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’ INTRODUCTION

R-Helical membrane proteins fold and assemble via lateral
helix�helix interactions in bilayer membranes.1 In addition to
specific interactions within the protein, the membrane environ-
ment itself can play a major role in structuring membrane
proteins.2 Cell membranes are a highly heterogeneous medium
in lipid and protein composition.3 For example, E. coli inner
membranes contain three major lipid species with different
headgroups, and the E. coli genome codes for more than a
thousand putative R-helical membrane proteins.4,5 Thus, there
are a wide variety of potential interactions that could modulate
transmembrane helix association through specific or nonspecific
lipid�protein and protein�protein interactions. It is largely
unknown how the complex lipid and protein environment of
natural membranes influences the folding and stability of mem-
brane proteins.

Bacterial and eukaryotic cell membranes are overall negatively
charged and contain a significant fraction of nonbilayer lipids.6

The negative charges of biological membranes help determine
the topology of integral membrane proteins by electrostatic
interactions with the charged residues.7�9 The nonbilayer lipids
such as phosphatidylethanolamine (PE) and lyso-phospholipid
form inverted hexagonal (HII) and hexagonal (HI) phases,
respectively, and thus strongly modulate the curvature stress
and lateral pressure profile of the lipid bilayers.10 These elastic
properties can be important modulators of the structure, func-
tion, and topogenesis of many integral membrane proteins.2,11,12

In addition to the wide variety of lipids, membrane proteins
occupy more than one-half of total membrane mass.13 The high
concentration of proteins may perturb the structure and dy-
namics of the surrounding lipid molecules and reduce the surface

area accessible for diffusion.14,15 It is also possible that embedded
membrane proteins can compete with specific protein�protein
interactions in cell membranes.

Here, we investigated the effects of natural lipid and protein
components on the stability of a specific transmembrane (TM)
helix�helix interaction in reconstituted bilayer systems. TM
helix interactions are prevalent in cell membranes and are
involved in assembly, signaling, and subcellular localization of
membrane proteins.16,17 They have also served as an important
model system for studying the lateral transmembrane he-
lix�helix interactions that occur in the folding of R-helical
membrane proteins.18,19 As our model, we chose the well-
characterized glycophorin A transmembrane domain, GpATM,
which forms a stable sequence-specific dimer in lipid environ-
ments. Extensive mutagenesis and thermodynamic studies have
been carried out in detergent micelles and lipid bilayers to
identify the driving forces determining the sequence specificity
of the dimerization.20,21 GpATM is sufficiently stable that it
remains dimeric in SDS solution.20,22,23 We recently found that
GpATM is so stable in palmitoyloleoyl phosphatidylcholine
(C16:0C18:1c9PC) model bilayers that it should be almost com-
pletely dimeric in vivo.24 Nevertheless, the results of Duong et al.
suggest that GpATM is mostly monomeric in E. coli inner
membranes.25 Chen et al. also reported that the wild-type
GpATM is predominantly monomeric in bleb vesicles derived
from mammalian cells.26 These results suggest that there may be
something different about natural membranes that destabilizes
GpATM interactions relative to a pure C16:0C18:1c9PC bilayer.
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ABSTRACT:Membrane proteins have evolved to fold and function in
a lipid bilayer, so it is generally assumed that their stability should be
optimized in a natural membrane environment. Yet optimal stability is
not always in accord with optimization of function, so evolutionary
pressure, occurring in a complex membrane environment, may favor
marginal stability. Here, we find that the transmembrane helix dimer,
glycophorin A (GpATM), is actually much less stable in the hetero-
geneous environment of a natural membrane than it is in model
membranes and even common detergents. The primary destabilizing
factors are electrostatic interactions between charged lipids and charged GpATM side chains, and nonspecific competition from
other membrane proteins. These effects overwhelm stabilizing contributions from lateral packing pressure and excluded volume.
Our work illustrates how evolution can employ membrane composition to modulate protein stability.
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Here, we investigate the physicochemical origin of this desta-
bilization. Our results reveal several new aspects of lipid�protein
and protein�protein interactions that can modulate the stability
of transmembrane helix�helix interactions.

’RESULTS

The Steric Trap Method. We used our recently developed
steric trap method to measure the dimer stability of a staphylo-
coccal nuclease-GpATM fusion, SNGpATM, in lipid bilayers.24,27

The method, shown in Figure 1a and b, has been described
previously.24 We attach two biotin tags that are sufficiently close
in the dimer that only one biotin can be bound by a large mono-
valent streptavidin (mSA) molecule. Because of steric overlap,
the second biotin tag can only be bound when the dimer falls
apart to a monomer. Thus, the affinity of the second mSA
binding is coupled to dissociation and therefore reflects dimer
affinity. Binding is observed by monitoring the fluorescence of a
pyrene label on SNGpATM. The method is applicable to high
affinity interactions because dissociation can be thermodynami-
cally driven by the high affinity of mSA and by its concentration.
The affinity of mSA must be tuned to the affinity of the dimer
interaction being examined. We therefore previously generated a
series of monovalent streptavidin mutants whose biotin affinity
ranges from ∼10�9 to ∼10�6 M (Figure 1c).24 Employing a
mSA variant with the appropriate affinity, biphasic binding is
observed, corresponding to the high affinity binding of the first
mSA, followed by SNGpATM dissociation and binding of the
second mSA occurring at lower affinity. If the mSA affinity is too
high, only one binding phase is observed because dimer affinity
cannot compete with mSA binding.
Affinity of SNGpATM Dimer Is Low in E. coli Lipid Mem-

branes. To provide a lipid environment mimicking natural cell
membranes, we measured the dissociation constant of a GpATM
dimer in lipid bilayers composed of E. coli phospholipid extracts.

