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Predicting coiled-coil regions in proteins
Andrei Lupas

The past several years have seen significant advances in our
ability to recognize coiled coils from protein sequences and
model their structures. New methods include a detection
program based on pairwise residue correlations, a program
that distinguishes two-stranded from three-stranded coiled
coils and a routine for modelling the coordinates of the core
residues in coiled coils. Several widely noted predictions,
among them those for heterotrimeric G proteins and for
cartilage oligomeric matrix protein, have been confirmed by
crystal structures, and several new predictions have been
made, including a model for the still hypothetical right-handed
coiled coil.
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Introduction
Coiled coils are helical bundles of 2–5 helices that
have a distinctive packing of amino acid sidechains at
the helix–helix interfaces, called ‘knobs-into-holes’. The
precise interdigitation of sidechains at the interfaces
is achieved by giving the right-handed α helices a
left-handed twist (or supercoil), thus reducing their
periodicity from approximately 3.6 to 3.5 residues per turn
with respect to the supercoil axis. This results in every
seventh residue occupying an equivalent position on the
helix surface. The seven structural positions are named
a–g: a and d are occupied by hydrophobic residues and
form the helix interface (‘core’), whereas b, c, e, f and g are
hydrophilic and form the solvent-exposed part of the helix
surface (‘coat’). The sequences of coiled-coil proteins,
therefore, show a heptad periodicity in the chemical nature
of the sidechains. (For a recent review of coiled-coil
structure, see [1••].)

This sequence periodicity was predicted by Crick [2,3]
in 1953, as part of his model for the coiled coil, and
the first sequence of a coiled-coil protein, tropomyosin,
confirmed his prediction. Ever since, the heptad repeat
of hydrophobic and hydrophilic residues has been used
to detect coiled coils in protein sequences. In order to
reduce individual bias in the interpretation of sequence
data, Parry [4] compiled a coiled-coil profile in 1982

and presented a method whereby the compatibility of a
sequence with the profile could be calculated by geometric
averaging over the region of putative heptads. His work
represents one of the first applications of a sequence
profile to structure prediction. In 1991, his method was
modified and expanded into an automated, statistically
controlled computer program, COILS, which has become
the standard for coiled-coil prediction and analysis [5].

Almost in parallel to the development of predictive
tools, in 1988, Landschultz et al. [6] discovered a short
coiled coil of only 4–5 heptads in a new class of
transcription factors — the basic region leucine zipper
proteins (bZip) — the crystal structure of which was solved
in 1991 [7]. This coiled coil, called the leucine zipper
because of its signature of a run of leucines in position d,
has proved to be functional in heterologous constructs and
amenable to a variety of directed changes, turning it into
a workhorse for protein engineers. Along the way, it has
yielded many important insights into the factors governing
the association of coiled-coil helices [8–12].

In this review, I have attempted to summarize the progress
made over the past two years in predicting the occurrence
and structure of coiled coils and to discuss some of
the problems that are associated with these methods. In
addition, I have gathered some examples of predictions
that can now be compared to crystal structures and that
can give a feeling for the current limits in coiled-coil
prediction.

New developments in predictive methods
The program currently used most often for coiled-coil
prediction is COILS. The original sequence profile on
which it is based (computed from myosins, tropomyo-
sins and keratins) has recently been complemented by
a second, more extensive one derived from myosins,
tropomyosins, all intermediate filaments, kinesins and
desmosomal proteins [13]. The new profile provides an
improved performance, as judged by the better recognition
of coiled coils in the Protein Data Bank (PDB) and
by improved scores for each of the five families of
coiled-coil proteins when compared to profiles derived
from the other four. Nevertheless, COILS continues to
assign high coiled-coil probabilities to a small subset
of hydrophilic sequences in the obvious absence of a
heptad periodicity. This is because in coiled coils, five of
the seven heptad positions are occupied by hydrophilic
residues and the program gives equal weight to each
of the seven positions. A weighting option, introduced
to address this problem, lowers the performance of the
program somewhat; therefore, using the default settings
but disregarding areas of high probabilities if they drop by
more than 20–30 percentage points in the weighted scan
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has been suggested [13]. Although this scheme works, it
represents an unsatisfactory, ad hoc solution that will need
to be replaced by a consensus formula optimized for the
current databases.

