is above the phase transition temperature for
DMPC. Absorbance measurements were recorded on an
Agilent UV—uvisible spectrophotometer. Protein concentra-
tions were calculated using &g values of 54 400 M~ cm™!,
32300 M™! em™!, and 26000 M™! cm™! for wild-type,
single-Trp, and truncated single-Trp mutants of OmpA,
respectively.
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Equilibrium Refolding and Unfolding of OmpA. Stock
solutions of 20 mM KP; buffer (pH 7.3), 10 M urea in 20
mM KP; buffer (pH 7.3), and appropriately sized vesicles
were used to prepare 1 mg/mL vesicle samples with urea
concentrations ranging from 0—8 M. Stock solution of
unfolded protein was added to these vesicle solutions to a
final OmpA concentration of ~4 uM for fluorescence
experiments and 12 uM for gel electrophoresis (SDS—PAGE)
measurements. Blank samples (urea, KPi, and vesicles)
containing no protein were also prepared. Fluorescence
spectra of blank samples were subtracted from spectra of
protein samples to remove contributions from buffer. Urea
concentrations were determined from refractive index mea-
surements using an Abbe 3 L Bausch & Lomb refractometer
(37). A time-dependence study was performed and deter-
mined that a 12 h incubation period was sufficient to reach
equilibrium conditions. All protein and blank samples for
fluorescence and SDS—PAGE experiments were equilibrated
overnight at 37 °C.

SDS—PAGE experiments were performed to confirm that
the folding of OmpA is reversible using an adaptation of a
previously published method (32). The differential mobility
of folded (30 kDa) and unfolded (35 kDa) protein was
utilized for these gel-shift assays. For unfolding studies,
unfolded stock protein was diluted into SUVs and incubated
at 37 °C for refolding to occur. The solution was diluted
2x in appropriate urea solutions to a final protein concentra-
tion of ~12 uM. For refolding studies, the stock unfolded
protein was diluted into solutions with SUV and varying urea
concentrations. All refolding and unfolding samples were
loaded onto 12.5% gels (full-length protein) or 15% gels
(truncated protein). Unfolding gels of the truncated protein
indicated a minor population (<15%) of the protein remained
unfolded in low urea concentrations and folded at high urea
concentrations. These gel-shift assays are presented in Figure
S1 in the Supporting Information.

Determination of the Effective Free Energy of Unfolding
SJor OmpA Mutants. Gel-shift assays indicated fully reversible
folding/unfolding conditions for full-length OmpA and
>85% reversibility for truncated OmpA under our experi-
mental conditions. Because of the reversibility of refolding,
all calculated free energies determined from the refolding
curves are the effective free energies of unfolding. Emission
maxima were determined for all protein samples, and the
resulting plot of fraction unfolded, f, versus urea concentra-
tion were fit to a reversible, two-state model for protein
unfolding (38, 39).

Dynamic Light Scattering Measurements. Dynamic light
scattering (DLS) was used to determine vesicle diameters.
The apparatus has been described in detail elsewhere (40).
Measurements were made using the 514.5-nm laser line from
an argon ion laser with the samples held at a constant
temperature of 30 °C. Ten autocorrelation traces were
collected and averaged for each sample. Autocorrelation
functions, g(7), determined from DLS were calculated using
the relationship g(r) = exp(—t/t) (41), where ¢ is the
correlation time, and 7 is the characteristic lifetime of a
particle diffusing within a defined volume. The translational
diffusion constant, Dy, can be calculated from the following
relationship: 7=! = 2D7q?. The scattering vector, g, is defined
by ¢ = (4nn/A)sin(0/2), where A is the excitation wave-
length, n, is the solvent refractive index, and 6 is the
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FIGURE 2: Denaturant-induced refolding curves of wild-type and
full-length single-Trp mutants (A), and single-Trp truncated mutants
(B) of OmpA along with fits (solid curves).

