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A dimerization motif for
transmembrane o-helices

Mark A. Lemmon'3, Herbert R. Treutlein'24, Paul D. Adams’, Axel T. Briinger'?

and Donald M. Engelman’

Specific helix-helix interactions inside lipid bilayers guide the folding and
assembly of many integral membrane proteins and their complexes. We report
here a pattern of 7 amino acids {LIxxGVxxGVxxT) which when introduced into
several hydrophobic transmembrane a-helices promotes their specific
dimerization. Dimerization is driven by interactions that are specific, dominated
by the helix-helix interface, and involve no potentially ionizable groups. The motif
may provide a useful tool for the functional analysis of such interactions in a
variety of systems. Further, since this particular motif is rare, whilst specific helix
association is not, many other such motifs may exist, which could permit sorting
within complex membranes as well as guiding folding and oligomerization.

Specific interactions between transmembrane o-helices
guide the folding and assembly of many integral mem-
brane proteins and their complexes'. In the case of
bacteriorhodopsin (bR), which has seven transmem-
brane o-helices®, the extramembraneous helix-connect-
ing loops are not required for the correct folding of the
molecule; independently stable helical fragments of bR
can associate with one another to form a functional pro-
tein”®. Interactions between transmembrane o-helices
are also important in the assembly of a number of cell-
surface receptor complexes. The TCRa and CD38 chains
of the T-cell receptor complex associate through inter-
actions between their single transmembrane domains
which involve highly polar amino acid side-chains®'.

Transmembrane helix association is also important
in the assembly of an IgG Fc receptor!!, and specific in-
teractions between the single transmembrane domains
of the MHCII a- and B-chains are required for the cor-
rect assembly of the MHC class II complex'?, In addi-
tion, a number of studies suggest that transmembrane
helix association may play a role in both transmembrane
signalling™'® and sorting events responsible for the sub-
cellular localization of some integral membrane pro-
teins'’. These results suggest that the amino acid se-
quence of many transmembrane o-helices contains in-
formation which directs specific interactions, with func-
tionally important consequences.

We report here a pattern of 7 amino acids
(LIxxGVxxGVxxT) that is sufficient to drive the specific
dimerization of several hydrophobic transmembrane -
helices into which it is introduced. The pattern was dis-
cerned in previously reported mutagenesis and compu-
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tational modelling studies of specific dimerization of the
single transmembrane o-helix of human glycophorin A
(GpA)* 2. GpA forms dimers in detergent solution
which are disrupted on addition of a peptide correspond-
ing to its transmembrane domain, with concomitant for-
mation of GpA/peptide heterodimers*. Heterologous
transmembrane peptides have no such effect??. This
behaviour was reproduced in a chimeric protein in which
the transmembrane domain of GpA was fused to the
carboxy-terminus of the nuclease from Staphallococcus
aureus’, which is normally a monomeric soluble pro-
tein. Saturation mutagenesis of this chimera at each po-
sition of the 23-residue transmembrane ot-helix of GpA
identified seven (sensitive) positions at which single con-
servative substitutions disrupted dimerization in SDS*.
Similar single substitutions at other (insensitive} posi-
tions in the transmembrane domain had no effect upon
dimerization®. It was concluded that the sensitive resi-
dues, which exhibit a repeat of approximately 3.9 resi-
dues, correspond to the interface of the helix dimer. The
same conclusions were reached independently by com-
putational studies of the dimer using simulated anneal-
ing techniques®.

In the best model of the dimer (Fig. 1), the two heli-
ces associate in a right-handed supercoil. The essential
elements of the interaction between the helices include
packing interactions involving the hydrophobic side-
chains in the motif, electrostatic interactions between
the helix backbones, which are very close in the region
of the two glycine residues and interactions involving
the side-chain of the threonine residue. The interfacial
residues describe a slight right-handed spiral on the sur-
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face of each protomer (Fig. 1a), and close association of
these residues across the dimer interface leads to the for-
mation of a right-handed supercoil of a-helices. The gly-
cine residues of the motif are buried in the centre of the
interface (Fig. 1), and aliphatic side-chains of the mo-
tif are involved in intimate packing across the dimer in-
terface (Fig. 1¢). The complement of amino acid resi-
due-types found in this interface is similar to that found
in interfaces between transmembrane ¢-helices deduced
from disulphide cross-linking studies of the aspartate
chemoreceptor® (Tar) and the leader peptidase of
Escherichia coli®, as well as that deduced from mutagen-
esis studies of the dimerization of the M 13 coat protein
in SDS?.