In 1995, Berger et al. [14••] introduced a second pre-
diction program, based on pairwise residue correlations
obtained from a database of myosins, tropomyosins and
intermediate filaments. This program, PAIRCOIL, is more
specific for long, parallel, two-stranded coiled coils. Cor-
respondingly, it achieves a better resolution than COILS
between this set and a reference set of globular proteins
from the PDB, but its ability to recognize coiled coils
that are short, antiparallel, or multistranded is lower [1••].
Occasionally (and despite claims that no coiled coils in
PDB go unrecognized [14••,15]), it fails altogether (as does
COILS) [1••]. This failure to recognize some coiled coils
results from an assumption common to both COILS and
PAIRCOIL that is only correct to a first approximation,
namely, that the residue distribution is essentially the
same in all types of coiled coil, and, therefore, that a profile
fitting all coiled coils can be derived from only a subset of
these. This assumption is made because, currently, reliable
statistics can only be derived from long, parallel coiled
coils such as myosin, kinesin, or laminin. Nevertheless,
the challenging problems do not lie in predicting these
long coiled coils, which extend for hundreds of residues
and whose heptad repeat was picked out by eye long
before the development of prediction programs, but they
lie in predicting short and often unusual coiled coils,
which escape detection by other methods and whose
residue distribution can differ in significant ways. For this
reason, the increased specificity of PAIRCOIL for long,
parallel coiled coils actually decreases its usefulness in
many biologically important prediction problems. On the
positive side, unlike COILS, PAIRCOIL is not biased
towards hydrophilic sequences.

Berger et al. [14••] have argued that PAIRCOIL should be
considered more accurate than COILS because it does not
assign high coiled-coil probabilities to sequences from the
globular subset of PDB, whereas COILS does so in a small
number of cases. I find this argument debatable because
of the underlying assumption that all sequences from
globular proteins should have a low coiled-coil forming
potential, or, in other words, that an ideally operating
program should assign all sequences that form coiled coils
a score above a given cutoff, and all sequences that do
not form coiled coils a score beneath it. This is true for
an ideal program that takes into account the context and
chemical environment of a sequence, but both COILS
and PAIRCOIL only consider the local sequence and,
therefore, only its intrinsic coiled-coil potential. It must
be expected that the protein context will force some
sequences with high intrinsic coiled-coil potential into a
globular structure and others with low potential into a
coiled coil. A program of the COILS/PAIRCOIL type,
therefore, should find some high scoring sequences among

the globular proteins and some low scoring sequences
among the coiled coils; the failure of PAIRCOIL to do
so indicates that it is too restrictive. This is not an
argument on theoretical grounds; a growing number of
examples exist to support it. For example, first, peptides
from tropomyosin less than 5–6 heptads long do not
generally form a coiled coil in solution, but they do so in
the full length protein. Second, a loop sequence in the
HA2 subunits of influenza hemagglutinin is metastable
after dissociation of the HA1 subunits and refolds into a
three-stranded coiled coil [16]. This type of conformation
change is probably found in many viral fusion proteins.
Third, the basic region of bZip transcription factors is not
helical in the absence of DNA but can be converted to a
coiled coil by addition of a designed peptide [17]. Fourth,
an amphipathic helix from HIV1 integrase can form a
coiled coil in its isolated form and inhibits the integrase
activity of the full protein, presumably by formation
of a peptide–protein coiled coil [18]. These examples
show that some sequences in the globular subset of the
PDB should have high coiled-coil potential (although, of
course, they do not show that the ones identified by
COILS actually belong to this group). Of course, the issue
of which sequences should have high coiled-coil scores
is complicated by the fact that, at short helix lengths,
researchers do not appear to agree what is and what is not
a coiled coil, but this problem is probably best left out of
the present discussion.

