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Sequence motifs are responsible for ensuring the
proper assembly of transmembrane (TM) helices in the
lipid bilayer. To understand the mechanism by which
the affinity of a common TM-TM interactive motif is
controlled at the sequence level, we compared two well
characterized GXXXG motif-containing homodimers,
those formed by human erythrocyte protein glyco-
phorin A (GpA, high-affinity dimer) and those formed by
bacteriophage M13 major coat protein (MCP, low affin-
ity dimer). In both constructs, the GXXXG motif is nec-
essary for TM-TM association. Although the remaining
interfacial residues (underlined) in GpA (LIXXGVXXG-
VXXT) differ from those in MCP (VVXXGAXXGIXXF),
molecular modeling performed here indicated that GpA
and MCP dimers possess the same overall fold. Thus, we
could introduce GpA interfacial residues, alone and in
combination, into the MCP sequence to help decrypt the
determinants of dimer affinity. Using both in vivo
TOXCAT assays and SDS-PAGE gel migration rates of
synthetic peptides derived from TM regions of the pro-
teins, we found that the most distal interfacial sites, 12
residues apart (and �18 Å in structural space), work in
concert to control TM-TM affinity synergistically.

After their biosynthesis and subsequent integration into a
membrane, many transmembrane (TM)1 helices associate with
other pre-formed helices to form functional membrane protein
domains (1). Specificity for a given helix-helix interaction is
achieved through the appropriate presentation of complemen-
tary side chains, which serve as recognition elements between
associating helices. The most highly studied, and apparently

widespread, mode of association is mediated by the so-called
GXXXG motif, which is known to act as a universal scaffold for
the assembly of both TM helices (2–9) and soluble �-helices
(10). The GXXXG motif, where two glycine residues are sepa-
rated by any three amino acids on a helical framework, gives
rise to a flat surface region on one face of the helix. This
arrangement of Gly residues permits the close approach of
interacting helices, whereupon extensive packing interactions
take place between pairs of surrounding residues. It has been
proposed that a portion of the interactive strength of GXXXG-
mediated associations may originate from inter-helix hydrogen
bonds between C� hydrogens and carbonyl oxygen atoms on
the adjacent helix (11).

The glycophorin A transmembrane (GpA-TM) segment is a
well characterized transmembrane helix dimer that associates
with high affinity, principally by using a central GXXXG motif
(3, 12). The details of side chain-side chain packing for GpA are
known in considerable detail, having been gleaned originally
from extensive mutagenesis experiments (3), computer model-
ing (13, 14) and, subsequently, from a high-resolution struc-
tural analysis using nuclear magnetic resonance (NMR) for the
GpA dimer in both detergent micelles (12) and lipid bilayers
(15).

Despite the high occurrence of the GXXXG motif in trans-
membrane helices (7), GpA-TM is the only GXXXG peptide
dimer with a structure determined to high resolution (11).
Thus, it is not clear whether other membrane proteins contain-
ing this motif adopt a similar dimeric fold to GpA or have
alternate structure. Moreover, it is not known how residues
surrounding GXXXG motifs “tailor” the affinity of their helix-
helix interactions for the required structural and functional
purposes. For instance, the transmembrane helix of the major
coat protein of the M13 bacteriophage (MCP-TM) contains a
GXXXG motif (2) and has been shown to self-associate using
both in vitro (2, 16–20) and in vivo (21) techniques. However,
unlike the highly stable GpA-TM dimer, the affinity of
MCP-TM helix-helix self-association is comparatively weak
(22). Indeed, such low affinity seems to be a requirement for
phage viability (18), thus raising the intriguing notion that the
MCP homodimer may not be optimized for stability, but is
instead designed to be in flux between the monomeric and
dimeric states during the life cycle of the phage (20).

