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Modeling transmembrane helical oligomers
Gregg R Dieckmann∗ and William F DeGrado†

Recently, methods for the analysis and design of
water-soluble, oligomeric bundles of α helices, including
coiled coils, have reached a high level of sophistication.
These same methods may now be applied to transmembrane
helical bundles. Studies of the transmembrane domains
of glycophorin, phospholamban, and the M2 protein from
influenza A virus exemplify this general approach.
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Abbreviations
COMP cartilage oligomeric matrix protein
GP glycophorin A
PL phospholamban
rmsd root mean square deviation
SR sarcoplasmic reticulum
TM transmembrane

Introduction
α-helical coiled coils and other noncovalently assembled
helical bundles serve a variety of functional and structural
roles. They mediate homo- and hetero-oligomerization of
water-soluble enzymes and transcriptional factors. They
serve as a scaffolding for the assembly of contractile
proteins and provide structural stability to fibrous proteins
[1]. Oligomeric α-helical bundles [2] have also served
as simple models for understanding the thermodynamics
[2–8] and kinetics [9,10] of protein folding. Systematic
studies of designed and natural coiled coils have greatly
advanced our understanding of the subtle interplay
between sidechain packing, helix–helix interactions, and
protein folding [11–14]. In recent years, it has become
clear that transmembrane (TM) helical bundles also serve
an important biological role [15] in proteins such as the
T cell receptor [16–19] and MHC complexes [20], and
mutations within TM helices can have severe pathophysi-
ological consequences [21,22]. Furthermore, the pores of a
number of physiologically important ion channel proteins
appear to be formed from the association of TM helices
[15]. Finally, a large class of water-soluble toxins and
antibiotics [23–25] partition into biological membranes,
where they disrupt membranes via the formation of
channels or by disrupting the lateral tension of the
inner versus outer leaflets of the bilayer. Although these
toxic peptides have been extensively studied, adequate
methods have only recently been developed for the study

of the TM oligomerization domains that are intrinsic
components of bilayer membranes. Recent advances in
NMR, crystallography and saturation mutagenesis should
now allow the systematic study of structure–function
relationships in this class of proteins.

In this review, we will discuss methods to model the
structures of oligomeric helical bundles, with particular
reference to the TM helices of glycophorin A, phospho-
lamban, and the M2 proton channel from influenza A virus.

Principles of protein folding in membranes
The study of TM helical oligomers should advance our
understanding of their role in biochemical processes, while
also helping to demystify the poorly understood process of
protein folding in membranes. Popot and Engelman [26]
have pointed out several essential differences between
the folding of water-soluble and membrane proteins.
Helices are intrinsically stable in membranes because they
allow the sequestration of polar, amide bonds from the
apolar environment. Thus, whereas the unfolded states
of water-soluble helical proteins adopt largely random
conformations, unfolded membrane proteins are often rich
in helical structure. The folding of membrane proteins,
therefore, does not require the energetically unfavorable
formation of secondary structure. On the other hand, the
hydrophobic driving force — which is so important to the
stability of water-soluble proteins – is not expected to
make a large contribution to the folding of membrane
proteins, because folding does not involve a large change
in the accessibility of the protein to water. Instead, the
folding of membrane proteins is presumably driven by a
solvophobic effect; the lipid fatty acyl chains may interact
more favorably with themselves than with the protein,
while the membrane protein’s elements of secondary
structure interact with each other more favorably than with
the lipids. Experimental and theoretical determination of
the various entropic and enthalpic contributions to the
overall folding process, however, remains a significant
challenge. This problem may now be addressed via the
systematic study of oligomeric assemblies of TM helices.