The comparison of COILS and PAIRCOIL indicates that
future progress will come less from the mathematical
details of scoring and more from better and more specific
databases. A first step towards this has been taken by Hirst
et al. [19] in the development of TRESPASSER, a program
designed to specifically recognize leucine zippers. The
authors have limited themselves to a specific subgroup
of coiled coils that have a distinctive sequence pattern
(although it may be objected that they have been overly
restrictive, as their criteria exclude one of the original
leucine zipper proteins, L-myc). The problem with this
approach is that there are currently too few leucine zippers
of known structure for a useful sequence profile; therefore,
the authors had to include many ‘zippers’ of unknown
structure in their database. The pitfall of this is illustrated
by the ‘leucine zipper’ in DNA topoisomerase II, the
structure of which has since become available and which
turns out to form a set of β strands. Under these conditions,
evaluating how much (if any) progress TRESPASSER has
made over COILS and PAIRCOIL in the recognition of
leucine zippers is impossible. Nevertheless, I believe that
sequence and structure databases will soon reach a size at
which the approach of Hirst et al. [19] can work, and the
global profiles of COILS and PAIRCOIL will be replaced
by a set of specialized profiles.

A different aspect of coiled-coil prediction has been
addressed by Woolfson and Alber [20•] with SCORER, a
program designed to distinguish between two- and three-
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stranded coiled coils. The program works by comparing
the residue distribution in positions a, d, e and g of a
query sequence to the corresponding residue distributions
in a reference set of two- and three-stranded coiled
coils. The method is quite accurate for longer sequences
[20•] and still gives fair results even with coiled coils of
only 3–4 heptads [1••]. Interestingly, it does not appear
particularly sensitive to the orientation of the helices in
the coiled coil, even though the geometry of residues
in the core layers is somewhat different in parallel and
antiparallel coiled coils. Two aspects of SCORER currently
limit its utility: first, it cannot tell when a coiled coil is
neither two- nor three-stranded, and second, its coiled-coil
recognition module, COILER, does not operate reliably
even though it has been designed to be very restrictive.

A different approach to the oligomerization problem has
been taken by Vieth et al. [21] using computer simulations
of the GCN4 leucine zipper and its mutants [21]. This
approach extends previous work by these authors [22] and
by DeLano and Brünger [23] and appears to reproduce
the oligomerization state of GCN4 mutants quite well.
Nevertheless, it will probably not be useful for most
coiled coils in the foreseeable future as its computational
requirements limit it to short peptides.

Finally, I would like to mention the problem of modelling
coiled coils, which, because of the structural constraints,
essentially amounts to modelling by homology (even
though coiled coils cannot in general be considered
homologues of each other). Although Nilges and Brünger
[24,25] achieved an impressive success in modelling the
GCN4 leucine zipper by simulated annealing, efforts in
this area are generally plagued by the same problems as
homology modelling in general, particularly with respect
to sidechain conformations. Recently, Harbury et al. [26•]
introduced a method for predicting the sidechain and
backbone conformations in the core of coiled coils using
the parametrization of Crick [2] to allow for motions in
the mainchain without a corresponding massive increase
in computing time. Although this represents only a partial
solution to the problem, their ability to reproduce the
core coordinates of two-, three-, and four-stranded GCN4
mutants is impressive. A criticism of this (as well as of
many other similar efforts) is that Harbury et al. have
limited themselves to reproducing the special case of
GCN4, it therefore remains to be seen how generally this
method is applicable.

