
Membrane Depth-Dependent Energetic Contribution of the
Tryptophan Side Chain to the Stability of Integral Membrane
Proteins
Heedeok Hong,*,† Dennis Rinehart,‡ and Lukas K. Tamm*,‡

†Department of Chemistry and Department of Biochemistry and Molecular Biology, Michigan State University, East Lansing,
Michigan 48824, United States
‡Center for Membrane Biology and Department of Molecular Physiology and Biological Physics, University of Virginia,
Charlottesville, Virginia 22908, United States

*S Supporting Information

ABSTRACT: Lipid solvation provides the primary driving force for the insertion and folding of integral membrane proteins.
Although the structure of the lipid bilayer is often simplified as a central hydrophobic core sandwiched between two hydrophilic
interfacial regions, the complexity of the liquid-crystalline bilayer structure and the gradient of water molecules across the bilayer
fine-tune the energetic contributions of individual amino acid residues to the stability of membrane proteins at different depths of
the bilayer. The tryptophan side chain is particularly interesting because despite its widely recognized role in anchoring
membrane proteins in lipid bilayers, there is little consensus about its hydrophobicity among various experimentally determined
hydrophobicity scales. Here we investigated how lipid-facing tryptophan residues located at different depths in the bilayer
contribute to the stability of integral membrane proteins using outer membrane protein A (OmpA) as a model. We replaced all
lipid-contacting residues of the first transmembrane β-strand of OmpA with alanines and individually incorporated tryptophans
in these positions along the strand. By measuring the thermodynamic stability of these proteins, we found that OmpA is slightly
more stable when tryptophans are placed in the center of the bilayer and that it is somewhat destabilized as tryptophans approach
the interfacial region. However, this trend may be partially reversed when a moderate concentration of urea rather than water is
taken as the reference state. The measured stability profiles are driven by similar profiles of the m-value, a parameter that reflects
the shielding of hydrophobic surface area from water. Our results indicate that knowledge of the free energy level of the protein’s
unfolded reference state is important for quantitatively assessing the stability of membrane proteins, which may explain
differences in observed profiles between in vivo and in vitro scales.

The thermodynamic stability of polytopic membrane
proteins is determined by a delicate balance between

lipid solvation and packing of amino acid side chains within cell
membranes.1,2 Favorable transfer of side chains into the
hydrophobic core of a lipid bilayer is crucial for the topological
localization and stabilization of membrane proteins. Thus,
hydrophobicity scales, which represent quantitative measures of
individual side chains to partition between water and
hydrophobic environments, are powerful tools not only for
identifying the membrane-spanning polypeptide segments but
also for predicting the stability of membrane proteins.3

Among the many existing hydrophobicity scales, four
experimentally determined scales are particularly useful for
understanding the contribution of lipid solvation to the
thermodynamic stability of membrane proteins: the Wimley−
White whole-residue scales based on water−octanol and
water−membrane interface partitioning of model pentapep-
tides,4,5 the Hessa−von Heijne scale based on translocon−
endoplasmic reticulum (ER) membrane partitioning of model
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transmembrane segments,6,7 and the Moon−Fleming scale
based on the folding equilibrium of β-barrel membrane protein
OmpLA between water and the lipid bilayer.8 In these scales,
unique transfer free energy values were determined for each
amino acid side chain using an organic solvent, the membrane
interface, or the center of the hydrophobic core of a bilayer as
the reference hydrophobic environment.
However, the latter two studies also showed that the transfer

free energies of amino acid side chains strongly depend on the
depth at which the side chain is embedded in the bilayer.7,8

Computational and statistical analyses of the structures of
membrane proteins revealed a strong positional dependence of
side chain distributions along the bilayer normal.7,9−11 These
findings suggest that the complexity of the liquid-crystalline
bilayer structure adjusts the energetic contribution of individual
side chains to membrane protein stability at different depths.
However, it is still not clear for most side chains how this depth
dependence is related to the thermodynamic stability of
membrane proteins.
Here, we determined the energetic contribution of the

tryptophan (Trp) side chain to the thermodynamic stability of
β-barrel outer membrane protein A (OmpA) at different depths
in a fluid lipid bilayer. Tryptophan is particularly interesting
because it is known to play an important role in anchoring
membrane proteins in lipid bilayers.12−15 Although there is
considerable consensus among the different hydrophobicity
scales at least on the qualitative hydrophobic ranking of most
side chains, there is a surprisingly wide range of values found
for the hydrophobicity of Trp. On the Nozaki−Tanford16 and
Wimely−White octanol and interface scales, Trp is the most
hydrophobic residue, but it is only moderately hydrophobic on
the Kyte−Doolittle,17 Eisenberg−Weiss,18 Engelman−Steiz−
Goldman,19 Hessa−von Heijne,6 and Moon−Fleming8 scales.
One possibility, which we are exploring here, is that Trp’s
contribution to the stability of membrane proteins is
particularly dependent on membrane depth and its context in
the protein sequence. An improved knowledge of factors that
contribute to this stability is therefore crucial for understanding
Trp’s role in membrane protein folding.
It has been recognized by several groups that the folding of