Although there are few membrane proteins whose 3D
structures are known at atomic resolution, certain organi-
zational principles are becoming apparent. Rees et al. [27]
have shown that the interior of most membrane proteins
is quite similar to that of water-soluble proteins. The
sidechains in the interior of both classes of proteins are
well packed and of similar overall hydrophobicity. In both
water-soluble and TM proteins, buried polar groups exist
but buried salt bridges represent the exception rather
than the rule. The major difference between TM and
water-soluble proteins lies in their surface-facing residues:
whereas the bilayer-exposed residues of membrane pro-
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teins are more hydrophobic than the interior residues, the
aqueous-exposed residues of water-soluble proteins are
more hydrophilic than the interior ones. The similarity in
the packing and hydrophobicities of the interior residues
of membrane and water-soluble proteins suggests that
the organizational principles governing the folding of
these two classes of proteins reflect variations on a single
unifying theme.

Sequence analysis of membrane proteins
The high-resolution structural analysis of membrane
proteins using X-ray diffraction or NMR is a time-
consuming and difficult process; therefore, various meth-
ods of sequence analysis have been developed to provide
lower resolution structural information. In each of these
approaches, one measures how a given parameter (e.g.
a sidechain’s hydrophobicity) varies along the peptide
chain, and then analyzes the resulting profile to provide
information concerning the peptide’s secondary structure
and its position within the overall protein. For example,
the bilayer-exposed residues are more variable than those
in the interior [27,28]. Donnelly et al. [29] have extended
this finding via the construction of amino acid substitution
tables which allow a better estimation of which residues
are directed towards the bilayer lipids. In addition, Popot
and coworkers [30] have introduced an empirical scale
describing the preference of amino acid sidechains to face
the lipid bilayer versus the protein interior. Finally, as
discussed above, the faces of TM helices that contact
the lipid bilayer are generally more hydrophobic than the
faces directed towards the protein interior. As a result, the
hydrophobicity of sidechains shows a periodic distribution
reflecting the structure of the interacting helices [27].
Figure 1a illustrates the variation in hydrophobicity with
respect to sequence position for the M2 proton channel
TM helix.

Reasonable caution must be taken in applying each of
these methods of sequence analysis to oligomeric TM
helices. For example, the M2 channel has been proposed
to bind the anti-influenza drug amantadine near the center
of its structure [31]. Hence, mutants of the virus that are
resistant to this drug show maximal variation at positions
that otherwise appear to be near the center rather than the
bilayer-facing exterior of the structure. Similarly, the TM
helix of phospholamban, which forms a homopentameric
helical bundle, does not show a systematic variation in
hydrophobic and hydrophilic residues [32].

A second approach for generating sequence profiles
involves mutating successive positions in the amino acid
sequence of the TM helices. For example, cysteine-
scanning mutagenesis places a cysteine residue at succes-
sive positions in a series of mutants to serve as a point
of attachment for spectrophotometric or functional probes
[33]. In other cases, the primary goal of the mutagenesis
is to define the positions that are important for function
and folding. The result is a profile showing the degree of

Figure 1

Analysis of TM regions of M2 and GP. (a) Hydrophobicity (Hb) of
amino acid sidechains as a function of sequence position for the
TM helix of the M2 proton channel. Filled circles show the degree of
hydrophobicity based on Eisenberg and McLachlan’s hydrophobicity
scale [81]. The individual values represent the average for seven
variants of the M2 protein [62]. The curve represents a fit of the data
to a cosine wave with a repeat of 3.5 residues. (b) Perturbation of
GP dimerization versus sequence position (data taken from [34]).
At each position in the TM region of GP, the effect of nonpolar
mutations on the dimerization of the protein is measured and
averaged. A value of one indicates no dimerization is observed, and
a value of zero indicates wild-type levels of dimerization. The curve
represents a fit of the data to a cosine wave with a repeat of 4.0
residues.

perturbation versus amino acid sequence, as illustrated in
Figure 1b for the glycophorin A TM helix [34].

Visual inspection of such plots provides information
concerning the secondary structure, as the periodic
distribution of peaks in the curve should approximately
match the periodicity of the secondary structure (3.6 for
α helices and 2.0 for β strands). Thus, the sequence
profiles illustrated in Figure 1 show periodic oscillations
consistent with a helical conformation. In addition, the
angular orientation of the helix within a bundle can
be inferred from this analysis. For example, the most
hydrophilic, most easily perturbed (by mutagenesis), and
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least variable faces of the TM helices are expected to be
directed towards the protein interior. If the parameters
can be defined to adequate precision, however, it may
be possible to infer more high-resolution information
concerning the details of the packing of the helices.