E. coli inner membranes have a simpler lipid composition than do
eukaryotic cell membranes.4,28 Because of the lack of cholesterol
and sphingolipids, a complex lipid phase behavior in model
membranes can be avoided.29,30 More importantly, dimerization
of GpATM has been extensively studied in E. coli inner mem-
branes in vivo using the TOXCAT assay so that our results can be
directly compared to the previous reports.25,31

SNGpATM in E. coli lipidmembranes was titrated with a series
of mSA mutants with different intrinsic biotin binding affinities
(Kd,biotin) (Figure 2b). Only a single tight binding phase was
observed with the stronger biotin binding mSA mutants mSA-
S45A (Kd,biotin = 2.1 � 10�9 M), mSA-E44Q/S45A (Kd,biotin =
9.1 � 10�9 M), and mSA-W79 M (Kd,biotin = 4.5 � 10�8 M),
indicating that the affinity of these mSA variants was too high to
effectively measure the SNGpATM dissociation constant. The
characteristic two-phase binding curve could be obtained with a
weaker biotin bindingmSA-N23A/S45A (Kd,biotin = 8.6� 10�7M)
(for the detailed procedure, see Supporting Information Figure 2).
The fitted dissociation constant (Kd,GpA) of the GpATM dimer
was (1.0 ( 0.3) � 10�8 M. By comparison, the dissociation
constant in pureC16:0C18:1c9PCbilayerswas (1.5( 0.6)� 10�12M
and required the use of higher affinity mSA variant, mSA-E44Q/
S45A (Kd,biotin = 9.1� 10�9 M) (Figure 2a). Thus, the affinity of
GpATM dimer was severely weakened in E. coli lipid membranes
relative to C16:0C18:1c9PC membranes by ΔΔGo

X,dissociation =
∼5 kcal/mol using a mol-fraction scale.32 Surprisingly, the
affinity is not much different from that in detergent micelle
solutions (Figure 2c).32,33

Host�Guest System To Test the Effects of Individual Lipid
Components.To dissect the bilayer forces that contribute to the
destabilization of the GpATM dimer in E. coli lipid membranes,
we set out to test the effects of the major lipid components of
E. coli inner membranes, which are composed of 70�75% of
zwitterionic phosphatidylethanolamine (PE), 15�20% of nega-
tively charged phosphatidylglycerol (PG), and 5�10% of

Figure 1. The steric trapmethod. (a) Design of the construct used for steric trapping.24 GpATM, orange; SN, blue (staphylococcal nuclease fused to the
N-terminus); and BAP, green (biotin acceptor peptide). A unique cysteine was labeled with a pyrene fluorescent probe for the detection of binding/
dissociation. The amino acid sequence of humanGpATM is composed of the hydrophobic transmembrane segment (underlined) followed by a series of
positively charged residues in the C-terminus. (b) Reaction scheme of the steric trap method. A single monovalent streptavidin (green sphere) can bind
to one of the biotin tags in the dimer with its intrinsic binding affinity (ΔGbind). Because of steric overlap in the dimeric form, however, a second
streptavidin can only bind to the dissociated form. Thus, the affinity of the second streptavidin is modulated by the stability of the dimer, yielding an
overall free energy of binding equal to ΔGdissociation + ΔGbind. (c) If the affinity of mSA is too high, binding is insensitive to the contribution from
dissociation. If the affinity is too low, impractically high concentrations of mSA are required to drive dissociation. We therefore employ a library of mSA
mutants with various intrinsic biotin binding affinities (Kd,biotin).

24 mSA-S27R (*) has a stronger biotin binding affinity in the negatively charged
membranes than in neutral lipid environments (see text).



11391 dx.doi.org/10.1021/ja204524c |J. Am. Chem. Soc. 2011, 133, 11389–11398

Journal of the American Chemical Society ARTICLE

negatively charged cardiolipin (CL) lipids. The major hydro-
carbon composition is 30�45% of 16:0, 30�45% of 16:1c9, and
15�30% of 18:1c11.

4

We designed a host�guest lipid system, which is composed of
purely synthetic phospholipids. C16:0C18:1c9PC was chosen as a
host lipid, and the guest lipids, which have a various headgroup
structure but the same hydrocarbon composition (C16:0C18:1c9),
were incorporated into the lipid bilayers to an appropriate ratio.
The hydrocarbon composition was fixed to C16:0C18:1c9 because
E. coli lipids have a phase behavior similar to that of palmitoy-
loleoyl phosphatidylethanolamine (C16:0C18:1c9PE).

4 We chose
naturally abundant C16:0C18:1c9PE, C16:0C18:1c9PG, lyso-phos-
phatidylcholine (C18:1c9PC), palmitoyloleoyl phosphatidylserine
(C16:0C18:1c9PS), and cardiolipin (tetra-C18:1c9CL) as guest
lipids. Thus, in the lipid bilayers with different lipid compositions,
the variations in the hydrophobic thickness were minimized so
that the dominant headgroup effects could be studied.
Bilayer Lateral Pressure Modulates Transmembrane He-

lix�Helix Interaction. First, we tested the effect of PE lipids on
the dimerization of GpATM. PE lipids with longer acyl chains
and cis-double bonds form an inverted hexagonal phase (HII)
above the liquid�hexagonal phase transition temperature.34 When
incorporated into a bilayer, they induce an intrinsic negative

curvature in each monolayer leaflet and increase the lateral pressure
in the central region of the bilayer.35,36 Although highly stable in
pure C16:0C18:1c9PC bilayers (Kd,GpA = (1.5( 0.6)� 10�12 M at a
lipid-to-protein molar ratio (L/P) = 1000, Figure 2a), the GpATM
dimer became even more stable in C16:0C18:1c9PE/PC (40/60 in
mol %) bilayers (Kd,GpA = (2.1( 0.5)� 10�13 M at L/P = 1100).
At a comparable L/P ratio, the net stabilization effect by 40%
C16:0C18:1c9PE was ΔΔGo