Predictions versus structures: how are we
doing?
Many coiled-coil predictions have been made over the
years and some of the most conspicuous ones (the
leucine zipper [6,24], the spectrin repeat [27], influenza
hemagglutinin [28,29]) have been found to agree by and
large (and sometimes impressively well) with the subse-
quently determined crystal structures [7,16,30]. Recently,
several structures for which well publicized predictions

had been made have become available that show that the
location of coiled-coil helices in proteins can be predicted
fairly accurately, but that other aspects (such as oligomer
state, register, sidechain conformations) are still fairly
problematic.

Many coiled coils predicted in recent years have been
‘leucine zippers’, and the predictions have generally been
made by counting four leucines at seven residues interval,
often without regard to other residues in the sequence.
This simplistic approach has proved surprisingly enduring
despite warnings that a leucine heptad repeat is only a poor
indicator of coiled-coil structure [5,31]. Correspondingly,
many of these predictions can (and should) be discounted.
One example is the ‘leucine zipper’ in topoisomerase II
[32], which turns out to form a series of β strands [33];
ironically, it is directly adjacent to a coiled-coil helix.
Even before the crystal structure was determined, this
‘leucine zipper’ was rejected as a coiled-coil candidate
on the basis of sequence analysis by Frère et al. [34•] in
favour of the C-terminally adjacent segment, which, as an
isolated peptide, proved to have coiled-coil properties in
solution. COILS identified a second coiled-coil helix in
topoisomerase II sequences, approximately 100 residues
further towards the C terminus. In the crystal structure,
the two predicted helices form an antiparallel coiled coil,
but neither of them is involved in dimer interactions, as
had been proposed in the predictions. This error is not
surprising, given that currently there are no methods to
predict the oligomer partners of coiled-coil helices.

The case of topoisomerase II shows that current sequence
analysis methods can identify coiled-coil helices even
when these are short or unusual. A second case involves
the heterotrimeric G proteins, for which a heterodimeric
coiled coil had been predicted at the N terminus of the
β and γ subunits [35,36]. The N-terminal part of the
α subunit had been proposed to alternate between two
discontinuous helices in the free form and a continuous,
amphipathic helix in the βγ-bound form that binds
reversibly to the βγ coiled coil [35]. These predictions
became a test case of sorts when it was contested on the
basis of biochemical experiments that β and γ form a coiled
coil [37], and that the N terminus of α forms a continuous
helix in the βγ-bound form [38]. The structure of the
Gαβγ complex [39,40] confirmed the predictions, except
that the helix at the N terminus of α (which undergoes
the predicted conformational change) binds to the main
body of β and not to the βγ coiled coil. The molecular
models of the predicted βγ coiled coil show the typical
problems of homology models in the rotamer choices for
the sidechains. In addition, one set of models could not
distinguish between the correct register and a register
offset by one heptad [36].

Probably, the most interesting recent prediction for which
a structure has become available is the five-stranded coiled
coil in cartilage oligomeric matrix protein (COMP) [41],
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for which a molecular model has also been generated
[42•]. For COMP, the location of the coiled coil in
the protein, its length and its C-terminal disulphide
ring were correctly predicted (the oligomer state was
known from electron microscopical studies) [43]. Like
the Gβγ models, the COMP molecular model shows the
typical problems associated with sidechain conformations
but provides a realistic representation of the long axial
channel. This channel resembles in many ways the
Ca2+-selective channel of the pentameric transmembrane
domain of phospholamban, a regulator of cardiac muscle
cells, and it will be interesting to see whether the
phospholamban transmembrane domain is essentially a
membrane-embedded pentameric coiled coil (as proposed
by Simmerman et al. [44] and Malashkevich et al. [43]), or
whether it is a helical bundle with unusual helical angles
(as modelled on the basis of computational searching and
mutagenesis by Adams et al. [45••]).

As a last example, I would like to briefly mention the
Hsp70 family of proteins for which a three-helix bundle
has been predicted at the C-terminal end following a
consensus analysis of coiled-coil probabilities [13]. The
predicted location of the bundle and the length of its
three helices agree well with the crystal structure [46],
showing that coiled-coil prediction methods can also be
applied under certain conditions to helical bundles, which
are related to coiled coils but have more heterogeneous
packing interactions.