Amino acid profiles are generally analyzed using Fourier
methods to obtain the exact repeat (χ) and the phase (φ)
of their oscillations [27–29]. The parameters χ and φ define
the positions (fmax) along the amino acid chain where the
parameter of interest (e.g. sensitivity to mutagenesis) is
maximal. fmax may be nonintegral in this situation and
follows the relationship

f max = i(χ) + φ (1)

where i is an integer referring to the ith peak in the
curve. A stripe connecting these positions spirals down the
helix. This stripe is defined here as the stripe of maximal
interaction, because sidechains proximal to it are predicted
to contribute most to the stability of the bundle.

A tangent to the stripe of maximal interaction makes an
angle, α, with respect to the central helical axis (Figure 2).
This angle is defined by the amino acid sequence repeat,
χ, and the repeat of the α helix, a, each expressed in amino
acid residues, according to

α = tan−1([∆2πro] / [χ.h]) (2)

in which ∆ is the fractional difference between the
sequence-defined and actual repeat of the helix
(∆= [a −χ]/a), 2πro is the effective circumference of the
interacting helices (of radius ro), and h is the rise per
residue of the α helix [35,36]. For example, α is equal
to 9˚ for a helical pair with the sequence-defined repeat
of a classical left-handed α-helical coiled coil (χ = 3.5
residues), a = 3.60, ro = 5 Å, and h = 1.5 Å per residue.
The corresponding interhelical crossing angle, 2α, would
be 18˚ (Figure 2).

Construction of 3D models
Simulated annealing and restrained molecular dynamics
calculations have been used extensively to model TM
bundles [37••,38]. Brünger and coworkers [37••,39•,40]
have used these methods to exhaustively map all rea-
sonable packings of two helices upon one another and
have applied this approach to the analysis of dimers of
glycophorin A. To increase the speed of the calculations,
they employ united atom parameter sets, and lipids or
solvent are not included. Constraints are also included
to maintain an α-helical geometry and to prevent the
helices from separating during simulated annealing [41].
A grid of starting geometries has been considered in
which the helices are independently rotated about their
own axes in 10˚ increments, resulting in a 36 × 36 matrix
of starting conformers. In previous work, coiled coils

Figure 2

Schematic diagram of the stripe of maximal interaction. (a) An α helix
with its central axis indicated by a dashed line, its sidechains shown
as circles, and the stripe of maximal interaction (defined by sequence
analysis) indicated by a bold line spiraling down the helix. The angle
between the central axis and the stripe of maximal interaction is α.
(b) A two-fold symmetrical pair of helices with their stripes of maximal
interaction facing one another. The upper helix has been cut away
to allow viewing of the lower helix. The stripes of maximal interaction
of both structures are shown; that of the lower structure is in bold.
Sidechains of the upper helix are shown as open circles; those of the
lower are shown as filled circles. In this example, the helices engage
in ‘knobs-into-holes’ packing. At the point where the helices are in
closest contact, their stripes are aligned parallel to one another. The
alignment of the stripes of maximal interaction dictates an interhelical
interaction angle of 2α. The degree of divergence of the helices is
not great given their limited length (the helices in [a] and [b] are
15 residues in length); significantly longer helices often supercoil to
maintain a constant interhelical distance.

and straight helical starting geometries were considered
[40] and structures of the length of TM helices were
found to be able to bend or supercoil during simulated
annealing. Thus, more recent work [39•] has focused on
starting geometries with straight helices, which are either
parallel or tilted by ± 50˚ relative to one another. Molecular
dynamics calculations on this entire set of structures has
provided a large number of low-energy conformers, which
have been then compared with experimental observations.