X,dissociation = �1.5 kcal/mol relative to
pure C16:0C18:1c9PC bilayers.
A complication with the incorporation of the small headgroup

PE lipid into PC bilayers is that it increases not only the lateral
pressure but also the hydrophobic thickness of the bilayers.37

Thus, dimer stability was tested in 100% C18:0C18:1c9PC bilayers
(Supporting Information Figure 3). C18:0C18:1c9PC has a thicker
hydrocarbon thickness (dhc = 27.6 Å37) than does C16:0C18:1c9PC
(dhc = 26.5 Å38) and has a gel-to-liquid phase transition
temperature (Tm = 13 �C39) similar to that of C16:0C18:1c9PC/
PE (60/40) mixed bilayers (Tm =∼12 �C40). The Tm and dhc of
pure C16:0C18:1c9PE are 24 �C40 and 30.1 Å,37 respectively.
Increasing the hydrocarbon thickness from C16:0C18:1c9PC
to C18:0C18:1c9PC destabilized the GpATM dimer. Thus, the
net stabilization effect by PE lipid likely originates from the

Figure 2. Comparison of the stability of SNGpATM dimer in pure PC and E. coli lipid bilayers. (a) mSA binding curves in pure C16:0C18:1c9PC. The
affinity of mSA-S45A is too high under these conditions to observe a second binding phase from dissociation, but the mSA-E44Q/S45A mutant
(Kd,biotin = 9.1 � 10�9 M) allows the dissociation phase to be observed. The fitted Kd,GpA of GpATM dimer was (1.5 ( 0.6) � 10�12 M at a lipid-to-
protein molar ratio (L/P) of 1000 with mSA-E44Q/S45A. (b) Selection of a mutant mSA with an optimal Kd,biotin to extract the dissociation constant
(Kd,GpA) of SNGpATM dimer in E. coli lipid membranes. In contrast to pure PC bilayers, the mSA-E44Q/S45A variant has too high affinity to measure
dissociation in E. coli lipid. Instead, a much lower affinity variant was required, mSA-N23A/S45A (Kd,biotin = 8.6 � 10�7 M), indicative of the weaker
dimerization of SNGpATM in E. coli lipids. For the mSA-N23A/S45A binding curve, we obtain Kd,GpA = (1.0 ( 0.3) � 10�8 M at L/P = 1500. All
measurements were performed in 20 mMMOPS (pH 7.4), 200 mMNaCl buffer solutions with a mSA-accessible SNGpATM concentration of 1.8 μM.
(c) Comparison of the dissociation free energy (ΔGX,dissociation) of GpATM dimer in E. coli lipid membranes relative to pure C16:0C18:1c9PC bilayers24

(�), DMmicelles33 (- - -), and C8E5 micelles32 (� -� -�).ΔGX,dissociation of GpATM dimer is expressed in mol-fraction scale32 as a function of molar
ratio of GpATM to total detergents or lipid concentrations. The lines indicating the concentration dependence of dissociation free energies in various
environments were obtained previously.24,32,33
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increase in the bilayer lateral pressure rather than the increase in
thickness.
To further test the lateral pressure effect on the stability of the

GpATM dimer, the micelle-forming lyso-phosphatidylcholine
(C18:1c9PC) was perfused into the C16:0C18:1c9PC-SNGpATM
proteoliposomes to a final 20 mol % of the total lipids. In
constrast to PE lipids, lysoPC induces a positive intrinsic mono-
layer curvature and reduces the lateral pressure in the bilayer
center.2 In the bilayers containing C18:1c9PC, the dimer stability
was dramatically reduced by ∼4.5 kcal/mol (Figure 3b and c)
relative to pure C16:0C18:1c9PC bilayers. These results again
suggest that packing pressure has a significant effect on dimer
stability. The presence of PE in E. coli membranes, which
increases lateral packing pressure, is therefore not likely to be
the origin of the destabilization of the SNGpATM dimer.
Strong Destabilization of TM Helix Interactions in Nega-

tively Charged Membranes. The effects of the negatively
charged lipids PG and PS on the dimerization of GpATM were
tested in C16:0C18:1c9PG/PC (20/80) and C16:0C18:1c9PS/PC
(20/80) bilayers. PG is the major negatively charged lipid in
E. coli inner membranes, while PS is the major negatively charged
lipid in eukaryotic cell membranes. As shown in Figure 4, the
stability of the GpATM dimer dramatically decreased in the
negatively charged membranes by ΔΔGo

X,dissociation = 4.5�5
kcal/mol relative to pure C16:0C18:1c9PC bilayers (Figure 4a,b,b;
also see Supporting Information Figure 4). Moreover, the
chemical structure of the lipid headgroup is not a factor because
the incorporation of either PG and PS lipids decreased the
stability of the GpATM dimer to a level similar to that of
E. coli lipids (Figure 4d). Incorporation of 5 mol % of cardiolipin