β-barrel membrane proteins can be used as a powerful model
system to study the energetics of lipid−protein interactions. In
a few cases, including OmpA, β-barrel membrane proteins have
been shown to reversibly unfold in urea or guanidinium
solutions from their folded state in lipid bilayers.8,20,21 Thus, via
mutation of the lipid-contacting residues, the contribution of
lipid solvation of specific residues to the thermodynamic
stability of membrane proteins can be estimated.8,22 In this
work, we replaced all lipid-contacting residues of the first β-
strand of OmpA with alanines (Ala) and individually
incorporated tryptophans at these positions along the strand.
By measuring the thermodynamic stability of these proteins, we
found that OmpA is slightly more stable when Trp is placed in
the center of the lipid bilayer and that it is somewhat
destabilized as Trp approaches the interfacial regions of the
bilayer. However, interfacial tryptophans may be more
stabilizing than central tryptophans when 3 M urea rather
than buffered water is taken as the reference state, i.e., a
condition that may better reflect folding conditions in vivo.

■ MATERIALS AND METHODS
DNA Construct. All site-directed mutagenesis was con-

ducted by using the QuickChange kit (Agilent). First, the

quadruple mutant W7A/T9A/L13A/W15A of full-length
mature OmpA was generated and named W0. Plasmid
pET1113 encoding the wild-type proOmpA gene was used as
a template.23 Next, using W0 as a new template, Ala7, Ala9,
Ala11, Ala13, and Ala15 were individually mutated to
tryptophans to generate W7, W9, W11, W13, and W15,
respectively. The Escherichia coli BL21(DE3) (ΔlamB
ompF::Tn5 ΔompA ΔompC)24 cells were transformed with
the mutant plasmids for expression of OmpA. In this E. coli
strain, chromosomally encoded OmpA and all other major
outer membrane porin genes were deleted so that mutant
OmpA could be purified without any interference from intrinsic
wild-type OmpA.

Expression and Purification of OmpA. The detailed
procedure for the expression and purification of OmpA was
described previously.22 Briefly, 20 mL of transformed E. coli
cells grown overnight was inoculated in 1 L of LB medium
containing 0.1 g/L ampicillin and cultured at 37 °C. The
expression of OmpA was induced by addition of 1 mM IPTG
(isopropyl β-D-1-thiogalactopyranoside) when OD600 reached
approximately 0.6. The cells were grown for an additional 4−5
h and harvested. The wet cell paste was resuspended in 15 mL
of solution A {0.75 M sucrose, 10 mM Tris-HCl [tris-
(hydroxymethyl)aminomethane hydrochloride] (pH 5.0), and
0.05% β-mercaptoethanol (v/v)} per liter of culture. Solution B
[10 mL/L of culture; 40 mM EDTA (ethylenedinitrilotetra-
acetic acid), 10 mM Tris-HCl (pH 7.0), 50 μg/mL lysozyme,
and 0.05% β-mercaptoethanol] was then added while the
mixture was being stirred and cooled in ice for 1 h. After the
concentration of β-mercaptoethanol had been increased to
0.2%, the resuspension was French-pressed twice. Solid urea
(Sigma, SigmaUltra grade) was sequentially added to the stirred
lysate at room temperature until the final concentration reached
4 M. Titanium dust and cell debris were removed by
centrifugation at 2000g (4 °C for 30 min). The supernatant
was ultracentrifuged at 32000 rpm (4 °C for a minimum of 6 h)
in a 45 Ti rotor (Beckman-Coulter) to spin down the pre-
extracted total membrane fraction.
The pre-extracted membranes were resuspended in 10 mL of