scattering angle (6 = 90°). The diffusion constant, Dy, is
defined by Dy = kT/6tnyR;,, where n is the viscosity of the
medium, and Rj, is the hydrodynamic radius of the particle.
Particles were assumed to be spherical. The value of 1 was
assumed to be 0.798 x 1072 poise for water and scaled
appropriately for changes in viscosity with increasing urea
(42). The average characteristic lifetime, 7, of each sample
obtained from experimental measurements was used to
calculate R;, of the vesicles. Two populations with corre-
sponding average diameters were obtained for each sample.
The fraction of reported population was >80% unless
specified. Vesicle size was measured as a function of vesicle
concentration from 0.1 to 1 mg/mL to ensure appropriate
conditions for our measurements; these control experiments
indicated a variation of <20% in vesicle diameter across this
concentration range, and this error has been included in
Figure 3.

RESULTS

Refolding Curves. Tryptophan fluorescence spectroscopy
was used to determine conformational stabilities of single-
Trp mutants of OmpA in synthetic lipid bilayers. The single-
Trp residue in W15, W57, W102, and W143 is located on
the -barrel near the extracellular (intravesicle) region, while
the Trp residue in W7 is located closer to the periplasmic
(extra-vesicle) side. Each Trp is located along a different
strand of the f-barrel, except for W7 and W15, which are
located along the same strand. Representative Trp emission
spectra of OmpA folded in vesicle (An.x = ~330 nm) and
unfolded in 8 M urea (Adnax = ~350 nm) are illustrated in
Figure 1. This shift in emission maximum upon the addition
of denaturant was used to monitor the relative populations
of folded and unfolded protein.

Refolding curves of wild-type and single-Trp mutants of
OmpA are displayed in Figure 2A. Wild-type OmpA was
determined to be the most stable, with a AGZ,ZO value of
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FIGURE 3: Representative vesicle diameters of samples used in
refolding curve studies. Open symbols indicate vesicle samples
containing 4 uM of protein; solid symbols indicate vesicle samples
without protein (blanks).
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Table 1: Fitting Parameters and Thermodynamic Values Determined
from Refolding Curves of Wild-Type and Single-Trp OmpA Mutants

unfolding curve parameters

m (kcal/mol M—1) Cn (M) AG:I,O (kcal/mol)
w17 2.18 3.07 6.7+ 1.0
W7t 2.98 3.16 94+ 14
W15 1.53 3.17 4.81+0.7
W15t 1.70 2.28 39+0.6
W57 1.36 1.78 24+04
W57t 2.01 2.64 534038
W102 1.51 3.13 4.7+0.7
W102t 3.00 3.69 11.1+1.7
w143 1.22 2.30 28+04
W143t 2.28 3.17 72+ 1.1
WT 2.36 443 105+ 1.6

10.5 kcal/mol. Full-length mutants had lower free energies
of unfolding compared to wild-type OmpA, with AGy,
values ranging between 2.4 and 6.7 kcal/mol. W15 and w102
mutants had AG?,ZO values of 4.8 and 4.7 kcal/mol, respec-
tively, while W57 and W143 mutants had AGZ,zO values of
2.4 and 2.8 kcal/mol, respectively. The most stable mutant
appears to be the single-Trp mutant W7, with a AGIO,OO
value of 6.7 kcal/mol. Despite the fact that W7 has a C,
value (~3 M urea) similar to that of W15 and W102, W7
has a greater overall conformational stability because of its
larger m-value. Tabulated fitting parameters, m and C,,, and
resulting AG;,ZO values are summarized in Table 1.
Refolding curves were also determined for the truncated
single-Trp mutants that lack the soluble domain. These curves
are shown in Figure 2B. Truncated mutants had free energy
of unfolding values that ranged from 3.9 to 11.1 kcal/mol.
The most stable mutants were W102t and W7t, with AG;’,ZO
values of 11.1 and 9.4 kcal/mol, respectively. W143t was
also stable, with AG}; , of 7.2 kcal/mol. Even though W7t
and W 143t have almost identical C,, values of ~3.1 M urea,
the higher stability for W7t can be traced to its larger
m-value. However, given the difficulty of these experiments,
our estimates of error (see below) prevent us from making
definitive assessments of the relative stabilities of W7t and
W 143t at this time. AGy, , values for W57t and W15t were
determined to be 5.3 and 4.8 kcal/mol, respectively. Fitting
parameters and AG;’{ZO values for the truncated mutants are
summarized in Table 1. In general, the truncated mutants
were more stable than their full-length counterparts: AGy,
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FIGURE 4: Refolding curves of W15t OmpA using nominally 50,
100, 200, and 400 nm diameter vesicles. Fits are solid curves.