(tetra-C18:1c9CL) also destabilized the dimer, but only to a
moderate extent (Supporting Information Figure 5).
It is possible that the negatively charged membranes increased

streptavidin binding affinity, thereby falsely reporting a weakened
GpATM dimerization affinity. We therefore tested the intrinsic
binding affinity of mSA to a monomeric GpATM mutant,
GpATM-G83I mutant, so that dimerization and mSA binding
affinity could be separated. In C16:0C18:1c9PC/PG (20/80)
bilayers (Figure 4a, 2), the overall binding curve closely
overlapped the intrinsic biotin binding curve of mSA-N23A/
S45A, as expected for binding to a monomeric variant. In
addition, dilution of SNGpATM by a higher concentration of
C16:0C18:1c9PG/PC lipids also shifted the second phase binding
curve to lower mSA concentration region, consistent with desta-
bilization of the dimer (Figure 4c). Therefore, we could conclude
that the specificity of dimer formation is maintained in the
negatively charged membranes. The intrinsic biotin binding
affinity of mSA mutants did not change in the negatively charged
membranes except for mSA-S27R, whose intrinsic affinity in-
creased by only 2.3 times in the C16:0C18:1c9PG/PC bilayers
(Supporting Information Figure 1).
We next tested if the stability enhancing effect by the

nonbilayer PE lipid and the stability reducing effect by the
negatively charged PG or PS are additive when these two lipid
species were incorporated at the same time in lipid bilayers. The
resulting lipid compositions (C16:0C18:1c9PE/PG/PC or PS) are
more similar to those of E. coli inner membrane or eukaryotic cell
membranes. As before (see above), the addition of 40 mol %
C16:0C18:1c9PE to 20 mol % PG or 20 mol % PS mildly increased
the dimer stability byΔΔGo

X,dissociation =�0.5( 0.4 kcal/mol in

Figure 3. Effects of bilayer lateral pressure profile on the stability of GpATM dimer. (a) mSA-binding curves in C16:0C18:1c9PE/PC (40/60) lipid
bilayers.Kd,GpA = (2.1( 0.6)� 10�13 Mwas obtained at L/P = 1100 with mSA-S45A (Kd,biotin = 2.1� 10�9 M). (b) mSA binding curves in C18:1c9PC/
C16:0C18:1c9PC (20/80) bilayers. Kd,GpA = (6.0 ( 2.4) � 10�9 M was obtained at L/P = 1500 with mSA-N23A/S45A (Kd,biotin = 8.6 � 10�7 M).
(c) Summary of changes in ΔGX,dissociation induced by 40 mol % C16:0C18:1c9PE (9) and 20 mol % C18:1c9PC (0) relative to pure C16:0C18:1c9PC
bilayers. The lines indicating the concentration dependence of dissociation free energies in various environments were obtained previously.24,32,33
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PS-containing membranes andΔΔGo
X,dissociation =�0.6( 0.3 to

�0.9( 0.4 kcal/mol in PG-containing membranes, respectively
(Figure 4a and b, O). The stability enhancement, however, was
smaller than in neutral C16:0C18:1c9PE/PC (40/60) bilayers
(ΔΔGo

X,dissociation = �1.5 kcal/mol, Figure 3c).
Electrostatic Interaction between Negatively Charged

Lipids and the Positive Charge Residues of TM Helix Is
Responsible for the Destabilization. What is the origin of
the strong destabilization of GpATM dimer induced by the
negatively charged lipids? GpATM contains four positively
charged residues, Arg96, Arg97, Lys100, and Lys101
(ITLIIFGVMAGVIGTILLISYGIRRLIKKLG: TM domain un-
derlined, and Arg and Lys residues in bold) in the C-terminal
region of the transmembrane domain.23 In an erythrocyte
membrane, these residues are likely to be located in the mem-
brane�cytoplasm interfacial region. We therefore hypothesized
that electrostatic interactions between the interfacial positively
charged residues and the negatively charged lipid headgroups
may affect the dimerization equilibrium of GpATM.
To address this question, a quadruple mutant R96Q/R97Q/

K100N/K101N (GpATMRRKK/QQNN) was generated, in which
all of the C-terminal positively charged residues were replaced by
neutral polar residues. This construct showed dimer stability

similar to that of wild-type SNGpATM in nondenaturing decyl
malotoside (DM) micelles (Figure 5a). When the stability of the
GpATMRRKK/QQNN dimer was measured in the negatively
charged C16:0C18:1c9PG/PC (20/80) and the neutral C16:0

C18:1c9PC bilayer, the destabilization effect of the negatively
charged lipids was completely eliminated (Figure 5b and c). The
dissociation constants of the GpATMRRKK/QQNN dimer in the
neutral and negatively charged bilayers (Kd,GpA = (5.8 ( 2.4) �
10�13 M in C16:0C18:1c9PC and Kd,GpA = (7.3( 4.1)� 10�13 M
in C16:0C18:1c9PG/PC) were indistinguishable and close to the
dissociation constant of wild-type GpATM dimer in neutral
C16:0C18:1c9PC bilayers (Kd,GpA = (1.5( 0.6)� 10�12 M). This
result strongly suggests that the specific electrostatic interaction
between the interfacial positively charged residues of GpATM
and the negatively charged membranes strongly reduces the
stability of the GpATM dimer.
Incorporation of E. coli InnerMembrane Proteins Leads to

a Significant Destabilization of Specific TM Helix�Helix
Interactions in Membranes. To investigate the effects of
heterogeneous membrane proteins on the specific dimeriza-
tion of TM helices, the total inner membrane proteins (IMP)
of E. coli cells were solubilized and reconstituted in E. coli lipid
membranes with SNGpATM (Supporting Information Figure 6a