an 8 M urea solution/L of culture (SigmaUltra grade)
containing 20 mM Tris-HCl (pH 8.0) and 0.1% β-
mercaptoethanol by the use of a Potter homogenizer at room
temperature. A nominal 10 mL of pure 2-propanol was added
to the resuspension in a glass vial, and the whole mixture was
incubated at 55 °C in a preheated water bath for exactly 30 min.
This step is critical for the extraction of OmpA from the outer
membrane. After the extraction, the sample was rapidly cooled
in ice until a temperature of <10 °C was reached. The mixture
was ultracentrifuged at 28000 rpm and 4 °C for at least 90 min
in a 45 Ti rotor. The unfolded OmpA solubilized in the
supernatant was further purified by anion-exchange column
chromatography (25 mL Q-Sepharose, fast flow, GE Health-
care) using a fast protein liquid chromatography system (Bio-
Rad). The column was equilibrated with 2-propanol mixed with
an equal volume of buffer [15 mM Tris-HCl (pH 8.5), 0.1% β-
mercaptoethanol, and 8 M urea (reagent grade, Sigma)]. After
the sterile-filtered sample had been loaded, the protein-bound
column was washed with a buffer solution containing 15 mM
Tris-HCl (pH 8.5), 0.05% β-mercaptoethanol, and 8 M urea.
Then, OmpA was eluted by a linear salt gradient from 0 to 100
mM NaCl [15 mM Tris-HCl (pH 8.5), 0.05% β-mercaptoe-
thanol, and 8 M urea]. Combined fractions of high-purity
OmpA were concentrated in a stirred ultrafiltration cell
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(Amicon; 10 kDa cutoff filter) to a final concentration of 20−
50 mg/mL as estimated by the Bradford protein assay (Bio-
Rad).
Small Unilamellar Vesicles. Stock solutions of 1,2-

dipalmitoleoyl-sn-glycero-3-phosphocholine (DPoPC) (Avanti
Polar Lipids) and 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-
rac-(1-glycerol)] (POPG) (Avanti Polar Lipids) dissolved in
chloroform were mixed to a molar ratio of 9:1 (DPoPC:-
POPG). A total of 12 μmol of lipid was dried under a stream of
nitrogen gas and further in a high-vacuum desiccator for 2 h.
The dried lipid was thoroughly mixed with 1.2 mL of 10 mM
glycine buffer (pH 9.2 and 1.0 mM EDTA) to yield a final lipid
concentration of 10 mM. The lipid dispersion was sonicated for
50 min in an ice−water bath using a Branson ultrasonifier
microtip at 50% duty cycle. Titanium dust was removed by
centrifugation at 8000 rpm for 15 min twice, and the resulting
SUVs were equilibrated overnight at 4 °C.
Refolding and Urea-Induced Equilibrium Unfolding of

OmpA. Concentrated OmpA unfolded in 8 M urea was diluted
50−100-fold in 10 mM SUVs to a final protein concentration of
12 μM. The refolding reaction mixture was incubated for 3 h at
37 °C. Minor residues of aggregated protein formed during
refolding were removed by centrifugation at 6000 rpm for 10
min twice. Refolded OmpA−lipid complexes were further
diluted in aliquots at different urea concentrations in 10 mM
glycine buffer [1 mM EDTA (pH 9.2)]. The dilution was 10-
fold for fluorescence and 2.5-fold for SDS−PAGE experiments.
The unfolding reaction mixtures were incubated with the
desired concentrations of urea at 37 °C overnight to reach
equilibrium.
Fluorescence Spectroscopy. Fluorescence spectra were

recorded in a Fluorolog-3 spectrofluorometer (Horiba). The
excitation wavelength was 290 nm, and the Trp fluorescence of
OmpA at different urea concentrations was measured over the
range of 300−400 nm; 4.2 nm slits were used for both
excitation and emission. All spectra were background-
subtracted with a proper reference sample with an identical
composition but without protein.
SDS−PAGE Shift Assay. The equilibrated samples were

mixed with the same volume of SDS sample buffer. The
mixtures were loaded on 12.5% SDS−PAGE without heating.

Fitting of Equilibrium Unfolding Curves. The fitting
procedures for obtaining the free energy of unfolding of OmpA
were essentially the same as the procedure previously described
by Hong and Tamm20 but described in more detail in the
Supporting Information. Fluorescence spectra were para-
metrized by calculating an average emission wavelength, ⟨λ⟩,
defined as ⟨λ⟩ = ∑(Fiλi)/∑Fi. λi and Fi are the wavelength and
the corresponding fluorescence intensity, respectively, at the ith
measuring step in the spectrum. The unfolding curves, ⟨λ⟩
versus [urea], were fit to the following form of the two-state
model using IgoPro (Wavemetrics).20
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where ⟨λ⟩F and ⟨λ⟩U are the average emission wavelengths of
the folded and unfolded states, respectively, determined from
linear extrapolations to 0 M urea of the plateau values of the
two states, Cm is the urea concentration at which the fractions
of folded and unfolded states are equal, and QR is the relative
ratio of the total fluorescence intensity of the native state to
that of the unfolded state and is needed for normalization when
one uses ⟨λ⟩ values to represent species concentrations. The
unfolding free energy was obtained from the fitted values of Cm
and m25

Δ =°G mCunfold,H O m2 (2)

The contribution of the lipid-contacting Trp residues to the
stability of OmpA was calculated at different membrane depths:

ΔΔ = Δ − Δ‐
° °G G G([urea]) ([urea])o
Trp Ala unfold,W unfold,Wx0

(3)

where ΔGunfold,W0
° ([urea]) is the unfolding free energy of the W0

mutant with no Trp in the β1 strand at a specific urea
concentration and ΔGunfold,Wx

° ([urea]) corresponds to the
unfolding free energy of Wx, in which x designates the position
of the Trp in β1.
The unfolding free energy of a protein [ΔGunfold,Wx

° ([urea])]
at a certain urea concentration was obtained from

Figure 1. Scheme for Trp scanning to study the effect of tryptophans at different membrane depths on the thermodynamic stability of OmpA. The
template mutant W0 with all alanines in the β1 strand of the OmpA structure (Protein Data Bank entry 1QJP) is shown at the left. Single
tryptophans (orange) are alternately substituted at positions 7 (W7), 9 (W9), 11 (W11), 13 (W13), and 15 (W15) of β1. Tyr43 in strand β2 and
Tyr168 and Phe170 in strand β8, which may participate in aromatic interactions with Trp, are highlighted in the W7 mutant. The distances of the Cα

positions of the lipid-contacting residues in β1 from the virtual central plane of a bilayer as obtained from the PDB-TM database28 are shown on the
z-axis.
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where ΔGunfold,H2O° is the unfolding free energy at 0 M urea,
which is obtained from eq 2. The statistical significance of the
differences in ΔΔGTrp‑Ala° (Figure 4) was evaluated by an
ANOVA test.26 Each data set included the ΔΔGTrp‑Ala° and the
upper and lower standard error limits of ΔΔGTrp‑Ala° for each
mutant.

■ RESULTS
Strategy for Measuring the Depth-Dependent Con-

tribution of Trp to the Stability of Membrane Proteins.
To study the energetics of the lipid solvation of Trp side chains
in the context of a native membrane protein structure, it is
important to maximize the exposure of Trp to the surrounding
lipids while minimizing its interactions with neighboring side
chains. Thus, we chose the first transmembrane β-strand (β1)
and replaced all lipid-contacting residues with the small
nonpolar side chain Ala (Figure 1, template). Choosing β1
for this purpose had two advantages. First, β1 has fewer
aromatic residues in the neighboring β2 and β8 than any other
strand. This is important because we have previously shown
that some tryptophans can favorably interact with other closely
located aromatic residues and thereby enhance the protein’s
stability, while simultaneously reducing the maximal level of
lipid solvation of the side chain.22 β2 and β8 harbor only three
aromatic residues, i.e., Tyr43 (β2), Tyr168 (β8), and Phe170
(β8), which are all located in the periplasmic interface region of
the membrane.27 The other lipid-contacting residues in β2
(Leu35, Ala37, Ala39, and Gly41) and β8 (Leu162, Leu164,
and Val166) are mostly composed of small- and moderate-sized
nonpolar side chains. Therefore, Trp7 is the only Trp in β1 that
may interact with those nearby aromatic residues. The second
reason for choosing β1 for mutagenesis was that the number of
required point mutations was small compared to the number in
other strands and two of the tested Trp positions were native
tryptophans, which we reasoned would only slightly perturb the
correct folding of the mutant protein. The lipid-contacting
residues in β1 are Trp7, Thr9, Ala11, Leu13, and Trp15. Thus,
quadruple mutant W7A/T9A/L13A/W15A converted all lipid-
facing residues of β1 to Ala. The resulting OmpA mutant (also
termed W0) served as a template for all Trp scanning mutations
of this work. On the basis of this template, a series of OmpA
Trp mutants termed W7, W9, W11, W13, and W15 were
generated as depicted in Figure 1.
To estimate the distances of individual Trp side chains from

the membrane center, we used the PDB-TM database (http://
pdbtm.enzim.hu) and applied it to the crystal structure of
OmpA.28 According to this analysis, the central plane of the
lipid bilayer passes through OmpA very close to the Cα position
of residue 11 (Figure 1). The distances of the Cα atoms of
residues 7, 9, 11, 13, and 15 from the bilayer center are listed in
Table 1.
Folding Efficiency of OmpA Mutants with Trypto-

phans at Different Membrane Depths. First, we tested the
refolding efficiency of the template and the five single β1 Trp
mutants of OmpA in small unilamellar vesicles (SUVs)
composed of DPoPC and POPG (9:1) using the SDS−
PAGE shift assay. Without sample heating, correctly folded and
membrane-inserted full-length OmpA migrates as a 30 kDa
form while surface-adsorbed or unfolded proteins migrate as 35