The GpA and MCP systems thus afford the opportunity to
directly investigate the detailed mechanism by which the sta-
bility of a GXXXG-mediated interaction is either optimized (in
the case of GpA) or not (in the case of MCP). In the present
work, we initially establish, by using a method developed to
model TM helix oligomers (23), that the primary sequence of
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MCP is compatible with the dimers of the type formed by GpA.
Then, through systematic replacement of the interfacial resi-
dues of MCP with those of GpA, individually or in combination,
we assess the relative contributions of the interfacial sites in
stabilizing TM helix-helix interactions, using both in vitro (TM
peptides) and in vivo (TOXCAT) techniques. These combined
approaches provide a model in which TM helix-helix interactive
motifs are modulated through the propagation of long range
cooperative interactions along a 12-residue segment of the oli-
gomeric interface.

EXPERIMENTAL PROCEDURES

Computation of MCP Oligomerization—The structures of MCP-TM
helix (amino acids 25–42, AWAMVVVIVGATIGIKLF) and mutants
were built as uniform �-helices having a backbone torsion angle of � �
�65° and � � �40° (24) using the Insight II Biopolymer package
(Accelrys). We used the backbone-dependent rotamer library program,
SCWRL (25), to chose the side chain rotamers. Structure prediction of
MCP dimer was carried out as described (23). Briefly, the dimer opti-
mization started with 200 pairs of helices placed in random orientations
with respect to each other. Then, the packing interaction of each helix
pair was optimized by using the MC minimization method. The internal
backbone and side-chain positions were kept fixed during the minimi-
zation, but the relative positions of the helices were given all six degrees
of freedom. The energy function used was a softened van der Waals
potential without any electrostatic component. The simulations were
stopped after a maximum of 100,000 MC steps or if 15,000 steps oc-
curred without moving to a lower energy. All six orientation parameters
were changed during a step; a step of the same magnitude and direction
was repeated if the previous step resulted in lower energy. The step size
in each parameter was randomly selected. The temperature was ini-
tially set at 500 K and decreased linearly to 0.1 K over the first 50,000
steps. In this manner, we generated a large collection of independently
optimized structures. After the MC simulations, the dimer structures
were filtered to remove structures incompatible with the dimer sym-
metry. Then, we clustered the remaining structures by C� root-mean-
square (RMS) distances using NMRCLUSTER (26). Finally, the median
model from the largest cluster was selected as our final predicted
structure. This method follows the hypothesis that the correct structure
is likely to reside in a broader energy well than the other incorrect
structures (27) and was previously successful in predicting homo-sym-
metric TM helix bundle structures (23).

Peptide Synthesis—Peptides corresponding to MCP residues 21–48
(with three added N-terminal lysine residues) were synthesized with
standard Fmoc chemistry on a PerSeptive Biosystems Pioneer™ pep-
tide synthesizer. Synthesis employed the Pioneer standard (45 min)
cycle. Addition of Fmoc-protected labels was done during synthesis
using an extended cycle (60 min). The HATU/DIEA activator pair was
used with a 4-fold excess amino acid. A low-load (0.18–0.22 mmol/g)
PAL-PEG-PS resin was used to produce an amidated C terminus.
Peptides were cleaved with a mixture of 88% trifluoroacetic acid, 5%
phenol, 5% ultra-pure water, 2% triisopropylsilane. Cleaved peptides
were precipitated with ice-cold diethyl ether. Centrifuged pellets were
dried in a desiccator, redissolved in ultra-pure water, and lyophilized.
Crude peptide powder was dissolved in water, and 10 mg of peptide
were loaded onto a C4 preparative reverse-phase high-pressure liquid
chromatography (HPLC) column. The major peak from a water/MeCN
gradient was collected and lyophilized. Mass spectrometry was used to
confirm the molecular weight of the purified peptide, and the micro-
BCA assay was used to determine peptide concentration. Analytical
HPLC chromatography was employed to confirm the purity of peptides
as �95% pure.