Brünger and coworkers [41] have also used two different
methods to examine the homopentameric helical bundle
formed by phospholamban. One approach has involved
determining all the possible low-energy, pairwise packings
as described above. Next, all low-energy pairings have
been iteratively replicated to define which packings are
consistent with the fivefold symmetry assumed for the
pentameric structure. Alternatively, fivefold symmetrical
bundles are created and refined by simulated annealing.
In the starting geometries, the helices are systematically
tilted relative to the bundle axis as well as rotated about
their own axes in 10˚ increments.

Recently, Pinto et al. [42] have taken a related approach
to construct models of the tetrameric TM helical bundle
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formed by the M2 proton channel. A major difference
between the two approaches is that Pinto et al. [42] make
more extensive use of experimental observations to guide
the choice of starting geometries. For example, Figure 2
illustrates how an experimentally determined stripe of
maximal interaction can be used to dictate the starting
geometry of an α-helical dimer. The helices are expected
to interact with their stripes of maximal interaction facing
one another, particularly at the point of closest approach,
giving an interhelical crossing angle of 2α. Beyond this
point of closest approach, long, straight helices will
diverge, leading to dimers with shapes resembling an
elongated X or V, depending on whether the position of
closest approach is varied to lie near the center or the
end of the structure, respectively. A family of starting
geometries have been thus constructed in which, first, the
value of α is varied within the experimental limits, second,
the interhelical distances are varied within reasonable
bounds, third, the point of closest approach is varied to lie
near the center or at either end of the bundle, and fourth,
various combinations of low-energy sidechain rotamers are
evaluated.

In many helical bundles, the helices supercoil about
one another, rather than diverging from a point of
closest approach [1]. In these coiled coils, the stripe
of maximal interaction becomes the central rotational
symmetry axis, about which the α helices wind, rather than
vice versa (Figure 3). Furthermore, for the special case in
which χ = 3.5 residues, the structure becomes integrally
periodic, repeating every seven residues. Other integrally
periodic supercoiled structures with a different number of
residues per repeat are also possible. Thus, Pinto et al.
[42] have also constructed supercoiled structures, using
well-established procedures to relate the sequence repeat
to the superhelical parameters [3,35,36,43].

The entire series of supercoiled and straight helical
bundle models have been submitted to energy-based
refinement to improve their geometries and maximize
van der Waals interactions. Compared with previous
approaches [41], this method more extensively samples a
limited region of conformational space that is expected
to be consistent with the experimental observations. On
the other hand, this method is not as rigorous because
all the possible helix/helix packing geometries are not
enumerated. The final criterion for choosing the most
probable final model, however, lies in its agreement
with experimental data rather than in its computed
energy [39•]. We therefore prefer to generate a large
number of starting conformers that are reasonably close to
those expected from experimental data and to explicitly
omit starting geometries that are unlikely to produce
conformations that do not agree well with experiment.
In addition, rather than performing extensive molecular
dynamics calculations on these conformers, Pinto et al.
[42] have used only energy minimization to effect a more
local optimization of the geometry of the complex. The

Figure 3

Structure of a straight helix and a two-stranded coiled coil.
(a) Straight helix showing the stripe of maximal interaction (bold line)
as it spirals between the a and d positions of the sequence (the Cα
and Cβ atoms of the a and d residues are illustrated as spheres).
(b) Two-stranded coiled coil winding around its central rotational
axis (bold line). Due to the superhelical transformation, the stripe of
maximal interaction for each helix becomes aligned with the central
axis. Figure generated using MOLSCRIPT [82].

result is an ensemble of final structures that reflects the
uncertainties of the experimental data, rather than a single,
averaged structure.

Finally, a method has recently been described for mode-
ling water-soluble helical coiled coils, which could easily
be adapted to a variety of TM helical bundles. Harbury et
al. [44] have used the Crick [36] parameterization of the
coiled coil to provide molecular dynamics constraints for
the construction of two, three, or four-stranded structures.
A novel feature of this method involves the incorporation
of a weak force that radially compresses the structures
during the initial stage of dynamics calculations, assuring
that a well-packed geometry is obtained. This approach
could be easily modified to consider other symmetrical
arrangements of helices.