values for W7 and W57 increased by ~3 kcal/mol, AGZ,ZO
for W143 increased by ~4 kcal/mol, and AGE,ZO for W102
increased by ~6.5 kcal/mol upon removal of the soluble tail.
In contrast to these mutants, AGH o for W15 decreased only
~1 kcal/mol when the perlplasmlc tail was eliminated; this
difference for W15 versus W15t falls within our experimental
uncertainty and is therefore negligible.

Determination of Vesicle Size. DLS measurements deter-
mined vesicle size and stability to ensure reproducibility for
the current protein refolding studies. Fluorescence and DLS
measurements were performed on the same day using
solutions from the refolding studies for six mutants: W57,
W57t, W102, W102t, W143, and W143t. A representative
data set for W143 OmpA is shown in Figure 3.

Diameters of vesicle-only solutions were measured with
increasing urea concentration (0—8 M). The initial stock
vesicle solution contained ~50 nm SUVs. Vesicle diameters
remained ~50 nm in low concentrations of urea (<1 M)
and increased to ~100—300 nm at greater concentrations of
urea (>1 M). This trend was observed for all six vesicle-
only (blank) solutions for the different OmpA mutants listed
above. Vesicle diameters were also measured in the presence
of OmpA with increasing concentrations of urea. Vesicle
diameters in protein-containing solutions followed the same
trend as blank solutions. Diameters remained ~50 nm in low
urea concentrations (<1 M) and increased to ~80—300 nm
at higher concentrations of urea (>1 M). Similar trends of
increased vesicle size with increasing urea concentration were
also found for the W57, W57t, W102, and W102t mutants
(data not shown).

Effects of Small and Large Unilamellar Vesicles on
Thermodynamic Stability of OmpA. Refolding curves were
measured for the single-Trp mutant, W15t, using small
unilamellar vesicles (SUVs) and large unilamellar vesicles
(LUVs) to test the effects of vesicle size on thermodynamic
stability. Figure 4 shows refolding curves of W15t OmpA
using nominally 50, 100, 200, and 400 nm diameter vesicles.
Actual vesicle diameters were ~70, ~120, ~200, and ~300
nm, respectively. For the latter sample, ~50% of the
population exhibited an average diameter of ~300 nm, and
the remaining population had a very large average diameter
(>1 um). Measurements were taken 6, 12, and 24 h after
the addition of protein to determine equilibrium conditions.
The data shown were measured after a 24-h incubation
period. The greatest stability was measured for solutions
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containing 50 nm vesicles, with AGy, 1,0 of 3.9 kcal/mol,
followed by solutions using ~100 and "~200 nm diameter
vesicles, which yielded the same value of 3.4 kcal/mol and
is <15% lower than the value for 50 nm vesicles. Folding
into nominally 400 nm diameter vesicles resulted in the
lowest measured AG?,ZO value of 2.2 kcal/mol. These
measurements of conformational stabilities as a function of
vesicle size combined with the range of urea concentrations
over which OmpA unfolds indicates that the largest source
of systematic error is the change in vesicle size over the urea
concentrations of interest; therefore, we estimate an error of
<15% in our reported values in Table 1.

