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Abstract

The coiled coil is a ubiquitous protein-folding motif. It generally is accepted that coiled coils are charac-
terized by sequence patterns known as heptad repeats. Such patterns direct the formation and assembly of
amphipathic a-helices, the hydrophobic faces of which interface in a specific manner first proposed by Crick
and termed “knobs-into-holes packing”. We developed software, SOCKET, to recognize this packing in
protein structures. As expected, in a trawl of the protein data bank, we found examples of canonical coiled
coils with a single contiguous heptad repeat. In addition, we identified structures with multiple, overlapping
heptad repeats. This observation extends Crick’s original postulate: Multiple, offset heptad repeats help
explain assemblies with more than two helices. Indeed, we have found that the sequence offset of the
multiple heptad repeats is related to the coiled-coil oligomer state. Here we focus on one particular sequence
motif in which two heptad repeats are offset by two residues. This offset sets up two hydrophobic faces
separated by =150°-160° around the a-helix. In turn, two different combinations of these faces are possible.
Either similar or opposite faces can interface, which leads to open or closed multihelix assemblies. Ac-
cordingly, we refer to these two forms as a-sheets and a-cylinders. We illustrate these structures with our
own predictions and by reference to natural variants on these designs that have recently come to light.
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Understanding macromolecular assemblies is a key issue in
modern-day structural biology. Arguably, the o-helical
coiled coil is one of the simpler and more readily under-
stood building blocks of small, medium, and large protein
complexes (O’Shea et al. 1989; Sutton et al. 1998; Wigge et
al. 1998). The accepted hallmark of the coiled coil is the
seven-residue heptad repeat. This is more of a sequence
pattern than a motif, as the traditional requirement is for
hydrophobic side chains alternately separated by three and
four residues. This average is one hydrophobic residue for
every 3.5 residues, which falls short of the 3.6-residue re-
peat of the a-helix. Thus, the pattern sets up a hydrophobic
seam that slowly winds around the «-helix in an opposite
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sense to the helix. The association of these seams produces
coiled coils. Because of the twisting of the seam, the helices
wrap (i.e., supercoil) around each other to keep the hydro-
phobic residues in contact and away from solvent. For hep-
tad-based coiled coils, the supercoil is left handed.

By convention, heptads are assigned abcdefg, with the
hydrophobic residues at a and d. After Crick (1953), these
residues form a seam of knobs on one helix, which dock into
complementary holes of a neighboring helix. We developed
software (SOCKET) to recognize this packing and assign hep-
tad registers in protein structures.

Full details of the SOCKET algorithm will be given else-
where (J. Walshaw and D. Woolfson, in prep.). Briefly,
SOCKET uses Crick’s original postulates (Crick 1953) to
locate and analyze clusters of residues that constitute knobs-
into-holes interactions. A residue is termed a knob if the
center of its side chain simultaneously lies within a packing-
cutoff distance from the centers of four other side chains;
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we describe the latter as the sides of the hole. We classify
each knob as Type 1, 2, 3, or 4. Type 1 and 3 knobs lie
across the holes, whereas Type 2 and 4 knobs lie inside
them. An insertion cutoff distinguishes these variations.
More importantly, Type 1 and 2 knobs occur in isolated
knobs-into-holes interactions, whereas Type 3 and 4 knobs
occur with what we term pairwise or cyclic complementa-
rity. Two helices, X and Y, show pairwise-complementary
knobs-into-holes interactions if (1) a knob on X fits into a
hole on Y, (2) one side of the hole on Y is itself a knob that
fits back into a hole on X, or (3) the first mentioned knob on
X forms a side of the hole that accepts the knob from Y. This
is the classic knobs-into-holes interaction as observed in the
leucine zipper (O’Shea et al. 1991) and illustrated in Figure
I, A and BI. Cyclically complementary knobs occur in
coiled-coil structures with more than two interacting heli-
ces. In these cases, knobs-into-holes interactions occur in
tandem. For instance, in an XYZ trimer, a knob on X fits into
a hole on Y; the symmetry-related knob on Y fits into a hole
on Z; the corresponding knob on Z fits back into a hole on
X. In this case, the complementarity is cyclic and is com-
pleted by the first mentioned knob on X forming part of the
hole that accepts the knob from Z. This case is illustrated in
Figure 1C. Similarly, this description extends to describe
knobs-into-holes interactions in tetramers and pentamers.
Using standard Brookhaven Protein Data Bank (PDB)
coordinate files (Berman et al. 2000) and corresponding
DSSP (Definition of Secondary Structure of Proteins) for-
mat files (Kabsch and Sander 1983), SOCKET identifies
knobs and holes for an input structure, assigns knob type,
and searches for complementary knobs-into-holes interac-
tions. Using these data, SOCKET performs the following
analyses: (1) structure-based assignment of heptad register

