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ABSTRACT: Interactions between transmembrane helices are mediated by the concave Gly-xxx-Gly motif
surface. Whether Gly residues per se are sufficient for selection of this motif has not been established.
Here, we used the in vivo TOXCAT assay to measure the relative affinities of all 18 combinations of
Gly, Ala, and Ser “small-xxx-small” mutations in glycophorin A (GpA) and bacteriophage M13 major
coat protein (MCP) homodimers. Affinity values were compared with the accessibility to a methylene-
sized probe of the total surface area of each helix monomer as a measure of solvation by membrane
components. A strong inverse correlation was found between nonpolar-group lipid accessibility and dimer
affinity (R ) 0.75 for GpA,p ) 0.013, andR ) 0.81 for MCP,p ) 0.004), suggesting that lipid as a poor
membrane protein solvent, conceptually analogous to water in soluble protein folding, can contribute to
dimer stability and help to define helix-helix interfaces.

Although the forces that stabilize soluble protein folds have
been extensively studied, the interactions that dictate the
tertiary and quaternary structures of membrane proteins are
incompletely understood (1). Because of the challenges
presented by the hydrophobic nature of membrane proteins,
only a handful of high-resolution structures have been
elucidated (2-7). However, the folding of membrane proteins
as described in the two-stage model (8-10) may be simpler
than that of their soluble counterparts in that transmembrane
(TM)1 segments behave as individually stable, self-folding
units that pack with one another to form the final protein
structure. Adoption of tertiary (via intramolecular) and
quaternary (via intermolecular) structures in the membrane
thus depends upon TM helix-helix interactions, and the
stability of these structures is a consequence of helix-helix
affinities. One of the best-characterized motifs mediating TM
helix-helix interactions, termed the Gly-xxx-Gly or GG4
motif, consists of two Gly residues separated by three
variable intervening positions. The role of GG4 motifs in
directing helix-helix interactions was initially implied in

experimental and statistical searches (11-13). The i-(i +
4) distance between the Gly residues in this motif places
both on the sameR-helix face, producing a concave surface
for close helix-helix contacts (11).

The precise role of Gly residues in this motif nevertheless
remains an area of some debate. Some workers have found
that Gly residues are sufficient but not necessary to determine
helix-helix interactions (14), while others contend that Gly
residues are neither necessary nor sufficient for the formation
of dimers (15, 16). We therefore chose to examine the
importance of the concave helix surface created by the GG4
motif in determining interface selection and affinity by
systematically replacing each Gly residue alone and in
combination with Ala and Ser residues. These substitutions
tend to fill in the Gly groove on the TM helix surface (Figure
1) and were therefore anticipated to reduce its ability to serve
specifically as a nucleus of helix-helix assembly. Residue
replacements were thus introduced into two well-character-
ized TM helices that form homodimers via GG4 motifs, the
human erythrocyte protein glycophorin A (GpA) and bac-
teriophage M13 coat protein (MCP), because they have
comparable folds (17). However, GpA is an obligate dimer
optimized for high affinity, whereas the MCP dimer has
moderate stability (17), a situation that allows the GG4 motif
role to be evaluated in systems with variable helix-helix
interaction strengths. In the present work, wild-type (WT)
and mutant affinities were determined using the TOXCAT
system, an in vivo assay that measures the extent of self-
oligomerization in theEscherichia colimembrane (18).

EXPERIMENTAL PROCEDURES

Vectors and Strains.The expression vectors pccKAN,
pccGpA-WT, and pccGpA-G83I, along withE. coli strain
NT 326, were kindly provided by Dr. Donald M. Engelman,
Yale University (18). Oligonucleotides encoding the TM
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segment from MCP were restriction-digested withNheI and
BamHI and ligated into theNheI and BamHI sites of the
restriction-digested plasmid pccKAN. Individual mutants
were produced by mutating either the WT GpA construct or
the WT MCP construct using the QuikChange site-directed
mutagenesis kit (Stratagene). Sequences of all constructs
were confirmed using DNA sequencing and were subse-
quently transformed intoE. coli NT 326 (malE-) cells. To
determine the expression level of each chimera, whole-cell
lysates controlled for the number of cells were analyzed by
Western blot using an antibody against maltose-binding
protein (MBP) (NEB). Blots were developed with a goat anti-
rabbit horseradish peroxidase (HRP) secondary antibody
(Sigma), and band densitometry was performed using NIH
image. Statistical analysis was performed using the software
program R.