DISCUSSION

Full-Length Mutants. Noncovalent interactions are crucial
to the stability of membrane proteins. Important forces that
drive a peptide or protein toward a membrane include
nonpolar (hydrophobic) interactions, electrostatic interactions
between residues and charged lipid head groups, formation
of secondary structure, and electrostatic effects because of
differences in the dielectric constants of water and the
membrane (6, 43). A large variety of critical side-chain and
backbone hydrogen bonds have been reported (44—46). The
current study probes the thermodynamic stabilities associated
with the five native tryptophan residues in wild-type and
single-Trp mutants of OmpA. Five native Trp residues give
rise to the refolding curve of wild-type OmpA and hence
provide an estimate of the global stability of the protein. In
contrast, single-Trp OmpA mutants in which four native Trp
residues are replaced with Phe residues provide a unique
opportunity to probe the effects of the Trp environment on
the overall stability of the protein.

The aromatic residues tryptophan, tyrosine, and phenyl-
alanine contribute significantly to the thermodynamic stability
of membrane proteins because of strong interactions with
neighboring aromatic residues and favorable water-to-bilayer
partition energies (13, 14, 16, 35). Individual Trp residues
provide greater contribution to membrane protein stability
relative to Phe residues; however, both are energetically
favored in the membrane and are able to participate in
pairwise interactions with aromatic residues (35). Previous
studies of OmpA showed similar secondary structure and
Trp environments when comparing wild-type and the single-
Trp mutants; therefore, it is likely that the range of
conformational stabilities reported here for the single-Trp
mutants can be attributed to differences in local environment
of Trp residues as opposed to modification in global protein
structure (26, 28).

As seen in Figure 2 and Table 1, the full-length single-
Trp mutants of OmpA were found to be less stable than wild-
type OmpA. This result is consistent with the removal of
four of the five native anchoring Trp residues. The change
in free energy upon transfer of an individual Trp residue
from water to the lipid bilayer is —1.85 kcal/mol; the
analogous value for a Phe residue is —1.13 kcal/mol (73).
Trp and Phe energy contributions determined from previous
thermodynamic stability experiments on OmpA mutants
showed an average contribution of —2.0 and —1.0 kcal/mol,
respectively (35). Our results indicate that OmpA is desta-
bilized 3.8 to 8.1 kcal/mol upon substitution of four Trp
residues for Phe residues and are consistent with these
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previous reports; Trp residues provide a greater contribution
to the stability of OmpA relative to Phe residues.

Three important molecular interactions involving Trp
residues are considered in the current study of single-Trp
mutants. First, the role of pairwise aromatic interactions has
been shown to be critical to membrane protein stability.
While it was previously suggested that the exact identity of
aromatic amino acid involved in these interactions is not
crucial (35), our results support a picture in which a Trp
residue is optimum for the aromatic pocket near Trp7, but
may not be critical in the pairwise interactions involving
Trp143 and Trp57. Second, hydrogen-bonding of the indole
heteroatom provides stability in the transmembrane domain;
this hydrogen bond is important in Trp15. Finally, the unique
amphiphilic nature of Trp plays an important role for
interfacial stabilization of Trpl102 relative to Phe and Tyr
residues. These topics are discussed in detail below.