to the coiled-coil sequences, (2) calculation of the number
of helices in, and the topologies of, intact coiled-coil units
(e.g., parallel dimer, antiparallel dimer, etc.), and (3) calcu-
lation of core-packing angles , that is, the angle at which a
knob points into its associated hole (O’Shea et al. 1991;
Harbury et al. 1993).

SOCKET was parameterized (that is, optimal values for the
packing and insertion cutoffs were calibrated, each to 7 A)
using a set of coiled-coil structures known from literature.
This analysis and our first trawl of the entire PDB using
SOCKET revealed that the distinction between isolated and
complementary knobs-into-holes interactions was impor-
tant; many isolated knob-into-hole interactions were re-
turned for noncoiled-coil structures. To avoid such ex-
amples, SOCKET was set to require either one layer of cycli-
cally complementary knobs-into-holes, or two or more
layers with pairwise complementarity before classing a
structure as coiled-coil positive.

We used SOCKET to identify coiled-coil containing struc-
tures in release 87 of the PDB. At a 7A packing cutoff, 202
of the 9255 structures tested positive for coiled-coil motifs
longer than two full heptad repeats. These were grouped
into 43 nonhomologous sequence families and 63 distinct
coiled-coil motifs (some intact structures contained more
than one coiled-coil domain). We found examples of two-,
three-, four-, and five-stranded coiled coils. For all of these
oligomer states except the five-stranded motif, which is a
unique parallel structure (Malashkevich et al. 1996), both
parallel and antiparallel examples were observed. In addi-
tion to these structures, which hitherto would be regarded as
classic coiled-coil assemblies, we found a number of bor-
derline and unusual examples. Borderline examples in-
cluded a variety of four-helix bundles, which showed con-

Fig. 1. Pairwise and cyclically complementary knobs-into-holes interactions. (A) A view into the interface of a parallel, dimeric coiled
coil. The central line of four residues represents a layer. Side chains are contributed from both helices: Those in white are from the
furthermost helix shown as a ribbon, and thus, point toward the viewer; those shaded grey are from the near helix and point into the
paper. Dotted lines link the centers of mass of the side chains, which are indicated by black circles. (B) A schematic representation of
part A using the same shading and highlighting the knob (k) and hole (h) residues. (C) A layer of cyclically complementary
knobs-into-holes interactions in a trimeric coiled coil. The view is from above the layer (i.e., down the superhelical axis). Each strand
is shaded differently. The leucine residues are the knobs and the bases of the holes are highlighted by straight lines. The ribbon
diagrams shown here and in subsequent figures were created using MOLSCRIPT (Kraulis 1991).
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tiguous layers of knobs-into-holes packing, but without cy-
clic complementarity. Essentially, these were examples of
multiple, two-stranded coiled coils. More unusual structures
included the core of gp41 from HIV (Chan et al. 1997),
which consists of six helices with a homotrimeric, super-
coiled coiled-coil hub, symmetrically abutted by three he-
lices, effectively producing a trimer of heterotrimers. Full
details of our analysis of the PDB will appear elsewhere (J.
Walshaw and D. Woolfson, in prep.) and will be made
available as a resource on the World Wide Web (http://
www.biols.susx.ac.uk/coiledcoils).