kDa forms on SDS−PAGE gels.29,30 As shown in Figure S1A of
the Supporting Information, refolding was generally efficient for
all mutants, with yields varying from 87 to 98% . Tryptophan
fluorescence spectra of refolded mutants in SUVs were also
similar to each other, with the maximal emission wavelengths
ranging between 334 and 336 nm (Figure S1B of the
Supporting Information), clearly different from the emission
maxima of the respective unfolded proteins (Figure S1C of the
Supporting Information). These observations indicate that the
rather invasive quadruple mutations were tolerated by the
robust folding and membrane-insertion capability of OmpA. A
calculation of the difference free energy changes of water-to-
membrane transfer of the four mutations using the Wimley−
White water−octanol scale for core residues 9 and 13
(ΔΔGThr9‑Ala9° and ΔΔGLeu13‑Ala13° , respectively) and the
water−interface scale for interfacial residues 7 and 15
(ΔΔGTrp7‑Ala7° and ΔΔGTrp15‑Ala15° , respectively) showed that
the sum or energy penalty for all four mutations (ΔΔG°) is 6.5
kcal/mol.4,5 Because the stability of wild-type OmpA in
DPoPC/POPG bilayers (ΔGfold,H2O° ) is −9.2 kcal/mol,22 one
might expect that membrane insertion of quadruple mutant W0
would still be favorable by approximately −3 kcal/mol.
Interestingly, the experimental thermodynamic stability of
mutant W0 (ΔGfold,H2O° ) was −2.5 kcal/mol (see Table 1), i.e.,
6.7 kcal/mol less stable than the wild type, which is close to the
Wimley−White scale-based prediction. Unfolding was also
efficient (80−100%) for most mutants, but somewhat less
efficient for W0 and W9 (∼70%) as judged by the SDS−PAGE
assay (Figure S1A of the Supporting Information). We do not
completely understand the impaired unfolding efficiency of
some of the mutants, but this does not affect the subsequent
fluorescence-based analysis, which considers only the fraction
that does unfold.

Equilibrium Unfolding of OmpA Mutants. The
thermodynamic stabilities of the OmpA mutants were
measured by urea-induced equilibrium unfolding monitored
by Trp fluorescence in 9:1 DPoPC/POPG bilayers (Figure 2).
Sigmoidal curves were observed for all mutants, and the
linearization of unfolding free energy ΔGunfold° versus urea
concentration according to the two-state model (see Materials
and Methods) yielded straight lines with a slope of m and an
intercept of ΔGunfold,H2O° . The fitted midpoints of unfolding
transition Cm and the linear dependence of ΔGunfold° on urea
concentration (m-value) are plotted against the Trp position
along strand β1 in panels A and B of Figure 3. The product of
Cm and m yields the unfolding free energy in water, ΔGunfold,H2O°
(eq 2),25 which is plotted against the Trp position in Figure 3C.
These best fit thermodynamic parameters are listed in Table 1
for each of the mutants.

Table 1. Fitted Parameters of Urea-Induced Equilibrium
Unfolding of OmpA Monitored by Tryptophan Fluorescence

Cα−bilayer center
distance (Å) Cm (M)

m
(kcal mol−1 M−1)

ΔGunfold,H2O°
(kcal/mol)

W0 none 2.0 ± 0.1 1.2 ± 0.1 2.5 ± 0.2
W7 −10.3 3.0 ± 0.1 2.1 ± 0.2 6.3 ± 0.5
W9 −5.2 1.9 ± 0.1 2.2 ± 0.1 4.2 ± 0.4
W11 0 2.1 ± 0.1 2.7 ± 0.3 5.4 ± 0.7
W13 4.7 2.2 ± 0.1 2.3 ± 0.2 5.1 ± 0.5
W15 9.6 2.2 ± 0.1 1.7 ± 0.1 3.7 ± 0.4
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Among the mutants tested, W0 with no lipid-contacting Trp
in β1 showed the lowest Cm and m (2.0 M and 1.2 kcal mol−1

M−1, respectively) and thus the lowest thermodynamic stability
(ΔGunfold,H2O° = 2.5 ± 0.2 kcal/mol). When a Trp residue was
substituted at position 7, Cm increased significantly to 3.0 M.
This mutant will be further discussed below. All other mutants
had rather moderate shifts of Cm values, which were still
comparable to the level of W0 (Figure 3A). On the other hand,
the m-values exhibited continuous changes generating a bell-
shaped curve as a function of Trp position (Figure 3B). A
maximal value of 2.7 kcal mol−1 M−1 was reached when Trp
was placed near the center of the bilayer (W11 mutant), and the
m-values gradually decreased (to 2.1 kcal mol−1 M−1 for W7 and
1.7 kcal mol−1 M−1 for W15) as Trp was moved toward both
interfacial regions.
Membrane Depth-Dependent Contribution of Trp to