Chloramphenicol Acetyltransferase (CAT) Enzyme-Linked
Immunosorbent Assay (ELISA).Constructs transformed into
NT 326 cells were grown at 37°C and 250 rpm to anA600

of 0.6. Cells were harvested into 1 mL fractions and stored
at-80°C. Cell lysates were prepared as previously described
(19) and assayed for CAT concentration using the CAT
ELISA kit (Roche Applied Science). A standard curve was
generated with CAT provided by the manufacturer. In each
experiment, the high-affinity GpA dimer, the lower affinity
MCP dimer, and a mutant that disrupts dimerization of GpA
(G83I) were included as controls. All measurements were
performed in at least triplicate, and errors shown are standard

deviations on at least three measurements. Statistical analysis
was performed in the R software program.

MalE Complementation Test.M9 minimal medium plates
were used with 0.4% maltose as the only carbon source (18).
NT 326 cells transformed with each mutant were streaked
onto the plates and incubated for 2 days at 37°C.

Interfacial Residue Burial Calculations.The burial of TM
segment residues in the GpA MCP dimer interfaces was
estimated using NACCESS (20) as follows. Edited Protein
Data Bank (PDB) files containing the TM regions of the
GpA (11) (PDB ID 1AFO, residues 73-95) or MCP (17)
(residues 27-45) dimers were submitted to NACCESS, and
lipid-accessible surface area (LASA) of each residue in Å2

was estimated using a probe of radius 1.88 Å. The 1.88 Å
probe radius was selected to approximate the size of a
methylene group on a lipid acyl chain and is the average of
the methylene atomic radius calculated by two groups (21,
22). Monomer accessibility was calculated using the above-
mentioned structure files, where all atoms except those in a
single monomer were deleted. The percent burial of each
residue upon dimerization was determined using eq 1

Helix SolVation Calculations.The sequences of the WT
and mutant GpA (residues 75-89) and MCP (residues 21-
42) TM segments placed in the TOXCAT chimera (see
Figure 2 for sequences) were modeled as single (monomeric)
energy-minimizedR-helices using the CNS program suite
(23). The PDB files thus generated, each containing a single
R-helix structure, were analyzed using NACCESS to estimate
the LASA of each monomer as described above. Relative
LASA values were obtained using a reference data set of
LASA values calculated for each of the 20 amino acids when
placed as the guest residue in a set ofR-helical Gly-X-Gly
tripeptides according to eq 2

Per residue LASA values were determined by dividing
the total helix LASA by the total number of helix residues.
Total interfacial LASA values were determined as the sum
of the individual LASA values of GpA residues Leu 75, Ile
76, Gly 79, Val 80, Gly 83, Val 84, and Thr 87 or MCP
residues Val 30, Val 31, Gly 34, Ala 35, Gly 38, and Ile 39
(17). Statistical analysis was performed using the R software
program.

RESULTS

Mutations in the GG4 Motif HaVe Different Effects on GpA
Versus MCP Affinity.A total of 18 TM helix sequences
including WT GpA, WT MCP, and mutants representing all
possible combinations of Gly, Ala, and Ser residues in their
GG4 motifs (Figure 2) were incorporated into the TOXCAT
vector pccKAN and expressed in the inner membrane ofE.
coli with an N-terminal fusion of the DNA-binding domain
of ToxR and a C-terminal fusion of the periplasmic MBP
(18). Homo-oligomerization of the TM domain in the
TOXCAT system results in ToxR dimerization, thereby
driving transcriptional activation of a CAT reporter gene.