In the following sections, we will review work on
three experimental systems that exemplify the current
approaches to the modeling of dimeric, tetrameric, and
pentameric TM helical bundles.

Glycophorin
Glycophorin A (GP), a small protein found in erythrocyte
membranes, contains a single TM helix, which forms
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stable dimers in phospholipid membranes [45] and SDS
micelles [46]. Although the function of this protein is not
known, its TM dimerization helix may serve as a prototype
for understanding a variety of other functionally important
TM proteins [32]. Lemon et al. [34] have used mutagenesis
to define the residues critical for dimerization in SDS
micelles (Figure 1b). Fourier analysis of this curve gives
a repeat of 3.9–4.0 residues, corresponding to α being
between −15˚ and −25˚ (depending on the values of a and
ro used in Equation 2). Thus, the interhelical crossing
angle for the dimer is expected to be right-handed with
a value of approximately 2α = 40˚, corresponding to the
4-4 class of interhelical packing described in water-soluble
proteins by Chothia [47]. The sequence responsible for
the dimerization of GP is LIXXGVXXGVXXT (using
amino acid single-letter code where X is any residue)
[34]. This motif has been transplanted into a variety
of hydrophobic TM helices with the retention of the
dimerization specificity of GP [48].

Brünger and coworkers [40] have used simulated annealing
to model the 3D structure of GP. A single conformation
of the dimer has been predicted with a right-handed
crossing angle of approximately −30˚. This model has
been subsequently refined [39•] on the basis of additional
experimental evidence including two interhelical distances
measured using solid state NMR [49]. The model
indicates that the essential valine residues form a ridge
which binds into a groove created by the two glycine
residues. The conserved leucine and threonine sidechains
extend this ridge and pack against hydrophobic sidechains
in symmetry-related monomers. Very recently, MacKenzie,
Prestegard and Engelman [50••] have determined the
structure of the helix-spanning region of GP in SDS
micelles using NMR. The peptide forms a helix through
the transmembrane domain (residues 73–97), and six
unambiguous intermonomer nuclear Overhauser effects
(NOEs) have been assigned. A structure has been com-
puted on the basis of observed inter- and intramolecular
NOEs and torsional constraints. The interaction surface of
the dimer (residues 74–91) is well defined in the computed
structures, with an rmsd of 0.8 Å for all nonhydrogen atoms
compared with those of an average structure. The average
structure is in excellent agreement with the most recently
predicted model (rmsd = 0.8 Å for residues 74–91) [39•].

This work provides a procedural prototype for studying
TM helical bundles. The success of site-directed mu-
tagenesis coupled with molecular dynamics calculations
speaks for the impressive synergy of these methods. The
results also confirm the general features of membrane
protein folding discussed previously [32,51]. For example,
the phospholamban TM sequence shows a very low
helical potential because of the presence of numerous
β-branched residues and glycines. This does not appear to
present an energetic difficulty, however, because the low
dielectric environment of the membrane strongly favors
helix formation. In addition, the interhelical interaction

surface conforms to a known helix/helix packing motif,
although the amount of buried surface area (400 Å2) is
small when measured using the standards of water-soluble
dimeric coiled coils. Perhaps this is, in part, a result
of a high effective concentration of membrane proteins
due to their compartmentalization within a relatively
small volume. A simple geometric calculation indicates
that a peptide incorporated into a membrane at a molar
ratio of 100 lipids per peptide is present at an effective
concentration of approximately 0.01 M. Furthermore, the
transmembrane orientation of the helices within a bilayer
limits the number of angles with which the helices are able
to approach one another. These effects tend to lower the
entropy required for the dimerization of transmembrane
helices in phospholipid bilayers relative to the dimeriza-
tion of an isotropically tumbling, water-soluble peptide in
dilute aqueous solution.