Introduction of the motif into poly-leucine

Since individual positions outside the seven key amino
acids (LIxxGVxxGVxxT) can be mutated without dis-
rupting dimerization of the GpA transmembrane do-

main??, the question arises as to whether interactions
mediated by this pattern of seven residues could drive
the specific dimerization of any hydrophobic o-helix. All
residues in the GpA transmembrane domain (GpATM)
of the nuclease/GpA chimera (SN/GpA) other than those
that comprise the pattern were mutated, in stages, to leu-
cine to generate SN/L., _ (Fig. 2a). No significant reduc-
tion in dimerization was detected at any stage. Furter
mutation of Val 80 to Leu, generating SN/L,, , from SN/
L,, , had no effect upon dimerization of the chimera, as
was expected from the mutational analysis of SN/GpA
dimerization®. The lack of effect of these mutations dem-
onstrates that the sequence pattern LIxxGV/LxxGVxxT
can mediate dimerization of a hydrophobic peptide that
is otherwise poly-leucine {Fig. 25, lane 4), the extent of
dimerization being very similar to that seen with SN/
GpaA itself (Fig. 25, lane 2).

To determine whether dimerization of SN/L,, _ results
from interactions similar to those that mediate GpATM
dimerization, we generated a selection of mutations in
the motif, for which the effect upon GpATM dimeriza-
tion is known?. The effects of these mutations upon
dimerization of SN/L,, , and SN/GpA are very similar
(Table 1). Furthermore, a competition experiment,
which provided the first evidence that GpA dimeriza-
tion occurs via specific interactions* between transmem-
brane domains®, was performed with SN/L,_ . Like SN/
GpA, dimers of SN/L,, . are disrupted by a peptide cor-
responding to the transmembrane domain of GpA, with
the concomitant formation of peptide-protein
heterodimers formed between transmembrane o-heli-
ces (Fig. 2b, lane 5). Heterologous transmembrane pep-
tides disrupt neither SN/L,,  (Fig. 2, lanes 6-8) nor SN/
GpA? to a significant extent, indicating that the inter-
action is specific, and that SN/L,_ , associates through
interactions which are indistinguishable from those driv-
ing SN/GpA dimerization. The very small amount of
heterodimer formation seen with the neu-TM and erbB-
2TM peptides was also seen with SN/GpA (ref. 21, Fig.
3a).

Fig. 1 A model for the dimer of the transmembrane o-
helix of human GpA. a (top), Side-view of the two
protomers, in which the residues of the motif
(LIxxGVxxGVxxT) have been coloured differently from the
rest of the helix, to illustrate their formation of a right-
handed spirai of the surface of each helix. Residues found
to be insensitive in the mutagenesis studies of SN/GpA?#
are coloured blue. Residues (except glycines) found to be
sensitive are coloured red in one protomer, and purple in
the other. Both sensitive glycine residues (G 79 and G 83)
are coloured yellow and green respectively in the two
protomers. b (left), A side-view of the model of the right-
handed GpATM dimer?, showing how the sensitive
residues are juxtaposed in the helix-helix interface. The
glycine residues are seen to be buried deeply in the centre
of the interface, and shielded by the aliphatic side-chains.
Itis clear that few interactions other than those involving
residues in the LIxxGVXxxGVxxT pattern occur between the
helices. ¢ (right), A view of the dimer model from the
amino-terminal end of the helices, showing how the
leucine and isoleucine residues of the motif are proposed
to pack with one another across the interface.
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Fig. 2 Dimerization of poly-leucine after introduction of the sequence pattern
LixxGV/LxxGVxxT. a, Sequences of the transmembrane domains that were fused
to the C-terminus of the nuclease from S. aureus. The transmembrane domain
is enclosed in a shaded box. Residues at which conservative mutations led to
the disruption of SN/GpA dimerization? are enclosed in unshaded boxes, and
represent L 75,176, G 79, V 80, G 83, V 84, and T 87 of human glycophorin A.
b, SDS-PAGE (12.5%) showing comparable levels of dimerization of SN/GpA
(lane 2) and SN/L,, . (lane 4). Addition of a ten-fold molar excess of a peptide
corresponding to ‘the transmembrane domain of GpATM leads to disruption
of the homodimer in both cases (lanes 3 & 5), the majority of the protein runs
instead at a position that corresponds to a peptide-protein heterodimer?'. By
contrast, addition of the transmembrane domain of EGF-R, Neu, or erb-B2
results in little or no disruption of the dimer of SN/L,, .. Lane 1 shows low
molecular mass markers (Bio-Rad), of 97.4, 66.2, 45, 31, 21.5, and 14.4 kDa.