Figure 4. Effect of negatively charged lipids on the stability of GpATM dimer. (a) mSA binding curves of wild-type and nondimerizing G83I GpATM
mutant in C16:0C18:1c9PG/PC (20/80) and wild-type GpATM in C16:0C18:1c9PE/PG/PC (40/20/40) bilayers at L/P = 1200�1300. For wild-type
GpATM, Kd,GpA = (1.4 ( 0.4) � 10�8 M and Kd,GpA = (5.1 ( 2.2) � 10�9 M were obtained in C16:0C18:1c9PG/PC and C16:0C18:1c9PE/PG/PC,
respectively, using a weaker biotin binding mSA-N23A/S45A (Kd,biotin = 8.6 � 10�7 M). (b) mSA binding curves of wild-type GpATM in
C16:0C18:1c9PS/PC (20/80) and C16:0C18:1c9PE/PS/PC (40/20/40) bilayers at L/P = 1800�1900.Kd,GpA = (2.5( 1.5)� 10�8M andKd,GpA = (1.0(
0.4)� 10�8 M were obtained in C16:0C18:1c9PS/PC and C16:0C18:1c9PE/PS/PC, respectively, using mSA-N23A/S45A (Kd,biotin = 8.6� 10�7 M). (c)
Dilution effects of GpATM in the negatively charged C16:0C18:1c9PG/PC (20/80) membranes. The fitted Kd,GpA’s were (1.4( 0.4)� 10�8 M at L/P =
1200, (3.2 ( 1.6) � 10�8 M at L/P = 1700, and (4.7 ( 2.1) � 10�8 M at L/P = 2100. (d) Summary of the effects of negatively charged lipids.
C16:0C18:1c9PG/PC (20/80) and C16:0C18:1c9PS/PC (20/80) destabilize the SNGpATM dimer relative to pure C16:0C18:1c9PC bilayers. A modest
stabilization by the introduction of C16:0C18:1c9PE can be seen by the increase of dissociation free energies in C16:0C18:1c9PE/PG/PC (40/20/40) and
C16:0C18:1c9PE/PS/PC (40/20/40) bilayers. The stability of GpATM dimer in E. coli lipid membranes is also indicated for comparison. The lines
indicating the concentration dependence of dissociation free energies in various environments were obtained previously.24,32,33
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and c). As shown in Figure 6a, the incorporation of IMPs
dramatically decreased the SNGpATM dimer affinity. The over-
all mSA-binding curve reached an intrinsic biotin binding regime
of mSA-S27R (Kd,biotin = 2.8� 10�6 M) at the IMP-SNGpATM
mass ratio of 0.22. Therefore, in E. coli lipid membranes, the
presence of a relatively small amount of general E. coli inner
membrane proteins led to a large destabilization of the GpATM
dimer to the level where the dissociation constant (Kd,GpA) of
the dimer was so weak that it could not be measured by the
steric trapping. The mass ratio of the total reconstituted
membrane proteins (SNGpATM plus IMPs) to phospholipids
was approximately 1:7.0 at the highest IMP content in the
proteoliposomes, which is considerably more dilute than the
total protein-to-lipid mass ratio of 2.8:1 of the solubilized
E. coli inner membranes.
To quantitatively assess the destabilization effect by IMPs at

higher IMP�SNGpATMmass ratio, SNGpATMand IMPs were
reconstituted in pure C16:0C18:1c9PC bilayers, in which the
GpATM dimer is highly stable (Figure 6b and Supporting
Information Figure 6d). The high stability in C16:0C18:1c9PC
bilayers allows a wider range of the destabilizing effects to be
quantitatively assessed than is possible in E. coli lipid membranes.
As the protein to lipid mass ratio increased from 0 to 1.0, the
dissociation constants increased from Kd,GpA = 3.0� 10�12 M to
Kd,GpA = (9.2 ( 2.9) � 10�9 M or ∼3 orders of magnitude at
L/P = 1400�1600 (Supporting Information Figure 7). At
the highest IMP�SNGpATM mass ratio tested, the net desta-
bilization free energy of the dimer amounted to a remarkable
ΔΔGo

X,dissociation = 4�5 kcal/mol.

’DISCUSSION

Here, we showed that individual lipid components differen-
tially affect the dimerization equilibrium of GpATM and that
generic membrane proteins extracted from the E. coli inner
membranes significantly destabilized the TM helix�helix inter-
action in lipid bilayers. The combination of these environmental
factors imposes strong destabilizing forces on the GpATM
dimer. Our results are summarized in Figure 7a. In pure
C16:0C18:1c9PC bilayers, the dimer stability is ΔGX ≈ 12 kcal/
mol. The addition of the negatively charged lipid C16:0C18:1c9PG
in the proportion seen in E. coli membranes destabilizes the
dimer about ∼5 kcal/mol due to electrostatic interactions
between the membrane and the protein. The E. coli lipid
C16:0C18:1c9PE increases stability by about ∼�1 kcal/mol
through an increase in lateral packing pressure. Finally, the
addition of E. coli IMP, which recreates a facsimile of a natural
E. coli membrane environment, destabilized the dimeric form by
roughly∼5 kcal/mol to a level ofΔGX≈ 3 kcal/mol. This value
is remarkably similar to the values estimated in membrane blebs
by Chen et al.26 Our results provide a clearer picture of the
physicochemical origin of the relatively weak GpATM dimeriza-
tion seen in these natural membranes.