Stability of W7: Pairwise Aromatic Interactions. Neigh-
boring aromatic residues may interact in pairwise fashion to
contribute to the stability of proteins. Typical interaction
distances of 4.5 to 7.0 A between aromatic residue centroids
in soluble proteins contribute up to 2 kcal/mol toward the
stability of a protein (/6). These pairwise interactions were
recently investigated in OmpA and were estimated to be on
the same order as those found for soluble proteins (35). The
region near Trp7 has the greatest number of neighboring
aromatic residues, Tyr8, Tyr43, Tyr168, and Phel70 (~7 A
between aromatic centroids). Our results support a picture
in which a Trp (and not Phe) residue at position 7 is ideally
suited for this aromatic pocket in the protein; mutant W7 is
the most stable of all full-length single-Trp species. This
result modifies the previous report that suggested that these
important pairwise interactions may not depend on the type
of aromatic residue involved (35, 46); here, our results
illustrate that maintaining a Trp residue at position 7 while
replacing the remaining four native Trp residues with Phe
residues decreases the AG;,ZO the least amount (by 3.8 kcal/
mol) relative to the wild-type protein. This destabilization
of W7 relative to WT can be attributed to the removal of
the hydrogen bond at position 15 and the removal of the
amphiphilic Trp residue at position 102 (see below).

Other pairwise interactions exist in OmpA. W143 has two
neighboring aromatic residues, Phe132 and Tyr141, and W57
has one neighboring aromatic residue, Tyr55, within ~7 A
of the indole centroid. These pairwise aromatic interactions
contribute to the stability for OmpA. However, it is not clear
that that the Trp-to-Phe mutation in positions 143 or 57
causes significant destabilization of the protein as was
observed in the case of position 7. W143 and W57 are the
least stable of all full-length single-Trp mutants; this
enhanced instability can be attributed to the combined effects
of the loss of Trp7 in the aromatic pocket, loss of the
hydrogen bond at position 15, and removal of the amphiphilic
Trp residue at position 102. In contrast, W15 and W102 have
no neighboring aromatic residues; these observations are
summarized in Table 2.

Stability of W15: Hydrogen Bonding. The mutant W15 is
one of the next highest in stability following W7. A variety
of side-chain hydrogen bonds in proteins have been de-
scribed, including bonding between N—H, O—H, and C—H
donor groups and N-, O-, and ;r-acceptor groups (11, 12). A
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Table 2: Summary of Energies (AGy, , and AG,,,) and Noncovalent
Interactions for the Single-Trp Mutants of OmpA

energy (kcal/mol) noncovalent interactions

# of aromatic

mutants AGZ 0 AG;,G,, residues # of H-bonds
w7 6.7 32 4 0
W15 4.8 2.0 0 1
w102 4.7 —1.4 0 0
w143 2.8 2.2 2 0
W57 2.4 0.7 1 0

AGZO values are from current experiments; AG;[,,, are calculated
from refZ 14; the number of aromatic residues is based on a ~7 A radius
centered on the aromatic centroid (PDB 1QJP); the number of hydrogen
bonds is based on a 3.5 A radius centered on the indole nitrogen atom.

range of hydrogen bonding energies has been reported, and
the typical value for biological systems is on the order of a
few kcal/mol. The crystal structure of OmpA indicates a
likely hydrogen bond between Trpl5 and the side chain of
Asn33. Specifically, the distance between the heteroatom in
indole and the carbonyl oxygen of Asn33 is less than 2.9 A.
The presence of this hydrogen bond likely contributes to the
stability of W15, and we estimate the hydrogen-bond strength
of Trpl5 to be ~2 kcal/mol. The measured decrease in the
stability of W15 relative to WT is attributable to the loss of
Trp7 in the aromatic pocket and the loss of amphiphilic
stability at position 102. The observation that W15 is less
stable than W7 supports a picture in which stabilization due
to Trp7 in the aromatic pocket (<4 kcal/mol, see below) is
more significant than stabilization due to the Trp15 hydrogen
bond (~2 kcal/mol). These values are consistent with those
from Hong et al. (35), who determined that the Trp residue
at position 7 contributes 3.6 kcal/mol, and the Trp residue
at position 15 contributes 2.0 kcal/mol to the stability of the
protein.