Computational modelling

Using computational approaches developed for the study
of the dimerization of GpATM (Fig. 3cand ref. 23), con-
formational space was searched for the most stable par-
allel, right-handed coiled-coil dimer of poly-leucine con-
taining the deduced dimerization motif. An 18-residue
sequence (L , ) was used, to maintain consistency with
previous studies®. Searches using the sequence of L, _
and GpATM, starting from idealized right-handed su-
percoils of parallel o-helices, both located a well popu-
lated global energy minimum in the region correspond-
ing to (0=90 °, =90 °), according to the convention of
Treutlein et aP* (Fig. 3a,b). This corresponds to the best
model for the GpATM dimer (Fig. 1b), which showed
remarkable agreement with the mutational analysis®>*.
The minimum appears deeper and more clearly defined
for the L,, . dimer than for GpATM, suggesting that it
may be more stable. Simulations starting from parallel
left-handed coiled-coil structures (not shown) gave
minima that were not well populated and were of sig-

Table 1 Comparison of the effects of mutations in the
transmembrane domain upon dimerization of SN/L,, , and SN/GpA.

Effect upon SN/L
Dimerization®

Effect upon SN/GpA
Dimerization®

Nature of Mutation?® 3.7

L75F +++ +++
G83S - -
T87S +4 +4
T87V +++ ++
T87F + -
T87A ++ +

2 Mutations are denoted according to the equivalent residue in GpA
b Effects upon dimerization were scored as follows:

- complete disruption

+ detectable dimer remains

++ significant dimer remains

+++ mutation has no effect
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SN/L23-¢ + GpAtm
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SN/Ly3-¢ + EGFRtm
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nificantly higher energy. Thus, substitution of the se-
quence pattern LIxxGVxxGVxxT into poly-leucine re-
sults in a transmembrane o-helix that is predicted to
dimerize in a specific and defined manner, which ap-
pears identical to that observed for GpATM.

Induced dimerization of receptor trans-
membrane domains

There has been much discussion regarding the potential
role of specific interactions between transmembrane o.-
helices in signalling by growth factor receptors such as
those for epidermal growth factor (EGF) and platelet-
derived growth factor (PDGF)>". Receptor dimerization
is thought to be the primary ligand-induced event lead-
ing to activation of the intracellular tyrosine kinase do-
main in these cases'. In the case of the neu oncogene
product Neu, which is highly homologous to the EGF-
receptor, a valine to glutamic acid mutation (V664E)
within the single transmembrane domain results in con-
stitutive activation®. This activation has been shown to
correlate with enhanced receptor-dimerization'>*, lead-
ing to suggestions that the altered transmembrane o-
helix itself forms dimers. A model for the dimerization
of the Neu transmembrane domain suggested that a par-
ticular sequence pattern, surrounding residue 664 of
Neu, may be responsible for this dimerization, and it
was argued that a similar pattern, or motif, is found in
most other growth factor receptors®. In the case of Neu,
mutagenesis studies support this suggestion'%. Further-
more, a similar (Val to Glu) mutation has been shown
to activate the Drosophila EGF-R homologue®, although
it is not within a proposed motif. However, analogous
mutations do not activate the insulin receptor®-,
although replacement of its entire transmembrane do-
main with that of the erbB-2 oncoprotein has been shown
to result in constitutive activation of the receptor®. In
the case of the EGF-receptor (EGE-R), which is more
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Fig. 3 A comparison of the search for low interaction-
energy conformations of the dimer of GpATM and L, .
Plots of the change in configuration of the dimer of a
(top), L, and b (bottom), GpATM during simulated
annealing starting from parallel right-handed supercoils
with a variety of different relative orientations of the two
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helices, as depicted in ¢ {right). The large circles represent
the final structure, and are shaded according to the
interaction energy for that structure. Darker circles
represent more stable dimers, as shown in the scale. The
area around a=90°, §=90° corresponds to the best model
for the dimer of GpATM%, and both plots show a
clustering of low energy dimers in this region. The
minimum appears better defined in the case of L, (a)
than of GpATM (b). The lowest energy final structures
are seen to cluster in the region of 0=90°, p=90°, with
few structures of such low energy elsewhere. By contrast,
as one would expect because of symmetry, no clustering
of low-energy structures was seen for L, {not shown).
Thus, introduction of the motif LixxGVxxGVxxT into poly-
leucine causes it to behave similarly to GpATM in these
studies. The sequences used for these studies were: L,
LLILLGVLLGVLLTLLLL;, GpATM TLHFGVMAGVIGTILLIL. c,
Schematic representation of the methods employed for
the search for the most stable dimers of L, , and GpATM
(see Methods).