FIGURE 1: Infill of the concave GG4 motif surface by Ala and Ser
substitutions. The van der Waals radii of residues 75-91 of the
GpA TM helix are shown with the Gly residues at positions 79
and 83, colored purple. In comparison to (a) Gly, the (b) Ala and
(c) Ser side chains reduce the depth of the concave surface (shaded
in yellow) that serves to allow for the close approach of the two
helices, while (d) Val residues interrupt the concave surface
altogether. This figure was produced with Swiss PDB Viewer (54).

(residue LASAmonomer- residue LASAdimer)/

(residue LASAmonomer) × 100 (1)

residue LASArelative)
(residue LASAhelix/residue LASAGly-X-Gly) × 100 (2)
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Furthermore, the level of CAT expression correlates with
the extent of TM helix-mediated association (18). A GpA
mutant, G83I (denoted GI4GpA), known to disrupt helix-
helix association (18), was used as a negative control for
dimerization.

The correct membrane insertion of each fusion protein was
confirmed by the growth of NT326 cells expressing each
fusion protein construct on M9-maltose plates (not shown).
Western blotting, the accepted methodology used to normal-
ize fusion protein expression in TOXCAT (18, 24-35), in
conjunction with densitometry measurements confirmed that
each chimera was produced at comparable levels [the
expression level of each construct compared to WT GpA
for all experiments was identical withp < 0.05; average
values were 166( 21 dots per inch (dpi) for GpA and 171
( 19 dpi for MCP]. We therefore considered differences in
the CAT amount measured in the ELISA assay to be the
result of altered dimer affinity rather than changes in the
expression level of the fusion protein (Vide infra). WT GpA
formed a greater proportion of the dimer than did WT MCP,
evidenced by an increased CAT expression (Figure 3). WT
MCP exhibited approximately 30% of the TOXCAT activity
of WT GpA (Figure 3), compared to approximately 10% in
a previous study (17). Such variation has been observed in
TOXCAT signals: for example, the measured affinity of the

GpA G83I mutant ranges from approximately 4% (36) to
approximately 20% (37) of WT GpA values. Nevertheless,
the hierarchy of stability of sequence variants tends to be
conserved between these studies, and we find a linear
correlation between the relative stability of our GpA variants
versus the WT measured in the TOXCAT assay and the free
energy of dimerization relative to the WT (15, 16, 38) (Figure
4). In our hands, the G83I substitution reduced the affinity
of the GpA helix to approximately 14% of the WT value
(Figure 3a).

Although replacements made individually at either Gly 79
or Gly 83 in GpA disrupted dimerization, Gly-83-substituted
motifs formed lower affinity dimers than their Gly 79
counterparts (Figure 3). For example, the G83A and G83S
replacements (denoted GA4GpA and GS4GpA) decreased

FIGURE 2: Small substitution constructs for the GpA and MCP TM
series. (a) GpA WT (GG4GpA) and MCP WT (GG4MCP) sequences.
(b) GpA TM and MCP TM mutant sequences. Residues boxed in
blue represent the two positions of the “Gly-xxx-Gly” motif; those
boxed in gray are distal residues that modulate TM-TM helix
affinity (17). Constructs are designated by a two-letter code that
denotes the identity of the first and second “Gly-xxx-Gly” motif
positions, i.e., AS4) Ala-xxx-Ser with a subscript denoting the
GpA or MCP TM background.