the Stability of OmpA. The contribution of lipid solvation of
tryptophans to the stability of OmpA was evaluated by
calculat ing the difference unfolding free energy
(ΔΔGTrp‑Ala° [Wx] = ΔGunfold° [W0] − ΔGunfold° [Wx], where x =
7, 9, 11, 13, or 15) between two mutants in the presence and
absence of individual tryptophans in β1 (eqs 3 and 4 and Figure
4). Large negative values of ΔΔGTrp‑Ala° [Wx] indicate favorable
contributions of tryptophans to OmpA’s thermodynamic
stability and excellent solvation of these tryptophans by
membrane lipids. In general, stabilization of OmpA by lipid-
solvated tryptophans depended quite strongly on the
membrane depth, structural context, and concentration of the
denaturant urea. At 0 M urea, tryptophans in all lipid-
contact ing pos i t ions a long β1 stab i l i zed OmpA
(ΔΔGTrp‑Ala° [Wx] < 0). OmpA was more stable when Trp was
located near the center of the lipid bilayer (Trp11) and
gradually became destabilized as Trp was moved toward both

interfaces. For example, the central Trp11 was 1.8 ± 0.7 kcal/
mol more stable than the interfacial Trp15 (Figure 4 and Table
1). An ANOVA test with the four ΔΔGTrp‑Ala° values for W9,
W11, W13, and W15 mutants at 0 M urea yielded a p of 0.0042,
which is below the p = 0.01 significance threshold and indicates
that this trend is statistically significant. Apart from Trp7, the
symmetric trend of ΔΔGTrp‑Ala° around Trp11 further indicates
that the difference in curvature between the inner and outer
leaflets of SUVs appears not to affect significantly the stability
contribution of tryptophans at different depths. However,
because of the limited number of sites investigated, we do not
exclude the possibility that membrane curvature may have more
subtle effects on the contribution of aromatic residues to the
folding of membrane proteins.
Contrary to all other lipid-contacting tryptophans in β1,

Trp7 did not follow this general rule and had an unusually
strong stabilization effect (p = 0.0002 statistical significance
with ΔΔGTrp‑Ala° values for W7, W9, W11, W13, and W15

mutants). This Trp is located in the periplasmic interface,
where it potentially interacts with other nearby aromatic
residues. W7 was the most stable mutant among the mutants
tested [ΔGunfold,H2O° = 6.3 ± 0.5 kcal/mol (Figure 3C and Table
1)]. When compared to the comparable Trp15, which is
located at the other membrane interface, Trp7 had an excess
degree of stabilization of −2.6 ± 0.6 kcal/mol at 0 M urea
(Figure 4). This particularly favorable contribution by Trp7 is
most likely caused by its aromatic interaction with Tyr43 on β2.
On the basis of the crystal structure of OmpA, the intercentroid
distance between the aromatic cores of Trp7 and Tyr43 is 4.8 Å
(Figure 1). We previously showed by double mutant cycle
analysis that aromatic−aromatic interactions stabilize OmpA on
the order of −1 to −2 kcal/mol (ΔΔG°) when the
intercentroid distance between two neighboring aromatic

Figure 2. Urea-induced equilibrium unfolding of OmpA mutants in 9:1 DPoPC/POPG lipid bilayers monitored by Trp fluorescence emission. (A)
Unfolding transition curves for W0, W7, W9, and W11 mutants with tryptophans in the periplasm-facing monolayer (left) and corresponding plots of
unfolding free energies vs urea concentration (right). (B) Unfolding transition curves for W0, W11, W13, and W15 mutants with tryptophans in the
extracellular space-facing monolayer (left) and corresponding plots of unfolding free energies vs urea concentration (right).
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rings is <7 Å.22 The interaction energy between Trp7 and
Tyr43 (ΔΔG°) is −1.0 kcal/mol.22 Although the intercentroid
distances between Trp7 and Tyr168 and between Trp7 and
Phe170 are 8.3 and 13.4 Å, respectively, in the crystal structure
(Figure 1), it is possible that Trp7 also favorably interacts with
Tyr168 and/or Phe170 on β8 because these residues likely
sample multiple conformations.31 Although it is conceivable
that Trp9 may also interact with the aromatic residues in β2

and β8, our results (Figures 3C and 4) do not indicate any
interference by this potential interaction.
We were interested in knowing whether the energetic