similar to Neu, neither a mutation analogous to the Neu
V664E mutation nor a variety of other alterations of the
transmembrane domain had any effect upon signalling®=®,
indicating a passive role for this portion of EGF-R. No stud-
ies have reported whether the various transmembrane do-
mains are themselves capable of dimerization, and we have
been unable to show dimerization of the transmembrane
domains of EGF-R or Neu with or without the V664E mu-
tation (M.A.L. & D.M.E., unpublished observations). One
way of testing the hypothesis that transmembrane helix
association can activate receptors of this type, and that this
is the mechanism by which the V664E mutation activates
Neu, would be to study receptors containing transmem-
brane helices that are known to dimerize.

We have introduced the sequence pattern
LIxxGxxxGVxxT into the single transmembrane do-
mains of both EGF-R and Neu (Fig. 4a,c). The pattern
was introduced into the nuclease chimerae using the
smallest possible number of amino-acid substitutions;
where elements of the motif exist in the parent trans-
membrane domain, these were used to position the rest
of the motif. Since no difference in behaviour was ob-
served between SN/L . . {containing LIxxGVxxGVxxT)
and SN/L,, , {containing LIxxGxxxGVxxT), we did not
introduce the first valine of the motif into EGF-R. In-
stead, an alanine residue from the EGF-R transmem-

brane domain sequence was left at this position, which
was previously found not to be significantly disruptive
in the context of SN/GpAZ?, In the case of Neu, a valine
is found at this position in the native transmembrane
domain. An additional mutation was made in each of
the transmembrane domains upon introduction of the
motif — in both cases, a glycine residue close to the C-
terminus of the transmembrane domain was mutated
to leucine, since glycine at these positions in SN/GpA
was previously found to disrupt dimerization®.
SN/EGFR-GpA and SN/Neu-GpA2 which both con-
tain the motif dimerize to a significant extent, whereas
chimerae containing the parent transmembrane domains
(SN/EGFR and SN/Neu)do not (Fig. 4b,d). Thus the se-
quence pattern LIxxGxxxGVxxT can also drive the
dimerization of these hydrophobic helices. One surpris-
ing finding was that SN/Neu into which only part of the
motif had been introduced could also form dimers (SN/
Neu-GpAl). Alanine and threonine replace leucine and
isoleucine of the motif in this chimera. Both of these
mutations (L75A and 176T) disrupt dimerization of SN/
GpAZ significantly, and a double mutant (L75A/176T)
also does not dimerize (data not shown). Since SN/Neu-
GpA1l dimerizes to a significant extent, whereas SN/Neu
does not, additional interactions, involving residues
outside the introduced motif, may also contribute to

structural biology volume 1 number 3 march 1994
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helix-helix association in this case. Further study is re-
quired to determine the origin of this effect.

All the altered transmembrane domains that were
found to dimerize will also interact with GpATM in a
peptide competition experiment (Fig. 5); those that do
not dimerize (SN/Neu, SN/Neu"and SN/EGFR) did not
interact with GpATM (data not shown). Thus, the in-
teractions that drive dimerization of the altered trans-
membrane domains, as in the case of SN/L,, , appear to
be similar to those that stabilize the GpATM dimer. These
results lend further credence to the suggestion that the
pattern LIxxGxxxGVxxT is sufficient for the dimeriza-
tion of any hydrophobic transmembrane o-helix in a de-

article

tergent environment. Since GpATM has also been shown
to form specific dimers in lipid bilayers®, and substan-
tial changes in the surfaces contacting the lipidic envi-
ronment can be tolerated, such a motif may be of use in
analyzing the functional importance of
intramembraneous helix-helix interactions in a number
of integral membrane proteins, including the growth fac-
tor receptors discussed here. It offers a significant ad-
vantage over studies involving the swapping of domains
(for example, ref. 40), in that no decision regarding the
boundary of the transmembrane domain need be made
and rotational relationships can be explored by position-
ing the motif at a series of positions along the a-helix.