FIGURE 3: TOXCAT assay of WT and mutant GpA and MCP TM
segments. CAT levels are normalized to WT GpA (GG4GpA); the
G83I GpA mutant (GI4GpA) used as a negative control for
dimerization is shown for comparison. (a) CAT levels of WT and
mutant GpA constructs. (b) Expression levels of all GpA constructs.
The lane order is the same as presented in a. (c) CAT levels of
WT and mutant MCP constructs. (d) Expression levels of all MCP
constructs. The lane order is the same as presented in c. Cell lysates
of each construct were analyzed by Western blot using anR-MBP
antibody. Error bars represent the standard deviation of at least three
measurements for each construct. The asterisk indicatesp < 0.001
(using the Tukey-Kramer multiple comparisons test) when com-
pared with MCP WT (GG4MCP).
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affinity to levels equivalent to G83I (GI4GpA, see Figure 3a),
while substitution of Gly 79 in the Gly 83 background
(AG4GpA and SG4GpA) maintained helix affinity closer to WT
levels. When both Gly positions were replaced, helix-helix
association of the resulting mutants (AS4GpA, AA4GpA,
SA4GpA, and SS4GpA) was also compromised (Figure 3a). The
greater proportion of dimers formed by the AS4GpA versus
SA4GpA mutant (Figure 3a) also indicates position 83 as less
tolerant of residue substitutions than position 79. The
dimerization ability of the SS4GpA mutant was greater than
that of its AA4GpA counterpart, possibly because of the
interactions promoted by the polarity of the Ser side chain.
Within experimental error, the self-association of the AG4GpA,
SG4GpA, GA4GpA, and GI4GpA substitutions is comparable to
homodimerization levels evaluated using the GALLEX assay
(14). The GS4GpA mutant, however, exhibits approximately
20% of WT TOXCAT activity (Figure 3a) compared with
about 80% of WT activity in the GALLEX system (14), a
difference that may originate from the use of two distinct
assay systems. Unlike GpA, small residue substitutions at
Gly 34 and Gly 38 in MCP caused only minor variations in
helix-helix affinity (Figure 3c), and each position was
equivalent in terms of tolerating Ala and Ser replacements.
Only two MCP mutants (AG4MCP and AA4MCP) had signifi-
cantly different dimerization values than WT (GG4MCP);
AG4MCP increased dimerization, while AA4MCP was disrup-
tive (Figure 3c).

Small Residue Substitutions at the GG4 Motif Do Not
Change the MCP Dimer Interface.We sought to determine
if the changes in affinity of the GpA and MCP mutants were
caused by disruption of the native helix-helix interfaces of
each dimer or by other factors such as removal of van der
Waals or electrostatic interactions across the native interface.
As a test for interface preservation in the presence of “filled
in” Gly residue grooves, substitutions known to confer high
affinity to the MCP homodimer in the GG4 motif background
(V30L and F42T) (17) were recreated in the MCP AS4
background. If the AS4MCP helix retains its WT dimerization
site, these residue substitutions would be expected to
similarly increase stability. Consistent with previous experi-
ments (17), no significant change in dimer affinity occurred
when the F42T substitution was introduced into the AS4MCP

background (Figure 5). Similarly, the V30L and F42T double
mutant (17) had a statistically significant increase in dimer-

ization (p < 0.01). The degree of stabilization by the V30L
and F42T double mutant observed in AS4MCP is likely less
than the 3-fold increase in GG4MCP (17) because of the Ala
and Ser replacement of the GG4 motif residues. On the basis
of these results, we concluded that the GpA and MCP
mutants are likely to retain their native oligomerization sites
across this series of systematic motif replacements.

Close Packing of Interfacial Gly Residues Dictates Toler-
ance to Small Residue Substitution.Because the native
helix-helix interface is largely preserved in the library of
GG4 motif small residue mutants, we reasoned that affinity
changes could be caused, in part, by a disruption of the
stabilizing van der Waals and/or electrostatic interactions that
depend upon close packing across the helix-helix interface.
Residue burial in the native GpA and MCP interfaces was
thus examined to see if changes in affinity could be
rationalized by local packing differences at the two Gly
positions in the GG4 motif. Using a methylene-sized probe
to estimate the accessibility to membrane components of each
residue in the GpA and MCP structures, we determined that
Gly 79 and Gly 83 are indeed buried in the helix-helix
interface of the WT GpA homodimer structure (11), as
illustrated in Figure 6a. However, they are slightly non-
equivalent in terms of close packing with neighboring
residues, where Gly 79 averages 88% burial over each
monomer and Gly 83 averages 92%. Gly 83 is therefore
somewhat more tightly packed into the GpA interface than

FIGURE 4: Comparison of normalized CAT production for WT
(GG4) and mutant (AG4, GA4, GI4, and AA4) GpA constructs in
the TOXCAT assay with their reported free energy of dimerization
relative to WT GpA in detergent micelles (15, 16).