Circular Dichroism Spectroscopy—Circular dichroism spectra were
recorded using a Jasco J-720 circular dichroism spectropolarimeter.
Purified peptide samples were dissolved in buffer containing 10 mM

Tris, 10 mM NaCl, pH 7.2 with 20 mM SDS or 30 mM �-octylglucopyr-
anoside. Spectra were obtained at peptide concentrations between 20
and 50 �M. Measurements were made using a quartz cuvette with a
path-length of 0.1 mm. Spectral scans were performed from 250–190
nm, with a step-resolution of 0.2 nm, a speed of 20 nm/min, and a
bandwidth of 1.0 nm.

SDS-PAGE—Samples were subjected to SDS-polyacrylamide gel
electrophoresis using 4–12% NuPage precast gels (Novex, San Diego,
CA). Samples were boiled for 5 min prior to loading.

Fluorescence Spectroscopy—Fluorescence spectroscopy (steady-state)
fluorescence spectra were recorded on a Photon Technology Interna-

tional C-60 fluorescence spectrometer. Samples were examined in a
stoppered 2-mm � 10-mm quartz cuvette (Hellma, Concord, ON, Can-
ada). Emission spectra were collected from 300 to 450 nm (�ex � 295
nm), 0.1 s/nm, bandpass 2 nm for excitation and emission. Small unila-
mellar vesicles of Escherichia coli lipids were made using the following
procedure. Peptide samples were frozen at �80 °C and lyophilized in
rimless 12-mm � 75-mm glass Pyrex tubes. E. coli polar lipid extract
from Avanti Polar Lipids (Alabaster, AL) in chloroform was then ali-
quoted into tubes containing dried peptide samples. Organic solvent
was removed by using a dry nitrogen stream and further lyophilized
overnight. Samples were hydrated using 500 �l of buffer (50 mM Tris-
HCl, 50 mM NaCl, pH 8) and vortexed periodically for 30 min. Small
unilamellar vesicles were formed using bath sonication (30-s bursts)
until solutions were clear (10 min).

TOXCAT Chimera Construction—MCP TOXCAT constructs consist
of an N-terminal DNA-binding domain of ToxR, a transmembrane do-
main, and the periplasmic maltose-binding protein. Individual con-
structs were cloned by mutating the wild-type MCP construct (kindly
provided by J. Dawson) using the QuikChange site-directed mutagen-
esis kit (Stratagene) protocol using oligonucleotides �20 base pairs
long. The mutation was located in the center of the oligonucleotide.
Constructs were transformed into E. coli NT326 (MalE�) cells. Whole-
cell lysates were used to estimate expression levels of the constructs.
Samples were run on SDS-PAGE, and then Western analysis was
carried out using antibodies against MBP (NEB). Blots were developed
using goat anti-rabbit alkaline phosphatase secondary antibody
(Pierce). The presence of MBP in the periplasm was confirmed by
growth on minimal maltose media.

CAT Assays—Cell-free extracts were made by pelleting 200 �l of cells
at an A600 of 0.6, resuspending in 500 �l of 0.1 M Tris, pH 8.0, then
lysing with 20 �l of 100 mM EDTA, 100 mM dithiothreitol, and 50 mM

Tris, pH 8.0, and one drop of toluene, at 30 °C for 30 min. The cell-free
extract was then diluted 1:80 before being used in the CAT assays.
Briefly, samples were incubated at 37 °C with tritiated chloramphenicol
and n-butyryl coenzyme A. After 90 min, the reaction was halted by
partitioning the [3H]chloramphenicol-butyryl CoA complex into xylene.
The organic phase was washed and quantified using the radiolabel. All
measurements were performed four times. Errors shown are standard
deviations on four measurements.