Phospholamban
Phospholamban (PL) is a small integral membrane protein
component of the sarcoplasmic reticulum (SR), which
serves to modulate the activity of the SR Ca2+ATPase.
This protein contains a single putative TM helix, which
forms homopentamers that are stable to SDS gel elec-
trophoresis. Engelman, Brünger, and coworkers
[41,52–54], as well as Simmerman et al. [55••], have
extensively characterized PL using methods analogous to
those applied to the GP TM helix. Mutagenesis has been
used to define the regions of this protein that are essential
for its ability to form pentamers [52,55••]. The results are
consistent with a 3.5-residue repeat, suggesting that the
transmembrane region may adopt a left-handed coiled coil,
similar to the one recently observed in the structure of
the five-stranded coiled coil of cartilage oligomeric matrix
protein (COMP) [56]. A large body of evidence is now
consistent with this original proposal: circular dichroism of
PL in phospholipid vesicles [53] and infrared dichroism
of site-specific 13C-labeled PL in oriented bilayers [57],
as well as other spectroscopic studies [58,59], indicate that
the TM region is helical and oriented perpendicular to the
bilayer surface.

Furthermore, a global search of conformational space [41]
has revealed five low-energy conformers, only one of which
is found to be in agreement with the mutagenesis data.
This fivefold symmetrical structure has a left-handed twist;
most critical residues lie at the helix/helix interface and
show large interaction energies. Interestingly, the lowest
energy conformer does not agree with the experimental re-
sults, indicating that energy is a necessary (but insufficient)
criterion for assessing models. A second model has recently
been proposed which differs from that of Engelman and
coworkers [41] by a rotation of the individual helices about
their helical axes [55••]. Altogether, these results provide a
strong case for the proposal that the transmembrane region
of PL is a left-handed supercoil of α helices, although
the specific orientation of the helices within the bundle
remains to be determined. Direct structural methods, such
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as those applied to the study of GP [50••], should resolve
this ambiguity.

M2 proton channel
The M2 proton channel from influenza A virus [60]
is a prototype for a class of virally encoded envelope
proteins such as HIV vpu [61]. This channel is the
molecular target of the anti-influenza drugs amantadine
and rimantadine [62–64]. These compounds represent the
only approved pharmaceutical treatment for this disease,
but the evolution of resistant strains of the virus has
severely compromised their efficacy. The M2 protein
plays an important role during two stages of the viral
life cycle. Early in the cycle, the virus enters the cells
by receptor-mediated endocytosis, which places the virus
into endosomal vesicles. Proton-pumping ATPases in the
endosomal membrane lower the vesicle’s internal pH,
which triggers the fusion of the viral envelope with
the endosomal membrane and the release of the viral
RNA into the cytoplasm. Unless the inside of the virus
is acidified prior to fusion, however, the RNA remains
encapsulated by the M1 matrix protein and therefore
unable to enter the cell. The M2 protein provides a
conduit for the passage of protons into the interior of the
virus, thereby promoting the dissociation of the RNA from
its matrix protein. Later in the life cycle of some strains
of influenza, the M2 protein is important for delaying the
acidification of the Golgi apparatus. This delay prevents
a premature conformational change in hemagglutinin, the
protein responsible for acid-induced fusion [65].

M2 is a homotetramer consisting of a small, 97-residue
monomer with a single TM helix [66]. The TM helices are
oriented with their N termini pointing towards the exterior
of the virus, giving rise to a parallel tetrameric bundle. Al-
though M2 is glycosylated in vivo, this modification is not
essential for wild-type activity, as nonglycosylated mutants
are fully functional [67,68]. The protein has two cysteine
residues located on the exterior of the viral membrane
which form a heterogeneous mixture of intermolecular
disulfide bonds [66]. Site-directed mutagenesis indicates
that these disulfides help stabilize the tetrameric form of
the protein, but they are not essential for its structure and
function in cellular membranes [66].