contributions of the different tryptophans depended on the
folded reference state, i.e., whether different results would be
obtained when ΔGunfold° was compared at a specific denaturant
concentration (eq 4) rather than back-extrapolated to buffered
water. Interestingly, the membrane depth-dependent contribu-
tion of Trp was highly sensitive to the concentration of urea
(Figure 4). The most favorable contribution of the membrane-
central Trp11 to the stability of OmpA gradually decreased as
the urea concentration was increased and eventually was
reversed at 3 M urea. However, the bell-shaped energy profile
across the bilayer observed at 3 M urea may not be statistically
significant (p = 0.037 with ΔΔGTrp‑Ala° values for W9, W11, W13,
and W15 mutants) because of the relatively large standard errors
compared to the small differences in ΔΔGTrp‑Ala° values.
However, the systematic trends observed as the urea
concentration increases let us believe that the shape of the
energy profile is indeed reversed when the high-urea reference
states are compared with the low-urea reference states. At 3 M
urea, which denatures OmpA significantly but not completely,
the interfacial Trp15 appears to be more stabilizing than the
central Trp11 by ∼1.1 ± 0.7 kcal/mol. All lipid-contacting
tryptophans of β1 were moderately destabilizing at 3 M urea
(ΔΔGTrp‑Ala° [Wx] > 0) (Figure 4). While the data at 0 M urea
are clearly statistically significant, we are more cautious about
the data observed at the higher urea concentrations. Regardless,
we still find the observed systematic trends for folding in more
destabilizing conditions interesting and perhaps biologically
meaningful as we will further discuss below.

■ DISCUSSION
Aromatic residues play a unique role in protein−lipid
interactions. On the basis of statistical analysis of membrane
proteins of known structure, they are significantly enriched with
Trp and Tyr in the water−bilayer interface, implying a crucial
role of these residues in anchoring membrane proteins in lipid
bilayers.9−11,32 Their strong membrane-partitioning character is
also important for the translocation of signaling and fusion
proteins to lipid bilayers.33−36 Physicochemical properties such
as the aromaticity, electric quadrupole moment, and large
hydrophobic surface area are thought to be responsible for
these phenomena.37 Among aromatic residues, Trp has a strong
propensity to interact with phospholipids in the interfacial and
hydrophobic core regions.32

Here, we systematically studied the effect of Trp placed at
different depths in a lipid bilayer on the stability of β-barrel
membrane protein OmpA. Lipid solvation of Trp stabilized
OmpA at all depths but was most stabilizing when placed near
the center of the bilayer. Stabilization by lipid solvation of Trp
was gradually weakened as this residue was moved toward
either membrane interface.
Our result that the central Trp is most stabilizing agrees with

predictions from the Wimley−White (WW) whole-residue
hydrophobicity scales.4,5 While Trp is the most hydrophobic
amino acid on both the water−octanol and water−interface
scales, the partitioning of Trp into octanol that mimics the
hydrocarbon region of the bilayer is more favorable than its
partitioning into lipid bilayer interfaces. Indeed, the free energy
differences between the two WW scales can be used to
distinguish between helical segments of membrane proteins
that span the lipid bilayer and those that partition to the

Figure 3. Plots of fitted parameters describing the equilibrium
unfolding of OmpA depending on the position of the Trp residue
along strand β1. (A) Midpoints of transition (Cm) and (B) m-values vs
Trp position. (C) Free energy of unfolding (ΔGunfold,H2O° ) depending
on the position of the Trp residue.

Figure 4. Difference free energies (ΔΔGTrp‑Ala° ) vs Trp position for
four urea concentrations. The values at 0 M urea are the customary
ΔΔGunfold,H2O° values.
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interface.38 We can further use these scales to estimate the net
preference of Trp for partitioning into the core of the bilayer
relative to the bilayer interface according to

Δ ‐ = Δ

− Δ − Δ

− Δ

−
°

−
°

−
°

−
°

−
°

G G

G G

G

[Trp Ala] ( [Trp]

[Trp]) ( [Ala]

[Ala])

octanol interface water octanol

water interface water octanol

water interface (5)

and we find ΔΔGoctanol−interface° to equal −0.57 ± 0.18 kcal/mol,
which implies a mild preference of Trp for the bilayer interior.
For comparison, our result of the contribution of the interior
tryptophans (W9, W11, and W13) to the stability of OmpA in
lipid bilayers relative to interfacial tryptophans (W15)

Δ = Δ − Δ

− Δ − Δ
−

° ° °

° °

G G G

G G

[W ] ( [W ] [W ])

( [W ] [W ])
x xinterior interface unfold 0 unfold

unfold 0 unfold 15 (6)

where x = 9, 11, and 13, ranges from ΔΔGinterior−interface° = −0.5
± 0.5, −1.4 ± 0.5, and −1.8 ± 0.7 kcal/mol for W9, W13, and
W11, respectively. These values are on the same order of
magnitude as or slightly greater than those estimated from the
WW scales. In this comparison, we did not include W7 because
its true energetic contribution is masked by cooperative
interaction with other aromatic residues in the neighboring
strands22,39 (see Results).
Contrary to the free energies derived from these membrane

protein folding experiments and Wimley and White’s peptide
partitioning studies, recent work from the von Heijne group
showed that the transfer of Trp from the translocon to the lipid
bilayer of the ER is less favorable in the center than in both
membrane interfaces by a ΔΔGapp° of 0.8−1.0 kcal/mol.7,40