SN/EGFR . . .PGLEGSPTNRPKIPS SN/neu*-GpA2

[
(i}
(I
(I

SN/EGFR-GpA .. .PGLEGSPTNR?KIPmRHWRKR

SN/neu*

< SN/neu
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ol SN/neu-GpAl
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Fig. 4 Dimerization of the single transmembrane domain of the epidermal growth factor receptor (EGFR) and the
neu oncogene product upon introduction of the sequence pattern LIxxGxxxGVxxT. a (top left), Sequence of the
transmembrane domain of the EGF receptor that was fused to nuclease to generate SN/EGFR, and the mutations
performed in order to introduce the pattern LixxGxxxGVxxT. In generating SN/EGFR-GpA, five mutations were made
to introduce the motif. An additional mutation (G to L) at the position corresponding to L90 of GpA was also made as
the mutation L90G disrupted slightly the dimerization of SN/GpA?. The first valine residue of the motif was not
introduced, since the VB0A mutation was only slightly disruptive in SN/GpA22. b (bottom left), SDS-PAGE (12.5%),
showing that while SN/EGFR does not form dimers in SDS (lane 2), introduction of the motif LIxxGxxxGVxxT to yield
SN/EGFR-GpA results in significant dimer formation (lane 1). Dimerization of SN/EGFR-GpA is weaker, however, than
that seen for SN/GpA (lane 3). ¢ (top right), Sequence of the transmembrane domains of p185%v and p185~*, that
were fused to the C-terminus of nuciease, as well as the mutations performed to introduce the pattern LxxGVxxGVxxT
into these transmembrane domains with the smallest possible number of sequence changes. Again, five substitutions
were required to introduce the motif, and an additional mutation (Gly to Leu) was made at the position corresponding
to 191 of GpA, since it had previously been found that the mutation 191G disrupted SN/GpA dimerization?, d (bottom
right), A 12.5% polyacrylamide SDS-gel showing dimerization of the SN/Neu chimerae that contain the sequence
pattern LixxGVxxGVxxT, but not those with the native transmembrane sequences. While neither SN/Neu (lane 2) nor
SN/Neu” (lane 6) showed any detectable level of dimerization, introduction of the LIxxGVxxGVxxT motif to yield SN/
Neu-GpA2 (fane 4) or SN/Neu*-GpA2 (lane 5) resulted in the appearance of significant levels of dimer, although they
were reduced compared with the level of SN/GpA dimerization (lane 1). In addition, introduction of part of the motif,
to yield SN/Neu-GpA1 (lane 3), resulted in the appearance of a significant amount of dimer.
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Functional Implications

A search for the sequence LIxxGVxxGVxxT in the
GenBank database*!, as well as those variants predicted
to dimerize from mutational analysis (Table 1 and ref
22) failed to locate any matches, although in a few cases
the majority of the motif was found in presumed trans-
membrane domains of other integral membrane pro-
teins. The probability of finding this motif at random in
a 23-residue transmembrane o-helix may be estimated
at approximately 1077 if its position along the helix does
not matter (107 if all tolerated mutations in the motif*
are considered). These probabilities, and the absence
from the database of any other transmembrane domain
that we predict will dimerize in a manner similar to
GpATM, indicate that the specificity of the interaction
is sufficient to be biologically relevant. There is some
biological precedent for the importance of such interac-
tions, the signals for Golgi retention of several
glycosyltransferases have recently been reported to re-
side in the transmembrane domains of these proteins
(reviewed in refs 1, 5 and 17) and it has recently been
shown that SDS-resistant oligomerization of a mem-
brane protein, mediated by its transmembrane domain,
correlates with its retention in the Golgi'®. Furthermore,
there is evidence that interactions involving transmem-
brane domains are important in the sorting of two inte-
gral membrane proteins of the nuclear envelope'2.

It is possible that a large number of oligomerization
motifs exist in transmembrane a-helices (up to about
107 of the type described here) and that these posses de-
grees of specificity similar to that seen in the case of GpA.
One other example is suggested by studies of interac-
tions between the single transmembrane domains of the
MHCII o.- and B- chains'. If interactions involving all
such motifs are as specific as those described here, helix-
helix interactions within membranes may well be impli-
cated in biological sorting events.