Inspection of the structures highlighted by SOCKET and
the resulting structure-based heptad assignments revealed
an interesting feature common in high-order coiled-coil as-
semblies (i.e., those above dimer). Whereas isolated dimers
showed classic heptad repeats leading to a single (a/d) hy-
drophobic seam and an interface with pairwise-complemen-
tary knobs-into-holes, higher order structures showed pe-
ripheral knobs-into-holes interactions in addition to those
centered on the a and d sites. In other words, for the high
order structures, the helix-helix interfaces extended further
around the individual helices. Effectively, this is achieved
by sequences showing more than one heptad repeat per
helix. We note that others have alluded to this for specific
protein assemblies (Harbury et al. 1993; Kim et al. 1999;
Koronakis et al. 2000). We refer to such sequences as hav-
ing overlapping heptad repeats and to the resulting helices
as multifaceted. For two overlapping heptad repeats, there
are three possible sequence offsets of one, two, and three
residues. We found that many natural coiled-coil trimers can
be considered as having two heptad repeats offset by three
residues, whereas many tetramers and pentamers are varia-
tions on a one-residue offset. A full treatment of these ideas
is beyond the scope of this communication. This is because
(1) the concept draws together coiled-coil trimers, tetram-
ers, and pentamers, (2) it relates to the structural organisa-
tion of the aforementioned four-helix bundles and unusual
assemblies like those observed in gp41, and (3) it plays a
role in helical repeat structures such as those formed by the
armadillo and HEAT motifs and tetratricopeptide repeats
(Groves and Barford 1999).

Here we focus on overlapping heptad repeats offset by
two residues. Compared to the one- and three-residue off-
sets, this leads to two clearly defined and distinct hydro-
phobic seams in each helical segment. This has unusual
structural consequences for helical assemblies that may be
treated separately from the other cases. First, we outline a
general theory for the possible assemblies. Second, we de-
scribe how this is realized in examples of natural protein
structures.

In the standard heptad assignment, a two-residue se-
quence offset places hydrophobic residues at a, ¢, d, and f,
with ¢ and f effectively making up the a and d positions of
the second, offset repeat. Canonical a-helices have 3.6 resi-
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dues per turn, and therefore, successive residues arc out
100° around a helical wheel. Thus in this representation, a
two-residue sequence offset manifests as an angular sepa-
ration between the two hydrophobic seams (a/d and c/f) of
200°, which is equivalent to 160° (6) when measured in the
opposite direction around the wheel. To accommodate the
seven-residue sequence repeat, helical-wheel diagrams for
coiled coils are traditionally drawn in supercoil space, with
successive residues separated by =103°. Effectively, this
makes all the a residues equivalent and so on. In this case,
0 is altered to =154°. These ideas are illustrated for a seven-
residue-based helical wheel in Figure 2A.

Whether viewed in Cartesian or supercoil space, the two
hydrophobic seams are distinct, that is, they do not merge.
This wide separation of two hydrophobic seams produces
bifaceted helices and sets up different opportunities for
a-helical assemblies. Considering all-parallel structures,
there are two possibilities for helix-helix packing: In what
we term syn-facing assemblies, two like faces from neigh-
boring helices combine to produce an open a-sheet (Fig.
2B). Effectively, the angular offsets (0) of successive heli-
ces cancel. In antifacing assemblies, however, a/d faces pair
with c/f and the resulting structures may close to form an
a-cylinder (Fig. 2C). The number of helices (n) required to
close the cylinder is related to 6 (n = 360 + [180 — 6]).

This relationship can be understood as follows: The locus
described by the axes of the n helices is a circle (360°);
strictly speaking, it is the points of an n-sided polygon.
Therefore, each helix turns through 360° + n (¢ in Fig. 2C)
around the circle. Successive helices also rotate about their
own axes by a constant angle with respect to the previous
helix. This rotation is equal to 180° — 6. Because helix n + 1
and helix 1 effectively superimpose, the overall axis rotation
for n helices must be 360° (i.e., the rotation of each helix
about its own axis is also 360°+n). Thus, 360° =+
n = 180° -0, or n = 360° + (180° — 0).