The M2 channel conducts protons about 1,000-fold more
effectively than other ions such as Na+. This selectivity
[69] is functionally important because at pH 5.0, protons
are 1,000–10,000-fold less abundant than common cations
such as Na+, K+, and Ca2+. The M2 currents are strongly
activated by lowering the pH of the external environment
[69]. The increase in conductance saturates at sufficiently
low pH, and titrates with a pKa of 5.77 ± 0.06 and a Hill
coefficient of 0.96 ± 0.16. Mutational analysis has identified
the titratable group as His37, which is located within the
membrane-spanning region [70].

Amantadine inhibits the wild-type Udorn strain of in-
fluenza with an apparent dissociation constant of approxi-

mately 0.4 µM [63,71]. A number of drug-resistant mutants
of M2 have been identified [62], and they each encode
single-residue changes to residues 26, 27, 30, 31, and
34 of the protein (Figure 4). Each of these mutations
lies along the same face of the TM helix as His37, and
in each case the mutation results in an increase in the
hydrophilicity of the mutated sidechain. These results
suggest that the mutated residues lie along the central
pore of the tetramer where hydrophilic residues might be
most easily accommodated. The resistant mutants have
been expressed in oocytes, and these mutants have lower
apparent Kis for inhibition by amantadine [63].

Figure 4

Axial helical projection of the TM region of M2, highlighting the
residues implicated in function. Arrows denote mutations found in
resistant strains. The positions of the experimentally mutated residues
[62] and the pH sensor, His37, are indicated in bold.

The M2 protein appears to be an ideal candidate for
biophysical and chemical investigations. It has been
reconstituted in planar bilayers and forms cation-selective
channels that are sensitive to amantadine [72]. The TM
helical portion of M2 has also been prepared and shown
to form amantadine-sensitive proton channels in planar
bilayers [73]. This peptide is also helical in phospholipid
vesicles [74]. The M2 protein has also been reconstituted
into single bilayer vesicles [75], and a convenient assay for
proton conduction has been devised using the fluorescent
indicator, pyranine.

Figure 1a illustrates a hydrophobicity profile for the
M2 TM helix. A sinusoidal variation in hydrophilic and
hydrophobic amino acids is observed, with a repeat of
3.4–3.5 residues. An identical periodicity is observed
using Popot’s positional propensity scale [30], and by
cysteine-scanning mutagenesis [42]. Thus, this protein
is likely to adopt a parallel four-helical bundle with a
left-handed tilt. Very recently, detailed models of this
structure have been proposed [42,76•].
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Conclusions
The encompassing contributions of Engelman, Brünger
and coworkers have shown the potential for mutagenesis,
modeling, and spectroscopy in investigating the structures
of homo-oligomeric TM helical bundles. The M2 protein
provides but one example of a variety of proteins that may
be studied using these methods. Unfortunately, length
restrictions have precluded a thorough discussion of other
interesting targets, such as the M13 [77] and Pf1 [78] coat
proteins, the T cell receptor [16–19], or the modeling of
single chain TM helical bundle proteins such as rhodopsin
[79] and bacteriorhodopsin [79,80].

The study of oligomeric helical bundles is also likely
to have a large impact on our understanding of the
determinants of membrane protein structure, in much
the same way that the study of noncovalently assembled
helical bundles has furthered our understanding of the
folding of water-soluble proteins [2–8,11–14]. Given the
parallels between these two systems, determining whether
sequence motifs from one class of proteins can be
transplanted into a second class will be particularly
interesting. For example, would the dimerization, trimer-
ization, or tetramerization signatures deduced from studies
of water-soluble coiled coils [11–14] function if they
were incorporated into TM helices? Conversely, can
TM oligomerization domains be water-solubilized via the
judicious incorporation of polar functionality? The analysis
of Rees, DeAntonio and Eisenberg [27] would suggest that
these questions may be answered in the affirmative.
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39. Adams PD, Engelman DM, Brünger AT: Improved prediction

for the structure of the dimeric transmembrane domain of
glycophorin obtained through global searching. Proteins 1996,
26:257-261.

The refinement of earlier work on the modeling of the TM region of GP is
presented.

40. Treutlein HR, Lemmon MA, Engelman DM, Brünger At: The
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