RESULTS

Structural Similarity of MCP and GpA Dimer Struc-
tures—We first investigated whether the MCP-TM can dimer-
ize to form a structure similar to the known GpA-TM dimer (12,
15) or whether alternative structures might be preferred.
Therefore, we applied an algorithm shown to be effective at
modeling homo-oligomeric TM helix bundles when the number
of subunits is known (23). Using this program, a single,
strongly favored model for the packing of MCP-TM was gener-
ated (see “Experimental Procedures”). In this model, the glycyl
residues from the GXXXG motif are juxtaposed in the dimer
interface, thus facilitating close helix-helix approach. Detailed
examination of the final structure of the MCP-TM dimer re-
vealed a strong resemblance to that of the GpA-TM dimer,
notwithstanding significant differences in side chain volume of
the non-Gly interfacial residues (Fig. 1). Both models display a
right-handed, helix-helix crossing angle of approximately
�40°. The C� RMSD between this model of the MCP-TM and
the GpA-TM obtained from solid-state NMR distance measure-
ments is only 1.6 Å, and for GpA-TM from solution, the NMR
measurement is 2.1 Å (RMSD between the structure from solid
and solution NMR is 0.8 Å). Thus, the side chains on MCP-TM
can be considered to be sterically compatible with the side
chains in the GpA-TM dimer structure and vice versa.

Comparison of MCP Model and GpA Interfaces—If MCP-TM
and GpA-TM dimers adopt similar structures, then the differ-
ences in their relative helix-helix affinity must be attributable
to differences in interactions involving the non-Gly residues in
the respective interfaces. Fig. 2 shows an alignment of MCP
and GpA sequences, with the interfacial residues labeled a
through g. It is apparent that both interfaces possess, in addi-
tion to the embedded GXXXG motif at the c and e positions, a
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significant content of �-branched amino acids (V, I, T). It has
been proposed that �-branched residues, which have con-
strained rotameric freedom in an �-helical conformation, re-
duce the entropic cost of folding in TM proteins (7). Despite
these similarities in residue type, all five non-Gly interfacial
residues (a, b, d, f, g) differ between MCP (VV, A, I, F) and GpA
(LI, V, V, T) (Fig. 2).

Distal Sites in the Interface Act Synergistically to Stabilize
Association: TOXCAT Assays in Bilayers—To investigate how
subtle differences in the interfacial residues of the GpA and
MCP dimers contribute to helix-helix association, we first as-
sessed how substitutions in MCP to the corresponding residues
in GpA affected the affinity of dimerization in natural bilayers
using the TOXCAT assay (28). Fig. 3 shows the sequences in
the regions a–g of all constructs made and tested.

As expected, GpA-wt showed much higher affinity in the
TOXCAT assay than did MCP-wt (Fig. 4B). In fact, the GpA-
G83I mutant, which is considered to be largely monomeric,
gave comparable CAT levels to that of MCP-wt. We note, how-
ever, that the GXXXG motif in GpA occurs near the N terminus
of GpA, whereas in MCP, the GXXXG motif is further toward
the C terminus (Fig. 4A). As a result, the start and end points
of the TM segments are not equivalent and thus, the relative

positions of the GXXXG motifs are not equivalent. To ensure
that the disparity in CAT levels did not arise simply from the
different positions of the GXXXG motifs relative to the ToxR
domains, we prepared an MCP construct (termed MCP-GpA) in
which the entire interface (positions a, b, d, f, g) of MCP was
mutated to the corresponding GpA residues (Fig. 3). As seen in
Fig. 4B, the MCP-GpA association is comparable with that of
GpA-wt; the decrease observed for MCP-GpA may reflect the
different positioning of the dimer interface in the bilayer, as
described above. These experimental observations reinforce the
notion that the GpA interface is optimized for TM-TM affinity
relative to that of the MCP interface. The results for the MCP
mutants shown in Fig. 4C were thus normalized to the affinity
of the MCP-GpA construct, as this is the maximum affinity
expected for the MCP variants.