Substituting numerical values into this equation is illu-
minating: If 6 were 180°, then the helix axes would describe
a straight line, and the axes of the helices would not rotate.
However, with 6 <180°, the circle closes. For heptad-based
supercoiled helices, 6 is =154°, but it is exactly
360° x(3 + 7). Using the precise value gives n = 14 ex-
actly. Thus, the theoretical a-cylinder should have exactly
14 helices in the ring.

For antiparallel helix pairs, the principles outlined above
do not change, but the details do: Syntypic association
should lead to cylinders, whereas sheets should be formed
from antitypic interfaces.

The various possibilities for assemblies based on bifac-
eted helices occurred to us following the first trawl of the
PDB with SOCKET, which returned two examples of three-
helix a-sheet structures (Freymann et al. 1990; Blum et al.
1993; Wiener et al. 1997). With the ideas outlined above
and the theory developed out of our observations. However,
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Fig. 2. Construction of coiled-coil protein assemblies from bifaceted a-helices. (A) The lower part shows two heptad repeats aligned
with a sequence offset of two residues. The two hydrophobic seams are highlighted and distinguished by the letters X and Y. The upper
panel shows a 3.5-residue-per-turn helical wheel for the combined sequence. The resulting angular offset between the two hydrophobic
seams, represented by the curved arrow and labelled 6, is =154°. (B) A syntypic assembly in which the a/d and c/f seams self-associate
to form a-sheets. (C) An antitypic assembly in which the a/d and c/f faces associate. Such structures may close to form a-cylinders.
The arc swept out by each helix (¢) is related to 6 (¢ = 180 — 6) and the number of helices required to close the cylinder (n) is given
by n = 360 + (180 — 6).

the recently described structure of TolC (Koronakis et al. as an a-helical barrel by the investigators. However, as
2000), which was not in release 87 of the PDB, provides the described below, the structure is not a uniform or an ideal
first natural example of an a-cylinder, which is referred to cylinder.

Fig. 3. Natural examples of a-sheets. (A and B) Orthogonal views of the S, A, and B helices (left to right, respectively) of the helical
bundle of the VSG MITat 1.2 (Freymann et al. 1990). A kinemage has been produced to display this structure in three dimensions and
to highlight knobs-into-holes packing. (C) The three-helix sheet of colicin 1a (Wiener et al. 1997). Knob side chains highlighted by
SOCKET using a 7 A cutoff are shown in ball-and-stick representation. Parallel and antiparallel helix orientations are distinguished by
shading; the light helices have the N-terminal end at the top.
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The examples of a-sheets were in the variant surface
glycoproteins (VSGs) from the trypanosome that causes
sleeping sickness (Freymann et al. 1990; Blum et al. 1993)
(Figs. 3A,B), and in colicin la from Escherichia coli (Wie-
ner et al. 1997). In both cases, each a-sheet comprises three
helices with the central helix harboring the double-heptad
repeats. Otherwise, these examples show differences: In the
VSGs, the adjacent helices are in mixed parallel/antiparallel
arrangements, whereas in colicin Ia, adjacent helices are all
antiparallel (Figs. 3A,C). Second, although the seams iden-
tified by SOCKET in the central helices (helix A) of the VSGs
do overlap, those in the structurally similar helix (helix T2)
of colicin Ia do not (Fig. 3C). Finally, in the VSG structures,
two sheets make contact through the edge helices to form an
oval barrel-like motif, although the intermolecular packing
is not mediated by knobs-into-holes interactions.

TolC has two a-barrel-like domains (Koronakis et al.
2000) as shown in Figures 4, A and B. Both have 12 helices
contributed by three monomers. In the lower barrel, each
helix pairs with another from the same protomer to form
separate supercoiled, antiparallel coiled coils. Knob resi-
dues located by SOCKET for one TolC protomer are high-
lighted as balls-and-sticks in Figure 4C. The lower part of
the figure shows extended runs of knobs, which conform to
a canonical heptad pattern, in two distinct and long, antipa-
rallel coiled-coil motifs. In contrast, the helices of the upper
barrel appear to pack more uniformly, albeit with a slant, to
describe a type of a-cylinder. The SOCKET output for this
part of the structure (upper part of Fig. 4C), however, re-
vealed markedly fewer knobs-into-holes interactions than
found in the lower barrel. Nevertheless, on this structural
basis, we unambiguously were able to assign heptad regis-
ters for the helices of the upper barrel. This revealed knobs
at relative a, ¢, d, and f positions, and syn-faced association
of two seams between adjacent antiparallel helices, which is
fully consistent with the theory outlined above.