Methods

Generation of constructs. SN/L,. , and SN/L,, ., were generated
from pT7SN/GpA (I85L)%2 using PCR-mediated in vitro mutagenesis
as described??, or four-primer PCR*2. The mutations were made in
stages such that if dimerization were abolished, the mutations
respansible could readily be determined. The stages were: stage
1.188L/S92L/Y931/GI4L; stage 2. F78L/M81L/A82L; stage 3. 1731/
T74U177L; stage 4. G86L; stage 5. 1911/195L; stage 6. V8OL; with

Fig. 5 12.5 % polyacrylamide SDS-gel showing that dimers
of the EGFR-GpA and Neu-GpA chimerae are disrupted
by addition of GpATM. To each chimera, a synthetic
peptide corresponding to GpATM, with the sequence
PEITLIIFGVMAGVIGTILLISYGIRRLI was added at a ten-fold
molar excess. in each case, it is clear that significant
disruption of the dimer results, with the concomitant
formation of a peptide-protein heterodimer. Synthetic
peptides corresponding to the transmembrane domains
of Neu and EGFR have no such effect (see Fig. 2b). These
observations suggest that dimerization of the chimerae
occurs through interactions similar to those that stabilize
the dimer of glycophorin A.

the product of each stage serving as the template for the next.
The sequence of the chimera was verified at each stage using the
Sequenase kit (U.S. Biochemicals) as described??. At each stage,
dimerization of the resulting chimera was assayed by SDS-PAGE,
and found to be unaffected. The final chimerae have
transmembrane domains that represent poly-leucine, into which
has been introduced the sequence pattern LIxxGVxxGVxxT (SN/
Ly, orf LIxxGxxxGVxxT (SN/L,, .} (Fig 2a).

Chimerae in which the transmembrane domain of Neu or EGF-
R were fused to staphylococcal nuclease were generated as
follows. PCR was used to amplify fragments corresponding to the
transmembrane domain of Neu or EGF-R with an Apa /site at the
5' end and a Bam Hi site at the 3' end. These were then digested
and subcloned into the vector pSN/GpA from which the Apa //
Bam H! fragment corresponding to the GpA transmembrane
domain had been removed?'. The motif was introduced by two
rounds of four-primer PCR mutagenesis*? (Fig. 4a,¢). The resulting
chimerae were subcloned into the T7 expression vector pET11a
(ref. 22) for high levels of expression in £. coli, and the sequences
of the resulting constructs were verified.

Expression and purification of chimerae. The chimeric proteins
were expressed in E. coli (ref. 21). SN/GpA, SN/EGFR, SN/EGFR-
GpA, SN/Neu, and SN/Neu®, were detergent-extracted and purified
as described?™22. SN/L,, .. SN/L,_ ., and the altered forms of SN/
Neu were refractory to this approach, and were extracted in 100
mM NaCl, 50 mM Tris-HCI, pH 8.0, containing 8M urea, from the
pellet obtained after cell lysis. After clarification of the extract by
centrifugation, protein was purified by reversed-phase HPLC?"2.
Fractions containing the chimerae were lyophilized and the protein
dissolved in 1% SDS solution in Tris buffer. This material could
also be solubilized in B-octylglucoside (B-OG) by dissolving it in
50% aqueous trifluoroethanol containing B-OG, re-tyophilizing,
and dissolving the residue in buffer. Chimerae treated in this way
could be reconstituted into lipid bilayers by detergent dialysis.

SDS-PAGE. Solutions of chimerae were loaded on to 12.5 %
homogeneous Phastgels (Pharmacia) at 0.3 mg/mt (15 uM) for
SDS-PAGE. The loading buffer contained 2% SDS in all cases, and
samples were boiled for 5 minutes prior to electrophoresis. 2—4 pl
of sample were loaded. When peptides were added (Figs 2b & 5),
they were present at a 10-fold molar excess (150 pM). Gels were
stained with Coomassie blue.

Modeling. A detailed description of the methods employed in
this study is presented elsewhere?. All simulations were carried
outin vacuo. An initial right-handed supercoil of parallel a-helices
was built, with the relative orientations of the two helices defined
by the angles o and B (Fig. 3¢). A variety of symmetric (o~B) and
asymmetric (o) starting structures were tested. After energy
minimization, further refinement was achieved by simulated
annealing consisting of a 20 psec molecular dynamics simulation
at 300 K. All atoms were free to move, although helical hydrogen-
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bond restraints and restraints on the distance between helix axes
were maintained. The relative orientation of the two helices
changed in many cases, from (o, B) to the final (o', B’) configuration.
The total interaction energy between the helices was calculated
for this final configuration. Lines are drawn in Fig. 3a,b from the
starting to the final configurations, (as shown in Fig. 3¢), with the
energy of the final structure represented by the darkness of
shading. Since the plots in Fig. 3a,b show only the region from 0°
tG 360°, there were cases, for starting configurations close to the
extremes of the axes, in which the final configuration would appear
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