Stability of W102: Amphiphilic Nature of Tryptophan. In
addition to contributions from interacting aromatic pairs and
hydrogen-bonding partners, contributions from neighboring
residues to the stability of tryptophan residues in OmpA were
also investigated. Local partition energies for transfer from
the bilayer to water to mimic protein unfolding were
calculated using the White—Wimley interfacial hydrophobic-
ity scale, which includes side-chain and backbone contribu-
tions (/3). For hydrophobic residues, this partition energy
is a positive value, and for hydrophilic residues, this value
is typically negative. These calculations were performed to
provide an estimate of the partition energy of the region
surrounding each Trp residue. All neighboring residues
within a 7 A radius of the Trp were included in the
determination of the local partition energies, and are tabulated
in Table 2 under AG,,,,. This radius typically included 12
or 13 residues surrounding a given Trp and included residues
located on different strands of the S-barrel relative to the
location of the Trp.

The region with the largest partition energy is Trp7 (3.23
kcal/mol), and the region near Trpl02 has the smallest
partition energy (—1.38 kcal/mol) (/3). The large positive
partition energy for W7 is consistent with Trp7 being located
in a highly hydrophobic environment: W7 displays the most
blue-shifted emission maximum as well as a large m-value,
suggesting that Trp7 undergoes a large increase in solvent
exposure upon unfolding relative to the other Trp positions
(47). The region around Trpl102 is the only region with a
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calculated negative partition energy, indicating a thermody-
namic preference for this region to be in aqueous environ-
ment. This calculated negative partitioning energy for W102
is due to the presence of GIn75, Argl03, and Aspl16.

Trp102 is found on a large loop that is likely in the interior
of the vesicle because of the known directional insertion of
OmpA (25). However, there is no evidence that Trp102 is
solvent-exposed in the folded form despite it being the only
Trp residue located on a loop, faces the interior of the barrel,
and has a calculated negative partition energy. In fact, W102
remains in a hydrophobic region, evidenced by fluorescence
experiments. The emission maximum of W102 folded in
vesicle is 332 nm, which is identical to the emission maxima
of the other Trp residues located on the same side of the
barrel, W15, W57, and W143. This similarity in emission
maxima indicates a similar degree of hydrophobicity sur-
rounding these Trp residues. For W102, the local hydropho-
bicity can be attributed to neighboring nonpolar residues
including Ala74, Met100, Vall01, and Alal04, as opposed
to the hydrophobic environment of the lipid bilayer. In
addition to similar steady-state emission, the kinetics of
refolding and the fluorescence lifetime of W102 were found
to be similar to those of W15, W57, and W143 (26, 28).

The presence of both hydrophobic and hydrophilic residues
in the local vicinity of Trpl02 is consistent with the
amphiphilic nature of tryptophan residues, and the substitu-
tion of Trp for Phe in this region may destabilize OmpA.
The AGy, , value of W102 is similar to that of W15; in the
case of W102, loss of the hydrogen bond at position 15 and
loss of Trp7 in the aromatic pocket destabilizes this mutant
relative to WT. However, the observation that W102 and
W15 have similar values for AG;IZO indicates that the
energetic contributions from the amphiphilic nature of
Trp102 and hydrogen-bonding ability of Trp 15 are similar,
and each may contribute ~2 kcal/mol to overall protein
stability.

Stability of WI143 and W57. The least stable full-length
mutants, W143 and W57, lack all three stabilizing effects
discussed above. Namely, these mutants do not have Trp7
in the aromatic pocket, lack a hydrogen-bonded side chain
at position 15, and do not possess the optimized amphiphilic
Trp residue in the unique loop region near Trpl102. The
absence of these effects results in the greatest destabilization
of ~8 kcal/mol relative to WT. The observation that the
AG,OLO values are similar for W143 and W57 despite the
presence of two or one neighboring aromatic residues,
respectively, suggests that the Trp-to-Phe mutation has not
perturbed the energetics of these pairwise interactions
significantly. This implication helps provide an upper
estimate of ~4 kcal/mol to the stabilization effect of Trp7.