Membrane proteins occupy a significant fraction of the total
membrane surface, reducing the area accessible to the free
diffusion of the embedded proteins.15 Grasberger et al. suggest
that the excluded volume effect of inert proteins should increase
the dimerization equilibrium constant by about 2.7 kcal/mol
when the fractional occupancy of the inert proteins increases
up to 0.5.41 We find the opposite effect, however. At a mass ratio
of ∼1, the GpATM dimer is destabilized by 4�5 kcal/mol. It

Figure 5. Stability of the neutral GpATMRRKK/QQNN in various lipid environments. (a) Binding curves of mSA-S27R to 2 μM wild-type SNGpATM
(Kd,GpA = (1.7 ( 0.3) � 10�7 M) and SNGpATMRRKK/QQNN (Kd,GpA = (2.6 ( 0.6) � 10�7 M) in 40 mM DM micelles. (b) mSA binding curves of
SNGpATMRRKK/QQNN in the negatively charged C16:0C18:1c9PG/PC (20/80) bilayers at L/P = 2100. The stability of the dimer was probed using mSA-
S45A (Kd,GpA = (4.8( 2.5)� 10�13 M) and mSA-E44Q/S45A (Kd,GpA = (7.3( 4.1)� 10�13 M). (c) mSA binding curves of SNGpATMRRKK/QQNN

in neutral C16:0C18:1c9PC bilayers at L/P = 1900. The stability of the dimer was probed using mSA-S45A (Kd,biotin = 2.1� 10�9 M,Kd,GpA = (4.0( 2.2)
� 10�13 M) and mSA-E44Q/S45A (Kd,biotin = 9.1 � 10�9 M, Kd,GpA = (5.8 ( 2.4) � 10�13 M).
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seems likely that this effect is due to competition for the binding
surface with other potential protein partners in the crowded
membrane. Certainly, the GxxxG dimerization motif of GpATM
is not uncommon in other membrane proteins.42 We cannot
exclude the possibility that the added membrane proteins may
alter lipid structure, however.14 Although the relative concentra-
tion of IMP in our experimental condition is less than that in real
E. coli cell membranes, the destabilization effect already exceeds
the expected stabilization effect of excluded volume, indicating
the importance of nonspecific interactions in determining the
stability of helix�helix interactions cell membranes. The poten-
tial for nonspecific contributions could be a significant complica-
tion when evaluating the effects of mutations using in vivo
systems or predicting in vivo effects from in vitro studies.

We have made the first direct thermodynamic measurements
on the role of the bilayer lateral pressures in the TM helix�helix
associations of R-helical membrane proteins (Figure 3). Increas-
ing the lateral pressure by 40% inverted hexagonal phase forming
PE increased the dimer stability by ΔΔGX = ∼�1.5 kcal/mol,
while decreasing lateral pressure with 20% micellar lysoPC
exerted the opposite effect (ΔΔGX = ∼4.5 kcal/mol de-
stabilization). Many studies have demonstrated the profound
effects of bilayer elastic properties on the structure, function, and
folding of integral membrane proteins.2 For example, the open
states of several mechanosensitive channels are stabilized by

addition of lysoPCs.43�45 Electron paramagnetic resonance
(EPR) studies showed that the incorporation of lysoPC induces
a dramatic structural rearrangement of MscL44 and MscS.45 The
effects of the lateral pressure induced by PE lipids are manifested
in opposite ways for two channel-forming antimicrobial peptides,
alamethicin46 and gramicidin.47 The incorporation of PE lipids
increases the conductance level and open lifetime of alamethicin,
a transmembrane peptide, by facilitating the lateral association of
the peptides. In contrast, PE lipids decrease the channel activity
of gramicidin, which spans one-half of a full bilayer thickness. The
modification of lateral pressure profile also significantly changes
the refolding yield and kinetics of R-helical membrane
proteins48,49 and the thermodynamic stability of β-barrel mem-
brane proteins.50 It is still not clear how and why the lateral
pressure affects the conformation of membrane proteins. In
general, the higher lateral pressure condition seems to favor
the association and packing of the transmembrane secondary
structure elements. Exposure of the protein surfaces of the
associated and folded state of the membrane proteins may be
more energetically costly under high lateral pressure. In addition,
the hourglass shapes of most integral membrane proteins of
known structures may relieve the negative monolayer curvature
strains induced by PE lipids stabilizing the folded state.50,51 In the
case of GpATM, the helices splay from the central GxxxG
packing interface,52,53 so that the volume of the dimer should
be higher at the edges of the bilayer, a structure that would be
favored by the positive pressure in the center and negative
pressure at the edges.

We were able to reproduce degree of destabilization by E. coli
lipids in entirely synthetic lipid membranes by introducing
negatively charged lipids. The electrostatic interactions between
the negatively charged lipid headgroups and the positively
charged residues in the cytosolic side of the GpATM played a
prominent role in this phenomenon. As illustrated in Figure 7b,
the interfacial charge interactions could alter the structure of
either the dimer or the monomer, thereby reducing the net
stability of the dimeric form. All biological membranes are
essentially negatively charged, and the positively charged resi-
dues of membrane proteins are significantly enriched near the
bilayer�water interface in the cytoplasmic side of the
membranes.54 This biased charge distribution, called “the posi-
tive-inside rule”, serves as a strong determinant of membrane
protein topology. Although the polar lipid headgoups mostly
comprise the interfacial region, this region is not fully hydrated.55

Therefore, electrostatic interactions can be much stronger than
in the bulk water phase. It has been frequently observed that the
hydrocarbon region of Lys or Arg side chains in membrane
proteins is buried in the bilayer core and the polar charged group
is anchored in the water�bilayer interface.56 This snorkeling
effect may help the stabilization and precise positioning of
R-helical segments of membrane proteins in lipid bilayers.57

Our results strongly suggest that the electrostatic interactions
between the interfacial Lys and Arg residues and the negatively
charged membranes58 not only determine the topology but also
may strongly affect the energetics of the TM helix�helix
associations in membrane proteins or their complexes.