Öjemalm et al. further tested various non-natural amino acid
analogues of Trp, Tyr, and Phe and concluded that the
hydrogen bonding capability of aromatic side chains is an
important factor that determines the preference of polar
aromatic residues for the interfaces over the interior of the ER
membrane.40 As already mentioned, many statistical analyses of
the structures of α-helical and β-barrel membrane proteins also
indicate a substantial enrichment of tryptophans at interfaces
relative to the bilayer center,9−11,32,41 although Adamian et al.
find Trp similarly prevalent in the lipid hydrocarbon (ΔG =
−0.3 kcal/mol) and headgroup (ΔG = −0.5 kcal/mol)
regions.32

What could be the reasons for the apparent discrepancy
between these different scales? The thermodynamic stability of
proteins is defined as the free energy difference between the
folded and unfolded states.25 Therefore, the free energy of the
unfolded state is also critically important for defining the
thermodynamic stability of proteins, including membrane
proteins. Could it be that we are seeing here a manifestation
of different unfolded states in the in vitro biochemical and more
biological cell-free systems? We think that this is actually quite
likely. We know that OmpA has only negligible residual
structure at 8 M urea.20 Another β-barrel membrane protein of
similar size, OmpX, also has only little residual structure at high
denaturant concentrations.42 The state of nascent proteins
almost certainly is different from random coil in the translocon.
Nascent proteins in the translocon channel are likely somehow
ordered, although this order is of course very far from the
native state of the protein and certainly different from the
disorder found in an unfolded membrane protein in solution.

Even if no structure can be detected in intrinsically
disordered proteins in vitro, they are not completely random
either.43 In addition to depth-dependent bilayer effects in the
folded state, nonrandom unfolded states of our proteins could
contribute to the depth-dependent folding profiles that we
observed in this work. For example, it is conceivable that the
central tryptophans (W9, W11, and W13 mutants) of OmpA
destabilize the unfolded states more than the interfacial
tryptophans (W7 and W15 mutants). The notion that this
may indeed be the case is supported by our observation that the
Trp contribution to OmpA’s stability was remarkably more
sensitive to solvent perturbation by urea for tryptophans near
the bilayer center than for interfacial tryptophans (Figure 4).
Another interesting observation is the large and systematic

variation of the m-values of the mutants (Figure 3B). They are
the principle players that drive the strong depth and urea
dependence of the stability contribution of the different
tryptophans in membranes (Figures 3B,C and 4). In soluble
protein folding, m-values are generally believed to reflect how
much hydrophobic surface area is shielded from water.44,45 It is
therefore not surprising that residues that are more deeply
buried in the bilayer feature higher m-values. However, the
nonrandomness of unfolded states also needs to be taken into
account in discussions of the sequence dependence of m-
values.46 In this context, it is interesting to note that a Trp
residue contributes to the formation of a single tiny cluster of
local residual structure in the unfolded membrane protein
OmpX in 8 M urea.42

Finally, the changes in the unfolding free energy by mutation
of lipid-exposed residues are designed in our study to capture
differential lipid−protein interactions of the replaced resi-
dues.8,22 However, although we designed our experiments to
minimize energetic interference from neighboring residues in
the folded state, we cannot completely exclude the possibility
that the apparent changes in the unfolding free energies are
subject to subtle contributions from perturbed folded states of
our OmpA mutants. However, such perturbations, if present,
are likely only very minor as judged from the efficient refolding
and spectroscopic characterization of all mutants. We also need
to be cautious about the generality of our conclusions based on
trends observed after mutation of just one strand of OmpA.
Further mutational analysis, including deletion of the aromatic
residues in neighboring strands β2 and β8 as well as targeting
Trp residues in other β-strands, would be interesting to pursue.
In summary, our results suggest that lipid solvation of

individual amino acid residues lining the membrane-embedded
perimeter of integral membrane proteins is adjusted by the
complex physicochemical properties of the lipid bilayer that
vary dramatically with membrane depth. This fine-tuning affects
quite strongly the thermodynamic stability of not only OmpA
but most likely also all membrane proteins. For multipass α-
helical or β-barrel membrane proteins, the depth-dependent
lipid solvation is further modified by interactions with
neighboring side chains in the native structure and likely also
by energetic contributions from unfolded states.
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