In more detail, residues Arg-82 (assigned by SOCKET as an
f position) to Asp-101 (a d position) in helix 3 (H3) form a
bifaceted coiled coil. Knobs at GIn-87 and Tyr-98 fall at d
and a positions, respectively, in this register, and interact
with H2; whereas, residues Leu-86 and Val-96 form knobs
at ¢ and f positions, respectively, and interact with H6.
However, knobs-into-holes interactions were not contigu-
ous around the upper cylinder. In particular, there were
more between helices of the same monomer than between
the helices at the monomer-monomer interfaces (see TolC
kinemage). For example, for chain A of the upper barrel,
eight intraprotomer knobs were located by SOCKET (Fig.
4C), which, as described above, cemented the H2-H3 and
H3-H6 coiled-coil interfaces. In contrast, none of the inter-
protomer, helix-helix interfaces were classed as coiled coils
by SOCKET. The program found only two knob residues,
Glu29 of H2 and GIn-304 of H7 (see kinemage), which
formed complementary, but isolated knobs-into-holes inter-
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Fig. 4. TolC, a natural variant on the a-cylinder structure. (A and B)
Orthogonal views of the TolC trimer showing the barrel-like structures
(Koronakis et al. 2000). The three protomer chains are distinguished by
shading. (C) The two helical domains (upper and lower) of a TolC mono-
mer, highlighting the many knobs-into-holes of the two-stranded antipar-
allel coiled coils of the lower barrel compared with the small number of
such interactions in the upper barrel. The orientation of this figure is the
same as that used in Figures 1B and 1C of the original paper describing the
TolC structure (Koronakis et al. 2000). Thus, from left to right in the upper
barrel, the helices are H7, H6, H3, and H2. Otherwise, the legend is the
same as for Figure 3. A kinemage has also been prepared for this structure.

actions in the interface. Incidentally, relaxing the packing
cutoff to 7.5A revealed new, albeit poorer, knobs-into-holes
interaction between H6 and H7. However, no more interac-
tions came to light at the protomer-protomer interfaces.
We predicted a barrel with 14 helices and not 12 as ob-
served. There are several possible reasons for this differ-
ence. First, our prediction was for parallel helices, whereas
adjacent helices in TolC are antiparallel. However, as ar-
gued above, this should only alter the details of the helix-
helix packing. Second, the =154° angle assumes helix su-
percoiling. However, helices cannot supercoil in two direc-
tions simultaneously as would be required for both the a/d
and c/f seams to participate in canonical coiled-coil inter-
faces. Thus, to maintain packing at both interfaces needs
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either some helical distortion or some relaxation of the
knobs-into-holes interactions. SOCKET analysis of the PDB
revealed structural precedents for the former, that is, tight
knobs-into-holes packing may be maintained in distorted
helices. For instance, the central helices of the three-helix
a-sheets are straightened (Fig. 3B). In TolC, both mecha-
nisms occur: As described above, the knobs-into-holes in-
teractions are not as extensive in the upper barrel as com-
pared with the lower barrel. In addition, the helices of the
upper barrel slant rather than supercoil (Koronakis et al.
2000). Slanting, straightening, and other distortions of the
helices of the cylinder will alter 6, ¢, and ultimately n. For
example, for straight nonsupercoiled helices 6 = 160°,
¢ = 20° and n = 18. Thus, variations in helix number in
natural and designer a-cylinders should be expected.

In summary, the TolC barrel represents a variation on the
a-cylinders that we propose. Important to note, however, is
that this structure, together with the natural a-sheets, shows
that more unusual coiled-coil assemblies are possible. We
anticipate additional natural examples and even designer
peptide-based sheets and nanotubes to follow.

Electronic supplemental material

Kinemages are available showing the a-sheets and a-cylin-
ders and the knobs-into-holes interactions that occur within
these structures.
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