Truncated Mutants. OmpA contains two distinct regions,
the transmembrane domain located in the membrane, which
contains all five native Trp residues, and the soluble
periplasmic domain located in the exterior portion of the
vesicle. There is no published structure of the C-terminal
periplasmic tail of OmpA. A previous circular dichroism
study of full-length and truncated mutants of OmpA showed
a decrease in molar ellipticity and red-shift of the CD peak
to ~216 nm when the soluble tail was removed (28). The
origin of this variation in CD spectra is not known. While it
was previously suggested that the soluble C-terminus may
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possess (3-sheet structure, the observed CD changes are also
consistent with a random coil soluble domain. Other studies
demonstrated that OmpA forms two pores in planar bilayers:
a small pore that involves the N-terminus domain only, and
a large pore that requires both the N- and C-terminal
domains (35, 36). We are unable to determine whether the
soluble domain possesses secondary structure or whether an
entirely new folded structure is formed in SUVs in the
presence of the C-terminal domain; we are applying UV
resonance Raman spectroscopy to probe changes in vibra-
tional structures between full-length and truncated mutants.

Results from the current study indicate that removal of
the soluble domain results in a greater free energy of
unfolding for the transmembrane domain. The AGy, , val-
ues for four of the five full-length mutants increased by >2.7
kcal/mol upon removal of the soluble tail. The trend in
AG?,ZO values of the full-length mutants was not identical to
the trend for the AG,O,ZO values of the truncated mutants.
This variation may indicate structural differences of the
transmembrane domain upon removal of the soluble tail as
well as reflect our experimental uncertainty. Previous studies
have probed the differential stabilities of the transmembrane
and soluble domains of a membrane protein (48, 49), but to
our knowledge, this is the first report of direct measurements
of the effect of a soluble domain on the conformational
stability of a transmembrane domain.

Our result that the AGZ,zO values increase upon removal
of a significant (soluble) portion of the protein is surprising,
and may be explained by one of the following scenarios in
a simplified two-state picture consisting of folded and
unfolded states of the transmembrane region. First, it is
possible that the covalently bound soluble domain destabi-
lizes the folded transmembrane domain such that removal
of this energetically expensive soluble domain overall
stabilizes the folded transmembrane portion. We have no
experimental evidence or examples in the literature to support
this case and therefore believe that this is an unlikely
scenario. Second, the soluble domain may stabilize the
unfolded transmembrane domain by, for example, providing
favorable hydrophobic interactions in solution. Removal of
this energetically favorable soluble domain destabilizes the
unfolded transmembrane portion, resulting in the observed
increase in AGZZO. Other studies on the effects of the
denatured state on the free energies of unfolding for soluble
proteins have been reported (50—52). Currently, tryptophan
emission studies on OmpA mutants do not show significant
variations in fluorescence maxima of the unfolded trans-
membrane domain of the full-length and truncated protein;
however, stabilization provided by the soluble domain may
not necessarily impact the emission properties of the native
tryptophan residues in the unfolded state. Finally, the
structure of the transmembrane domain may be different in
the absence of the soluble C-terminus. For example, the
transmembrane domain may be imbedded deeper into the
bilayer when the soluble tail is removed. We do not have
evidence to support a significant change in global protein
structure upon truncation of the C-terminus, but do not
dismiss the possibility. On the basis of our preliminary
findings, we hypothesize that the second scenario is the most
likely explanation for the increase in free energy of unfolding
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upon removal of the soluble tail; however, it is clear that
more in-depth studies must be pursued.

Effects of Denaturant on SUVs. To complement these
studies of OmpA thermodynamics, we investigated the
effects of denaturant and protein on SUVs. Previous studies
have shown that factors such as bilayer composition, chain-
length, and bilayer curvature affect protein folding and
assembly mechanisms in the membrane (29, 32, 53, 54). In
fact, conformational stabilities of OmpA ranged from ~2 to
6 kcal/mol depending on lipid composition, headgroup size,
and chain-length (29). From these studies, it is apparent that
the properties of the bilayer can greatly affect the stability
of the protein. Some important factors to consider are the
following: Does the presence of a denaturant and/or folded
protein affect the properties of the vesicles? How do the
macroscopic properties of vesicles affect measurements of
protein stability?