FIGURE 5: TOXCAT assay of distal residue mutants. (a) Sequence
alignment of single- and double-mutant AS4MCP constructs are
shown with WT MCP (GG4MCP) and WT GpA (GG4GpA). (b)
Normalized CAT expression relative to WT GpA. Error bars
represent the standard deviation of at least three measurements for
each construct. The asterisk indicatesp < 0.01 (using Tukey-
Kramer multiple comparisons test) when compared with AS4MCP.
Colored bars correlate with the same colored sequences given in
a. (c) Fusion protein expression levels of each construct assayed
by TOXCAT. Cell lysates were analyzed by Western blot using
an R-MBP antibody.
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Gly 79 and might be expected to be less tolerant to
substitution, a finding that may explain, in part, the higher
sensitivity of Gly 83 to residue replacement. A similar
analysis of a structural model of the MCP homodimer (17)
indicated that both Gly residues are 100% buried in the
helix-helix interface (Figure 6b), providing an explanation
for the essentially equivalent effects of Gly 34 and Gly 38
mutations in the latter case. However, we note that the
structure analyzed is a model; a complete description of the
effects of these substitutions may require high-resolution
structure determination of MCP.

Accessibility of Monomer Surfaces to Lipid InVersely
Correlates with Dimer Affinity.The above analysis of the
GpA and MCP interfaces provided an explanation for the
position specificity of the Gly residue replacements within
a given GG4 motif. Dimers containing the GG4 motif can
be further stabilized by CRH-O hydrogen bonds formed
between the nonpolar CR proton of the Gly residue and the
backbone carbonyl of the opposite helix (39). However, the
individual affinities of all 18 single and/or double mutants
were not readily rationalized by changes in van der Waals
packing at the helix-helix interfaces or by changes in side-
chain polarity. We therefore hypothesized that helix-lipid
interactions might also contribute to the overall stability of
the GpA and MCP dimers. If alteration of the lipid
accessibility of the GpA and MCP monomers by small
residue replacements in the GG4GpA and GG4MCP motifs
influences stability as measured by the TOXCAT system,
an inverse relationship between lipid solvation and dimer

affinity should exist: more poorly solvated monomers would
be expected to form stronger dimers and vice versa.

We therefore determined the total surface area of each WT
and mutant GpA and MCPR-helix monomer accessible to
a methylene-sized probe as an estimate of solvation by
membrane components. This probe mimics the lipid acyl-
chain radius in size, although it has considerably more
conformational freedom than the covalently linked methylene
groups in membrane lipids. In our analysis, a higher LASA
represents more contact between lipid and protein (better
solvation) and a lower LASA represents less contact (poorer
solvation). Because the TM segments of both the NMR
structure of GpA (11) and the MCP model (17) areR-helical,
we generated energy-minimizedR-helical structures (see the
Experimental Procedures) that correspond to monomers of
the WT and mutant GpA and MCP sequences placed in the
TOXCAT construct (Figure 2) and analyzed the LASA of
these helices. When the side-chain, backbone, nonpolar-
group, and polar-group LASA values of the WT and mutant
GpA and MCP helices were compared to their WT GpA-
normalized TOXCAT signals (Figure 7), an inverse and
statistically significant correlation between nonpolar LASA
and dimer affinity was observed (R values of 0.75 for GpA,
p ) 0.013, andR values of 0.81 for MCP,p ) 0.004; see
Figure 7a). This correlation implies the existence of nonpolar
cavities on the TM helix surface that have a role in
determining affinity. Such cavities consist of local portions
of nonpolar groups that cannot contact lipid and similar
crevices that arise between adjacent nonpolar side chains.
Note that cavities are distinct from the concave surfaces
characteristic of GG4 motifs, which themselves are well-
solvated by lipid. Helices with larger nonpolar LASAs form
weaker dimers because a greater proportion of their nonpolar
surface area can contact lipid and form favorable helix-
lipid interactions. Those with smaller nonpolar LASAs have
a greater proportion of their apolar surface excluded from
lipid-helix interactions by steric constraints; viz., the meth-
ylene groups of lipid acyl chains cannot intercalate into these
apolar cavities along the helix surface, precluding favorable
interactions with membrane components and thereby driving
these cavities to pair with a complementary surface.