Assessment of the stabilization imparted to the MCP dimer
by each of the singly substituted constructs (V30L, V31I, and
F42T), revealed little, if any, change in affinity as judged by the
TOXCAT assay (Fig. 4C). V30L enhanced dimerization only
slightly, whereas V31I and F42T had no significant effect on
dimerization. These results were expected for V31I; in our MCP
model (Fig. 1), the helices are rotated slightly, placing Val31 on
the surface, rather than the interface, so in the context of the

FIG. 1. Ribbon drawings of the solid-state NMR structure of glycophorin A (GpA-TM) dimer, residues 73–90 (left), and the
predicted structures for the MCP-TM dimer, residues 28–45 (right). The MCP-TM structure shown was optimized by using idealized helical
backbones and side chain positions placed in common rotamers. Both of the TM helices contain the GXXXG motif at the packing contacts, whereas
the other (wild type) residues in the dimer interfacial position vary. The interfacial residues at the a and g positions of GpA and MCP structures
are presented along with the illustration of the van der Waals volumes of the amino acids. The drawing was generated using Insight II (Accelrys).

FIG. 2. Sequence alignment for
MCP and GpA-TM segments. Se-
quences were aligned using the Gly resi-
dues in the GXXXG motif as the anchor
point. The dimer interfacial residues are
denoted as a, b, c, d, e, f, and g. Lipid-
facing residues are shown in lowercase
type.
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MCP sequence, this position would not be expected to contrib-
ute much to dimer affinity. Moreover, at position b (Ile75 in
GpA; Val31 in MCP), it was shown previously that both an I75V
mutation in GpA and (in the opposite direction) a V31I muta-
tion in MCP, had little or no effect on dimer stability for GpA
and MCP, respectively (3).

The lack of significant affinity enhancement observed for
single MCP mutants V30L and F42T was perhaps unexpected,
especially given the dramatic effects the reverse changes have
in the GpA background (see above). Thus, if interfacial residues
contribute only individually to the stability of interacting hel-
ices, the results thus far would predict that no combination of
these three mutants (V30L, V31I, F42T) should result in any
additional stabilization of the MCP dimer. Yet, when the V30L
and F42T mutants were combined to form the double MCP
mutant V30L/F42T, a dramatic increase in stability was ob-
served (Fig. 4C), resulting in a signal measuring �70% of
MCP-GpA. That the resulting affinity of this construct far
exceeded the additive sum of the two mutants (�45% MCP-
GpA) indicates that V30L and F42T work in tandem to stabilize
the dimer in a synergistic fashion. The increase in affinity
observed as one progresses from the triply substituted MCP
(V30L/V31I/F42T), which is �80% of the full MCP-GpA con-
struct (V30L/V31I/A35V/I39V/F42T), thus points to a minor,
but discernible, role for the d and f positions in contributing to
dimer stability.

To investigate the mechanism underlying the stabilization
imparted by the double mutant V30L/F42T, an additional mu-
tant was generated in which the g position was substituted to
Val, whereas the V30L substitution was retained (Fig 4D). For
this double mutant (V30L/F42V), the size of the g side chain
was retained, but the hydroxyl group was removed. The syn-
ergistic effect seen above for the V30L/F42T mutant was not
observed for the V30L/F42V mutant (Fig. 4D), suggesting a
discrete role of the hydroxyl group in stabilizing TM dimer
affinity.

Oligomerization States of Synthetic Transmembrane Pep-
tides—We next characterized the behavior of several of the
GpA/MCP hybrid mutants in the context of synthetic TM pep-
tides. Peptides afford the opportunity, not otherwise accessible
in the TOXCAT constructs, to perform additional biophysical
analyses on the isolated TM segments. MCP-TM peptides were
designed to include the putative TM domain of MCP (residues
21–48), along with three non-native N-terminal Lys residues,
which facilitate peptide synthesis, purification, and character-
ization (20). We reported previously that MCP-TM peptides
designed in this manner were in equilibrium between the mo-

nomeric and dimeric states (20). The circular dichroism spectra
of all of the present TM peptide constructs were superimpos-
able in both SDS and in n-octyl-glucopyranoside and indicate
about 70% helical content (Fig. 5A). The occurrence of a native
Trp residue (Trp26) in all MCP peptides allowed us to use
fluorescence spectroscopy to further assess whether single- or
multiple-mutations to the interface affected the stable inser-
tion of peptides into detergents and phospholipid bilayers. As
shown in Fig. 5B, Trp26 fluorescence was blue-shifted (327–331
nm) and identical in both MCP wt and MCP-GpA, indicating
comparable insertion properties in both detergent and phos-
pholipid environments.