Urea has been shown to traverse the bilayer through a
solubility-diffusion controlled mechanism, indicating equi-
librium urea concentrations on the inside and outside of the
vesicle in our experimental time scale (55). Previous studies
illustrated no change in vesicle size over a 12 h period in
the presence of ~100 mM urea (56) and little to no change
in vesicle structure up to 3 M urea (57, 58); our results are
consistent with these previous works in that low concentra-
tions of urea (<1 M) do not affect vesicle size. However, at
urea concentrations typical of unfolding studies, there is an
increase in vesicle size; in blank solutions, the presence of
>1 M urea caused an increase in vesicle diameter with a
high degree of variability in size (Figure 3). It appears that
the presence of urea enhances vesicle fusion. A similar
increase in vesicle diameter was observed in vesicle solutions
containing protein and urea. This result suggests that the
protein itself does not cause vesicle fusion. Instead, the
observed change in size is due to the denaturant. It is not
clear from our results that the presence of protein directly
affects vesicle size as has been previously reported (59).

Effect of SUV Size on AGHZO Figure 4 illustrates that
AG;’IZO values vary by less than 15% when determined with
nominally 50, 100, or 200 nm diameter vesicles. Measure-
ments of AG;I o With 400 nm vesicles, however, resulted in
a >40% decrease in observed AGH o value. It is not clear if
this decrease is significant since the scattering became more
pronounced, and we have not thoroughly characterized these
larger vesicles. Nonetheless, these results illustrate the
importance of characterizing the effect of denaturant and
protein on vesicle properties in these measurements of
membrane protein conformational stabilities; the largest
source of experimental error may be associated with the
change in vesicle properties in the presence of denaturant.

Summary. The conformational stabilities of single-Trp
mutants of OmpA were measured and found to be less than
that of wild-type OmpA. The mutants are destabilized ~4
kcal/mol (W7), ~6 kcal/mol (W15 and W102), and ~8 kcal/
mol (W43 and W57) relative to WT. The trends in free
energies of unfolding for the different mutants are likely due
to a combination of noncovalent interactions, summarized
in Table 2. Neighboring aromatic residues interact favorably
to contribute to the stability of a protein. The presence of a
specific Trp residue is especially important in the aromatic
pocket surrounding Trp7, and we estimate an upper limit of
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~4 kcal/mol for the stabilizing effect of Trp7. The stability
of W15 may be explained in terms of a hydrogen bond,
which may provide ~2 kcal/mol of stabilization. The
relatively high stability of W102 cannot be explained in terms
of energetically favorable pairwise aromatic interactions or
hydrogen-bonding partners, of which it has neither. The
calculated bilayer-to-water partition energy near Trp102 is
negative, indicating the local prevalence of hydrophilic
residues, but the experimentally observed fluorescence
maximum suggests a hydrophobic pocket. A likely explana-
tion for the relatively high stability of W102 is the unique
amphiphilic nature of the Trp residue; substitution of Trp
for Phe in this region reduces the stability of the protein by
~?2 kcal/mol. Removal of the soluble domain appears to
destabilize the unfolded transmembrane domain of the
protein, resulting in the enhanced values for AGH o for the
truncated proteins. This surprising result hlghhghts the
importance of the energetics of the unfolded state in
measurements of overall protein conformational stability.
DLS results presented here indicate that vesicle diameters
increase in the presence of urea. In contrast, the presence of
protein does not greatly affect vesicle size. AG,O,ZO values
changed <15% when vesicles in the size range between 50
and 200 were used. These and other findings may have
important implications for future studies of membrane protein
folding.
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