New predictions
Most of the predictions made in the past two years
concern long coiled coils, frequently found in structural
proteins of the cytoskeleton, the nuclear pore complex,
or the extracellular matrix. Although occasionally of great
biological interest, these predictions are generally simple
sequence scans using automated programs and, therefore,
are not particularly interesting from the prediction point
of view. In a few cases, however, long coiled-coil proteins
have yielded some very interesting new insights.

The most exciting new development concerns the oc-
currence and structure of right-handed coiled coils. So
far, all known coiled coils are left-handed, that is, the
supercoil winds in the opposite direction to the α helices
and reduces their effective number of residues per turn
to 3.5. Although they have not been observed so far in
protein structures, there is no clear reason why coiled
coils in which the supercoil winds in the same direction
as the α helices should not exist. In such coiled coils,
the effective number of residues per turn would be 3.67,
resulting in eleven different structural positions that repeat
after three turns of the helix; the hydrophobic core would
be formed by positions a, d, e, and h. Based on an undecad
repeat of hydrophobic and hydrophilic residues, such a
structure has been proposed for the ‘late embryogenesis
abundant’ proteins that accumulate in plant seeds upon

desiccation [47]. In parallel, a similar structure, but very
short and showing ‘ridges-into-grooves’ rather than ‘knobs-
into-holes’ packing, has been modelled by molecular
dynamics simulations for the transmembrane helices of
the dimeric glycophorin A complex [48,49]. A recent
mutagenesis study of the glycophorin A transmembrane
domain has yielded a pattern of predicted core residues
that matches the undecad pattern of right-handed coiled
coils [50], suggesting that this domain may actually have
‘knobs-into-holes’ rather than ‘ridges-into-grooves’ pack-
ing interactions. Last year, the undecad repeat was finally
detected in the sequence of a protein — tetrabrachion,
the tetrameric surface-layer protein of the archaebacterium
Staphylothermus marinus — that had been shown to form
α-helical coiled-coil stalks, providing the best evidence yet
that right-handed coiled coils do exist [51••]. A molecular
model of part of this coiled coil made detailed predictions
about the packing geometry of sidechains in the core
and suggested that, in going from four- to three- to
two-stranded structures, right-handed coiled coils would
prefer sidechains of decreasing size.

A second interesting new development concerns the
modelling of stutters [52•] and stammers [53•], which
are frequently encountered discontinuities in the heptad
pattern of coiled coils. A structural understanding of these
has previously been lacking. According to the models,
stutters, which are omissions of three residues in the
heptad pattern, lead to a gradual decrease in the extent
of supercoiling over a region of 2–3 heptads, whereas
stammers, which are omissions of four residues, lead to a
corresponding increase. While stutters have been observed
in several coiled coils of known structure, confirming the
general applicability of the models, stammers have not
been seen so far.

Conclusions
That the location of coiled-coil helices in proteins as
well as their heptad register, can be predicted fairly
accurately with current methods is reasonably clear,
but this is not much more that a highly specialized
type of secondary-structure prediction. Significant progress
has been made in predicting the oligomer state of
coiled coils, but what are missing for true tertiary- and
quaternary-structure predictions are reliable methods for
predicting the partners of a given coiled-coil helix, its
orientation in the bundle and its register relative to
the other helices. These aspects are not problematic for
homo-oligomeric, parallel coiled coils, but the growing
number of antiparallel and hetero-oligomeric coiled coils
shows that they will become increasingly more important.
For short coiled-coil segments, several rules have been
worked out sufficiently to allow for some impressive
successes in peptide design, but how well these rules
can be extrapolated to proteins is unclear. Thus, the
challenge for the future lies in bridging the gap to true
tertiary-structure prediction of coiled coils.
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