In contrast, backbone and polar-group exposure to lipid
was observed to only weakly correlate with dimer affinity
(parts b and c of Figure 7). This relationship is easily
rationalized, because the polar nature of peptide bonds and
polar side chains precludes interaction with lipid: both seek
a partner with which to form hydrogen bonds (40-43). The
weak correlation coefficients observed for the backbone and
polar-group parameters may also reflect the position specific-
ity of hydrogen-bond formation, with the residues that are
positioned correctly for interhelical hydrogen-bond formation
contributing more to affinity, as is the case for the SS4GpA

mutant (Figure 3). The inverse correlation observed for total
side-chain LASA and affinity (Figure 7d) indicates that side-
chain values are dominated by the nonpolar component,
although correlations are weaker because of the inclusion
of both polar and nonpolar groups in the side-chain calcula-
tion.

DISCUSSION

“Small-xxx-small” motifs are important contributory de-
terminants to establishment of helix-helix interfaces in

FIGURE 6: Residue burial in the GpA and MCP dimer interfaces.
Space-filling models of the TM helix regions of (a) the GpA
homodimer (11) (PDB ID 1AFO) and (b) the MCP model (17).
Dimeric structures are shown on the left; on the right, the topmost
helix has been removed to reveal the interfacial residues. Residues
are shaded to show average percent burial in each dimer. This figure
was produced with Swiss PDB Viewer (54).
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membrane domains. However, because Gly residues are not
specifically necessary for selection of the motif as the site
of helix-helix contact, as evidenced by the preservation of
the native interface in the AS4MCP double mutant V30L-
F42T (Figure 5), there may be additional determinants of
interface selection. Our finding that the presence of cavities
on the TM helix surface inversely correlates with dimer
affinity implies that the inability of lipid to solvate nonpolar
surface area may also influence helix-helix interactions.
Such cavities are unable to interact with lipid and could
therefore be driven to find a complementary surface with
which to pair. In the present work, we show that dimer
affinity values in a library of 18 mutants in GpA and MCP
dimers determined experimentally by the TOXCAT assay
correlate with nonpolar-group lipid accessibility.

Measurement of TM-TM Dimer Affinity by the TOXCAT
Assay.In establishing a correlation with LASA, it became
of primary importance to determine accurate dimerization
values. To this end, we quantitated expression by densito-
metry of the Western blots obtained from the full library of
WT and mutant TOXCAT chimeras (Figure 3). Western
blotting is the generally accepted control for chimera
expression levels in the TOXCAT assay that has proven to
be successful in measuring the effects of residue substitutions
on helix affinity (18, 24-35), even when compared to other
methods for determining helix-helix affinity (38). We found
that gel bands (Figure 3) had identical intensities (p < 0.05)

with a range of(13% for WT and mutant GpA and(11%
for WT and mutant MCP. When the measured intensities of
each band were used to normalize the observed level of CAT
expression, measured and densitometry-normalized CAT
concentration values for each of the 18 WT and mutant
constructs were found to be identical byt testing (p < 0.01).
Further, we used the densitometry-normalized TOXCAT
signals to recalculate our correlation coefficients (Figure 7).
For both GpA and MCP, little or no change in the correlation
coefficients was observed. Even those bands on the Western
blot that visually appear to be darker, such as the GA4 mutant
of GpA (Figure 3), actually report lower-than-WT CAT
levels. In any case, the affinities of the WT and mutant GpA
and MCP chimeras vary by up to 86% (for GpA) and 41%
(for MCP). Therefore, it does not seem likely that variations
in [CAT] resulting from chimera expression levels are biasing
measurements of helix-helix association strength in our
assays.