SDS-PAGE has proven to be a valuable tool to assess the
association of TM segments for many different sequences (3,
29–40). Fig. 5C shows the migration behavior of the MCP
peptide variants on SDS gels. We found that the migration of
the TM peptides correlates well with the affinity measured by
the TOXCAT assay. On the gels, a rapid equilibrium between
monomeric and dimeric species is established, resulting in po-
sitioning of the dimer band as a function of both the degree of
exchange and the relative population of the monomeric species.
In particular, the low affinity MCP-wt peptide dimer migrates
faster than the high-affinity MCP-GpA peptide. Migration
rates of other mutants are largely consistent with affinities
determined by TOXCAT assays.

DISCUSSION

The GXXXG motif provides a basic scaffold responsible for
mediating TM helix-helix interactions. Indeed, early studies on
GpA found that the central GXXXG portion was the most
crucial part of the interaction motif, as judged by its hyper-
sensitivity to mutation (3), and its ability to singularly mediate
the assembly of otherwise monomeric sequences (41). The uni-
versality of this motif was demonstrated in a study wherein
libraries were used to randomly select high-affinity TM se-
quences based on the two-in-two-out motif of GpA (6). Though
biased to this right-handed crossing motif, it was found that
80% of the high-affinity isolates contained the GXXXG motif.
The solution NMR structure of GpA further confirmed how the
presence of the two Gly residues in the interface can facilitate
the close approach of helices, thereby allowing extensive back-
bone-backbone and side chain-side chain interactions to occur
(12). Analytical ultracentrifugation experiments have shown
that mutation of any interfacial position along the GpA-TM to
Ala is energetically costly (42). This is most significantly pro-
nounced with Gly79 and Gly83, where the dimer is destabilized
by 1.7 and 3.2 Kcal/mol, respectively. It has been suggested

FIG. 3. Sequence alignment of con-
structs studied. Singly, doubly, and
triply substituted MCP constructs are
shown. For MCP-GpA, all of the dimer
interfacial residues in MCP were changed
simultaneously to those of GpA.
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that the GXXXG motif may derive much of its interactive
energy from the C� hydrogen of the Gly residues forming
hydrogen bonds with the backbone carbonyls of the adjacent
helix, which would have enhanced strength in the apolar lipid
environment (11).

Here, we undertook a comparative analysis of two GXXXG-

containing TM sequences (GpA and MCP), both of which are
involved in mediating homodimerization, but with very differ-
ent affinities (22), and sought to understand how the non-Gly
interfacial residues control the affinity of association. Other
than their common GXXXG motif, there is no sequence identity
between MCP and GpA at the five remaining interfacial sites:

FIG. 4. TOXCAT assay to measure TM helix-helix affinity. A, TOXCAT assay to measure TM domain dimerization. The TM domain of
interest is fused between the N-terminal ToxR transcriptional activator and the C-terminal, periplasmic maltose-binding protein (MBP). The
sequences used for GpA-TM and MCP-TM are shown. The GXXXG motifs are not in equivalent positions relative to the ToxR and MBP domains.
B, CAT levels normalized to GpA-wt. The dimer-disruptive mutant GpA-G83I is shown to illustrate the metastability of MCP-wt. Upon changing
all of the interfacial residues in MCP to that of GpA (MCP-GpA), the CAT levels increased dramatically, albeit to levels that are lower than GpA-wt.
MCP-GpA was used to normalize the remaining MCP constructs. C, CAT levels were normalized to MCP-GpA. Of the three singly substituted
constructs, V30L shows a slight increase in association, whereas V31I and F42T did not enhance the dimerization relative to MCP-wt. Combining
each of the single mutations into the three possible doubly substituted combinations illustrates the synergistic effect on dimer stability of
combining V30L and F42T. The triply substituted construct shows a slight increase in dimer stability. Replacing the remaining two non-equivalent
dimer interfacial residues in MCP to that of GpA results in an additional increase in the association of MCP. D, replacement of Phe42 in MCP to
an isosteric residue (Val) in the double mutant V30L, F42V results in CAT levels that are comparable with MCP-wt, indicating the presence of an
interhelical H-bond between Thr residues.

Tuning the Affinity of Helix-Helix Assembly 16595

 at Y
ale U

niversity on July 31, 2007 
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org


a, b, d, f, and g. However, based on previous mutagenesis
studies of GpA (2) that examined these positions in an exten-
sive library, we reasoned that the differences at the b, d, and f
positions would have only a marginal effect on affinity. As well,
the observed hyper-variability observed at these sites in the
high-affinity isolates obtained by Russ et al. (6) prompted us to
focus principally on the a and g positions for the present study.

We found that it was necessary to convert both a and g
positions of MCP to the corresponding GpA residues to impart
the full stability effects, indicating that these residues, which
are separated by 12 residues in the linear sequence and �18 Å,
as seen in the GpA-TM structure, act synergistically to stabi-
lize the interface. As illustrated schematically in Fig. 6, we
propose that the strong coupling between these two residues
can be explained by the changes in structure induced by posi-
tion a, which propagate along the helical axes to bring the
residues in the g position into close proximity, allowing forma-
tion of an interhelical Thr-mediated hydrogen bond, either
between two Thr hydroxyl substituents, or, as observed by
Smith et al. (43), between the Thr hydroxyl and a backbone
carbonyl group. The low affinity observed for the double mu-
tant V30L/F42V allowed us to exclude both size and �-branch-
ing as the basis for the stability imparted by the residue at the

g position. The importance of the a position for facilitating this
H-bond is underlined by the fact that the F42T construct alone,
with Val at the a position, showed no increase in dimer affinity
relative to MCP-wt. In effect, the a site acts as a molecular
switch that controls whether an interaction (in this instance,
an H-bond) can take place at the g position, and by extension,
modulates the affinity of GXXXG-mediated interactions. Thus,
three hallmark sequence features, present simultaneously,
produce high TM-TM affinity: (i) a central GXXXG motif; (ii) a
Leu residue at the a position; and (iii) either a Thr or Ser
residue at the g position. The general sequence pattern
LXXXGXXXGXXX(T/S) seems to represent a scaffold used by
TM helices to ensure high-affinity interactions.

CONCLUSIONS

Recognition and assembly between TM helices are likely
controlled by a small set of core sequence motifs. Of these, the
GXXXG motif is one of the most over-represented motifs in TM
segments (7). Using the comparative approach presented here,
wherein a “weak” dimer (MCP) can be converted to a “strong”
dimer (GpA) in a residue-dependent manner, we were able not
only to delineate the contribution from each residue to dimer
stability, but also to understand how side chains can commu-
nicate with each other over relatively long distances to syner-
gistically control interaction affinity. Structurally, these re-
sults were validated by the gross similarity of the model
structure of the MCP-TM dimer to the GpA-TM dimer. The
12-residue separation of the a and g positions along the TM
helix indicates that long-range interactions play a direct role in
the folding of TM domains in membrane proteins. Thus, al-
though the GXXXG Gly residues are determinants of interfa-
cial assembly, it is the surrounding interfacial residues that
ultimately control and tune the affinity and dynamics of TM
helix-helix interactions.
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