The relatively nonspecific environmental factors examined in
this work highlight a tool that evolution can employ to adjust
membrane protein interactions to a level appropriate for func-
tion. Indeed, evolutionary pressure does not generally favor
optimal stability. Random mutations tend to drive proteins
toward marginal stability, and functional constraints can also

Figure 6. Effects of total E. coli inner membrane protein extracts (IMP)
on the stability of SNGpATM dimer. (a) Binding curves of mSA-S27R
to 2.1�2.7 μMSNGpATMwith an increasing amount of IMPs in E. coli
lipid membranes at L/P = 1500. The fitted Kd,GpA’s were (1.1( 0.4)�
10�8 and (1.4( 0.3)� 10�8M at the IMP to SNGpATMmass ratios of
0 and 0.13, respectively. At higher mass ratios, the dimer affinity was too
weak tomeasure, even with our lowest affinity mSA variant. (b) Changes
in the dissociation free energies (ΔGX,dissociation) of the SNGpATM
dimer as a function of the mass ratio of IMPs to SNGpATM in E. coli
lipid and C16:0C18:1c9PC membranes. For the detailed experimental
design and data, see Supporting Information Figure 7.
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demand low stability.59 Protein stabilization involves a complex
balance of forces involving interactions within the protein itself
and between the protein and the environment.1 Our work
illustrates how evolution can employ the relatively structured
membrane environment to modulate stability in accord with
evolutionary pressure.

’MATERIALS AND METHODS

Cloning, Expression, and Purification of SNGpATM with
Biotin Acceptor Peptide Tag. The pET11a vector encoding
staphylococcal nuclease-glycorphorinA transmembrane domain fusion
(SNGpATM) was a gift from Karen Fleming (Johns Hopkins Uni-
versity). The detailed procedures for the cloning, expression, and
purification of SNGpATMwith biotin acceptor peptide (BAP) tag were
described previously.60 The gene encoding SNGpATMRRKK/QQNN was
generated by mutating Lys100 and Lys101 to Asn100 and Asn101 at the
same time using the primer 50-GGT ATT TCC TCA CTG ATA AAT
AAC CTCGAGCACCACCAC followed by simultaneously substitut-
ing Arg96 and Arg97 for Gln96 and Gln97 with the primer 50-TTA ATT
TCT TAC GGT ATT CAA CAA CTG ATA AAT AAC CTC G.
Preparation of Total E. coli Inner Membrane Proteins.

E. coli (BL21(DE3)Rp strain, Agilent Techonologies) cells were grown
at 37 �C in LB media containing 0.5 mM chloramphenicol to an
OD600 nm ∼0.9. The harvested cells were resuspended in 20 mL of
50 mM TrisHCl buffer (pH 8.0) containing 20% glycerol and lyzed
using a French press four times at 8000 psi. The resuspension was
diluted with an equal volume of the resuspension buffer and centrifuged
at 4000g for 10min. The supernatant was then centrifuged at 40 000g for
90 min in an ultracentrifuge (Optima L-90K, Beckman-Coulter) to
obtain the total membrane fraction. The pellet was resuspended and
washed with 10 mL of 50 mM TrisHCl buffer (pH 8.0) containing 20%
sucrose and 4 M urea. The resuspension was loaded to the top of a

continuous sucrose gradient (30�60% sucrose) prepared in a Quick-
Seal centrifuge tube (38 � 102 mm, Beckman Instruments) and
centrifuged at 27 000 rpm in a 45 K rotor for 16 h. The red-colored
inner membrane fraction layer was collected in a 25 mL volume using a
syringe with 18G needle. The collected inner membranes were diluted
five times with 50 mM TrisHCl (pH 8.0) without sucrose and
centrifuged again at 27 000 rpm for 1 h in the 45 Ti rotor. The pellet
was solubilized with 3 mL of 4% decylmaloside (DM) solution (pH 8.0
50 mM TrisHCl, 200 mM NaCl) and centrifuged at 13 000 rpm for
5 min. The total concentrations of phospholipids and proteins in the
supernatant were determined by an organic phosphate assay61 and a
BioRad Dc assay, respectively. The final stock solution contained
4.2 mM of phospholipids and 8.5 mg/mL of proteins.
Preparation of Proteoliposomes. E. coli polar extract lipids and

synthetic phospholipids were purchased from Avanti polar lipids in
chloroform solutions. Typically, 10 μmol of pure lipids or lipid mixtures
dissolved in chloroform was added to glass tubes and dried under a
stream of nitrogen gas. The residual solvent was further removed in a
vacuum desiccator for 2 h. The dried lipid films were hydrated and
solubilized in 1 mL of 3% β-octylglucoside (Anatrace, Anagrade),
20 mMMOPS, 200mMNaCl (pH 7.5). The SNGpATM stock solution
(290�350 μM) in DM was added to the solubilized lipids at a final
concentration of 10 μM and incubated at room temperature for 1 h.
SNGpATMwas reconstituted into lipid vesicles by dialyzing against 250
sample volumes of 20 mM MOPS, 200 mM NaCl buffer solution
(pH 7.5), with three buffer exchanges over 48 h at 5 �C (Spectra/Por
25 kDa cutoff dialysis membrane, 7.5 mm diameter). The resulting
proteoliposomes were passed through Nucleo track etch membrane
(Whatman) with 200 nm pore-sizes using a mini-extruder (Avanti polar
lipids) 15 times. To prepare the lipid vesicles containing 20 mol %
lysoPC (C18:1c9PC), the dialyzed pure C16:0C18:1c9PC proteoliposomes
containing SNGpATM were mixed with the micellar solution of
C18:1c9PC, incubated at room temperature for 5 h, and extruded with