The in vivo TOXCAT measurements are made on helices
embedded in theE. coli inner membrane, a lipid bilayer
environment that itself is known to impose helicity on protein
segments within it. However, one could consider the pos-
sibility that perturbation inmonomerichelix structure and/
or stability might be introduced by our residue substitutions
in GpA and/or MCP. To address this point, we examined
the totalR-helix propensity in membrane-mimetic environ-
ments (44) for WT GpA, WT MCP, and all combinations

FIGURE 7: Relationship between dimer affinity and helix lipid accessibility.Per residueLASA of (a) nonpolar, (b) backbone, (c) polar, and
(d) all side-chain atoms for WT and mutant GpA (black) and MCP (red) model helices, plotted versus the natural logarithm of the TOXCAT
signal normalized to GpA WT. They-axis scales of the graphs in a-d have been adjusted to allow for the display of both the GpA and
MCP data sets. The G83I mutant of GpA is included in the data set, as are all of the GG4 motif mutants. The correlation coefficient of each
linear fit determined by linear regression is indicated. Correlation coefficients given in parentheses indicate those calculated for each fit
after measured [CAT] was normalized by densitometry values for Western band intensities. The correlations observed for per residue of
nonpolar LASA and GpA or MCP affinity shown in a havep ) 0.013 and 0.004, respectively.
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of Ala, Gly, and Ser replacements: for WT GpA and
mutants, a mean per residue propensity of 3.05( 0.03 was
calculated; for WT MCP and mutants, a mean per residue
propensity of 3.38( 0.02 was calculated. The propensity to
form R-helical structure thus varies by less than 1% among
all of the WT and mutant GpA and MCP TM helix sequences
tested in this work. Our CNS modeling of the individual
helices that contain relatively conservative Gly-Ala-Ser
replacements in terms of residue size and propensity for
R-helix structure in apolar environments gives no suggestion
of alteration in the WT GpA and/or MCP monomer
structures. In this regard, it is interesting to note that GpA
mutant G83I, in which Gly is mutated to the much higher
helix-promoting residue Ile (44), actually loses more than
80% of its WT affinity, indicating that residue-dependent
dimer affinity is most likely the dominant factor being
measured in the TOXCAT assay.

Dimer Affinity Modulated by Gly, Ala, and Ser in Small-
xxx-Small Motifs.Using Ala or Ser replacements to reduce
the size of the concave GG4 interaction surface does not
appear to influence the selection of this motif as the site of
helix-helix contact in either the GpA or MCP homodimers,
an observation consistent with MCP saturation mutagenesis
experiments, where Ala and Ser were found to be the only
residue substitutions in the motif that were compatible with
its in vivo function (45). The identity of small residues in
the GG4 motif (whether Gly, Ala, or Ser) is nevertheless
capable of modulating affinity in context; this is the case in
the GpA dimer, where Gly 79, the less buried of the two
interfacial Gly residues, is more tolerant to residue substitu-
tion than its Gly 83 counterpart.

From this standpoint, one notes that the cavities found on
the helix surfaces ofmonomericGpA and MCP include
residues that are found on the same helix face as the GG4
motif (Figure 8). Some of these residues surround the
concave GG4 motif surface. For example, the lipid-occluded
GpA residues Val 80 and Val 84 and MCP residue Ala 35
flank the GG4 motif and provide the “knobs” that pack into
the Gly residue “holes” on their interaction partner. When a
surface complementary to cavity-containing residues is
provided into which they can intercalate, Gly residues may
therefore contribute to but not completely specify helix-
helix interaction sites, perhaps guiding the close approach
of two helices, while unfavorable helix-lipid interactions
at lipid-occluded residues provide an additional force for
interface selection. The inability of lipid to solvate nonpolar
cavities along the helix surface may therefore provide an
additional force that drives the “knobs” into the Gly residue
“holes”.