Figure 7. Summary of the effects ofmembrane components onGpATMdimer stability. (a)Major environmental forces that contribute to the weak TM
helix�helix interactions in natural cell membranes. Relative to neutral fluid C16:0C18:1c9PC bilayers, the negatively charged lipids such as PG and PS
dominate the lipid effects, destabilizing the dimer by ∼5 kcal/mol. The increased elastic stiffness by the inverted hexagonal phase forming PE lipids
mildly stabilizes the dimer. The addition of nonspecific proteins to the membranes can further destabilize the specific helix�helix interactions. (b)
Possible models for the destabilization of GpATM in the negatively charged membranes. In neutral membrane vesicles, the dimer is stabilized by the
restricted lateral and angular motions (top). In the negatively charged membranes, however, interfacial positively charged Arg and Lys residues of TM
helices are strongly attracted to the negatively charged lipid headgroups. The resulting adjustment of eachmonomeric TMhelix relative to bilayer normal
may cause the distortion of the dimer interface from the optimal side-chain packing destabilizing the dimer (middle). It is also possible that the optimal
dimer packing is maintained, but the significant free energy cost is required to form a dimer from a structurally altered, electrostatistically stabilized
monomer.
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the 200 nm pore size membrane. The typical average diameter of
proteoliposomes was 110 ( 60 nm as measured by dynamic light
scattering (DynaPro light-scattering systems, Protein Solutions). The
liposomal solutions were stored at 4 �C.
Determination of Protein and Lipid Concentrations in

Proteoliposomes. The proteolipsomes prepared above were solubi-
lized with an equal volume of 200 mM C8E5 solution (20 mM MOPS,
200 mM NaCl, pH 7.5). To determine SNGpATM concentration, the
solubilized sample was titrated with wild-type mSA and incubated over-
night. The total concentration of biotinylated pyrene-labeled SNGpATM
was determined by fitting the stoichiometric binding data with a fixed
parameter, Kd,biotin = 10�14 M. The total lipid concentration in proteo-
liposome samples was measured by an organic phosphate assay.61 The
orientation distributions of reconstituted GpATM in proteoliposomes
were determined by avidin binding assay as described previously.24

Monovalent Streptavidin Binding Measurements in De-
tergent Micelles and Bilayers. For binding measurements in
detergent micelles, 2 μM of biotinylated pyrene-labeled wild-type or
mutant SNGpATMs were titrated with monovalent streptavidin (mSA)
in buffer solutions containing 40mMDM(Anatrace, Anagrade), 20mM
3-(N-morpholino)propanesulfonic acid (MOPS), and 200 mM NaCl
(pH 7.5). A total volume of 70 μL of each sample was transferred to a 96-
well UV-compatible microplate (BD-Falcon), sealed with a polyolefin
tape, and incubated overnight at room temperature. Binding of mSA
coupled with the dissociation of the SNGpATM dimer was monitored
by pyrene monomer fluorescence at 390 nm with an excitation
wavelength of 330 nm using a SpectraMax M5 plate reader
(Molecular Devices). At the end of the measurements, excess free biotin
was added to a final concentration of 2 mM and incubated more than 1 h
at room temperature to dissociate bound mSA from the biotinylated
SNGpATM. The pyrene fluorescence intensity was measured at least
five times for the biotin added samples and used as the background. The
background-subtracted data were fitted to eq 1 to extract the dissociation
constants (Kd,GpA) of the SNGpATM dimer.

For binding measurements in lipid vesicle solution, 20�40 μL of
proteliposomes was mixed with various compositions of buffer/BSA
(bovine serum albumin, Sigma)/mSAmixtures. BSA was added to match
the total protein concentrations of the sample solutions which can affect
osmolarity. The total molar concentration of BSA and mSA was adjusted
to 100 μM in all sample solutions. A total volume of 80 μL of each sample
was transferred to a microplate, sealed with a polyolefin tape. When the
lipid vesicles were composed of neutral zwitterionic lipids such as PC and
PE, the samples were incubated overnight. When the vesicles contained
negatively charged lipids such as E. coli polar extract, PG, or PS, the
samples were incubated for 2�3 h. The same instrumental parameters as
in the micellar solutions were used. The mSA-induced changes in the
pyrene-fluorescence intensity were measured at least five times and
averaged. At the end of the measurements, excess free biotin was added
to a final concentration of 2 mM and incubated more than 6 h for the
samples containing strong biotin binding mSA mutants (mSA-S45A, -
E44Q/S45A, -W79M, and -W79L) and for 1 h for the samples containing
weak biotin binding mSA mutants (mSA-N23A/S45A and �S27R) at
room temperature to dissociate bound mSA from the biotinylated
SNGpATM. The fluorescence data from the biotin-blocked samples,
which were averaged from at least five times of measurements, served as a
background. The background-subtracted data were fitted to eq 1 or 2 to
extract Kd,GpA of the SNGpATM dimer.24
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whereFθ is the change in the specific binding signal ofmSA,Po is themSA-
accessible SNGpATM concentration, A1 and A2 are the amplitudes of the
binding phase and initialfluorescence level, respectively, [mSA] is the total
mSA concentration, and Kd,biotin is the intrinsic biotin dissociation constant
for mSA. When an ideal two-phase binding curve was obtained with a
strong biotin binding mSA mutant (mSA-S45A, -E44Q/S45A, -W79M,
and -W79L), a simultaneous fitting of the first and the second binding
phases (eq 2) was applied. Yet when a weaker mSA mutant was used
(mSA-N23A/S45A and -S27R), the second binding phase was selectively
fitted to eq 1. The onset of the second binding phase was identified by
the breaking point of the first derivative of the overall binding curve.24
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