If unfavorable helix-lipid interactions are the only
determinants of interface selection, then the correlations
between LASA and dimer affinity should be stronger when
only interfacial residues are considered. However, we observe
weaker correlations when only the interfacial GpA and MCP
residues (17) are considered for all measures but polar groups
(data not shown). This observation implies that lipid occlu-
sion is a contributor but not the only criterion that specifies
helix-helix interaction interfaces. In fact, residues that
cannot be solvated by lipid, among them Ile 85 and Gly 86
in GpA and Lys 40 in MCP, remain lipid-exposed upon
helix-helix interaction (Figure 8). A combination of forces
must therefore influence which surfaces of two helices will

pair with one another. Dimer stability most likely represents
a balance between unfavorable helix-lipid and favorable
helix-helix interactions, where unfavorable helix-lipid
interactions might predominate in the forces that drive two
helices into close proximity with one another, while favorable
helix-helix interactions dictate the final interface selection
and stability of each dimer (40, 41). This balance is reflected
by the observed minimum change of∼5 Å2 per residue in
LASA for WT versus MCP mutants, which translates into
( ∼120 Å2 per full-length helix, that correlates with
TOXCAT-determined helix-helix interaction strength.

Lipid as a “Poor SolVent” for TM Helices.A possible
role for lipid molecules in modulating the association of TM
helices has been noted (for reviews, see refs46 and 47).
For example, gains in conformational freedom by detergent
molecules that are released during helix-helix association
provide a small entropic contribution to the stability of the
GpA dimer (48). Helix-helix interaction energy has also
been shown to directly depend upon acyl-chain length (49),
and mismatches between bilayer thickness and TM helix
length are known to influence peptide oligomerization (50,
51). Our observation that the affinity of the WT and mutant
GpA and MCP homodimers is linked to poor lipid acces-

FIGURE 8: Lipid-inaccessible cavities on the GpA and MCP
surfaces. Space-filling models of the TM helix regions of (a) the
GpA homodimer (11) (PDB ID 1AFO) and (b) the MCP model
(17) are shown. Dimeric structures are shown on the left; on the
right, the topmost helix has been removed to reveal the interfacial
residues. The five residues with the least accessible nonpolar surface
area in the WT helices used for LASA calculations relative to an
R-helical Gly-X-Gly reference peptide are shaded green. Residues
labeled on the dimeric structures are lipid-inaccessible but non-
interfacial; those labeled on the monomers are lipid-inaccessible
and interfacial (compare with Figure 5). Note that many of the
residues with lipid-inaccessible cavities surround the two Gly
residues in the GG4 motif. This figure was produced with Swiss
PDB Viewer (54).
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sibility of the entire helix surface contributes to the idea that
unfavorable helix-lipid interactions may stabilize oligomers
and perhaps help define their interaction site(s).

The roles of helix-helix and helix-lipid interactions in
controlling and modulating the affinity of TM helix-helix
associations have yet to be completely elucidated. Our results
indicate that small (Ala and Ser) residue substitutions at the
Gly positions in the GG4 motifs of GpA and MCP likely
maintain the native helix-helix interface but alter affinity
in a manner dependent upon the relative lipid exposure of
nonpolar groups in the TM helix monomers. Although the
exclusion of polar residues by lipid molecules likely domi-
nates in helix-helix interactions, as evidenced by the
formation of strong dimers by single polar residues (41, 52)
and burial of polar side chains according to a “lipophobic
effect” (53), unfavorable helix-lipid interactions may also
contribute to the stability of helix-helix association, par-
ticularly for those TM segments that form strong dimers in
the absence of polar residues (43). In certain cases, lipid may
therefore be considered as a less than ideal solvent for TM
helices, conceptually analogous to water in soluble protein
folding, and as such, can contribute to dimer stability and
participate in defining helix-helix interfaces.
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