doi:10.1016/j.jmb.2008.11.028

MB

J. Mol. Biol. (2009) 385, 726-732

Available online at www.sciencedirect.com

ScienceDirect

COMMUNICATION

A Periodic Table of Coiled-Coil Protein Structures
Efrosini Moutevelis' and Derek N. Woolfson'-2*

'School of Chemistry,
University of Bristol,
Bristol BS8 1TS, UK

*Department of Biochemistry,
University of Bristol,
Bristol BS8 1TD, UK

Received 19 August 2008;
received in revised form
15 November 2008;

Coiled coils are protein structure domains with two or more o-helices
packed together via interlacing of side chains known as knob-into-hole
packing. We analysed and classified a large set of coiled-coil structures using
a combination of automated and manual methods. This led to a systematic
classification that we termed a “periodic table of coiled coils,” which we
have made available at http://coiledcoils.chm.bris.ac.uk/ccplus/search/
periodic_table. In this table, coiled-coil assemblies are arranged in columns
with increasing numbers of a-helices and in rows of increased complexity.
The table provides a framework for understanding possibilities in and limits
on coiled-coil structures and a basis for future prediction, engineering and
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Protein structure is hierarchical: polypeptide
chains fold locally to form a-helices and B-strands;
these secondary structures combine to form tertiary
structures, and independently folded tertiary struc-
tures may associate to form complexes or quaternary
structures. These apparent simplicities of building
blocks (the secondary structures) and order in
assembly (secondary-tertiary—quaternary) mask the
potential complexity of protein structures; in other
words, there are a large number (in the order of
thousands) of possible ways to fold protem chalns
into stable tertiary and quaternary structures.' Over
the past few decades, researchers have attempted to
capture and relate the observed protein structures
from nature in various classification schemes. The
first of these was the stralghtforward aq, a+pB, o/p
and pP system of Chothia.* Developing on this,
expert-defined and semi-automated databases such
as SCOP and CATH respectively, provide the
industry standard.” Through such studies, the
number of protein domains “used” by nature is
currently estimated at 5000.”

In a related question, others have attempted to
explore the theoretical potential for and limits on
protein structures. Regarding all-a-helical struc-
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tures, Murzin and kaelstem presented an elegant
hierarchy for helical globules;” similar analyses have
been performed for all-p structures,” ! and, most
recently, Taylor attempted to capture all combina-
tions of o and P structures in a periodic table of
protein structures.'” Here, we present a classifica-
tion system for a common protein-folding and asso-
ciation motif called the a-helical coiled coil, a motif
that is either not formally included or not captured
well by the existing classification schemes. We
organised coiled-coil structures in a periodic table
that sheds light on the likely limits on the coiled-coil
architectures and topologies, as well as providing
potential frameworks for improved protein struc-
ture prediction, engineering and design.

The a—hehcal coiled coil is a ubiquitous protein-
folding motif'® with an estimated occurrence of 5%—
10% in translated protein sequences. %151t is found in
a variety of structural forms and in a wide range of
proteins,'®!” including, for example, small units such
as leucine zippers that drive the dimerisation of many
transcription factors, longer segments that underpin
dimeric and trimeric fibrous structural proteins of the
cytoskeleton and extracellular matrix, and more-
complex structures such as the family of viral
proteins responsible for virus-host membrane fusion.

In structural terms, coiled coils are bundles of a-
helices in which the helical axes are aligned slightly
offset from one another (Fig. 1a). These assemblies are
encoded at the protein sequence level by motifs in
which hydrophobic (H) residues are usually alter-
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(a)

Fig. 1. Graphical representations of coiled-coil structures. (a) A classical coiled coil: the parallel and dimeric leucine
zipper 1fos.'® (b) A complex coiled-coil assembly: a trimer of tetramers is found in the structure 1nig,'” which is a protein
of unknown function from T. acidophilum. For both cases, and from left to right, the structures are first rendered as ribbons
with rainbow colours of the heptad repeat using PyMOL;20 second, down the coiled-coil axis; and, third, in a schematic
where helices and KIH interactions are presented by red circles and by lines and gray shading, respectively.

nately spaced three and four residues apart and sepa-
rated by polar (P) residues. This results in the pattern
(HPPHPPP),, ~ 5, which is the classical heptad repeat
and often denoted as abcdefg. Such motifs direct the
folding of amphipathic helices, which assemble into
bundles to bury their hydrophobic faces from solvent.
Other patterns are compatible with the coiled coil—
notably, various other short combinations of three-
and four-residue spacing and hydrophobic amino
acids®'*—but these are less common.

These apparent simplicities in sequence and the
relationship between sequence and structure are
somewhat misleading, however. Coiled coils are
structurally diverse: they can have different numbers
of helices (different architectures, Fig. 1) that can be
assembled in parallel, antiparallel and mixed orienta-
tions (i.e., different topologies). Thus, contemporary
questions in coiled-coil research include those on
what the limits on coiled-coil structures are and which
sequence rules or other structural constraints distin-
guish the various structural alternatives and lead to
faithful folding and assembly of the polypeptide
chains in the cell. Here, we present a framework to
address these issues by determining the current
occupied coiled-coil structural space and analysing
and classifying the structures that comprise it.

The periodic table of coiled-coil structures

The coiled coil is almost unique amongst protein-
folding motifs because, as first proposed by Crick,**

there is a clear link between protein sequence and
structure. The aforementioned amphipathic helices
of coiled coils are cemented by a run of so-called
knob-into-hole (KIH) interactions (Fig. 2). In cano-
nical, heptad-based coiled coils, residues at the a and
d positions form knobs that interact with diamond-
shaped holes formed by four residues on a partnering
helix (Fig. 2). For example, in parallel coiled coils, an
a knob interacts with a hole formed by side chains at
d_1,g-1,a,d on the partner helix. Similar direct rela-
tionships can be written for d knobs and for antipa-
rallel helix arrangements. Previously, we introduced
SOCKET, a program that identifies KIH interactions
in protein structures and hence classical coiled-coil
arrangements. In SOCKET, a side chain is identified
as a knob if it contacts four or more side-chain
centres of mass in the partnering helix within a
specified packing cutoff. The four nearest side chains
define the corresponding hole.”

SOCKET was used to identify coiled-coil positive
structures in the November 2006 release of the
Research Collaboratory for Structural Bioinformatics
Protein Data Bank (PDB).%° [Search criteria are given
in the legend to Fig. 3.] Interestingly, through visual
inspection of all 766 coiled coil-containing protein
structures, it became clear that the structures could
be arrayed based on the number of helices in the
coiled-coil motifs and simple relationships between
them (Fig. 3). The resulting table resembles the
periodic table of elements and Taylor’s periodic table
of protein structures;'? hence, we refer to it as the
“periodic table of coiled coils.” The table highlights a
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Fig. 2. Orthogonal views of a KIH interaction. These
are the interactions that SOCKET identifies in classical
coiled coils.?® Rainbow colours from red to violet cor-
respond to positions of the heptad repeat abcdefg, which
are also assigned by SOCKET.

number of interesting features in these motifs and
how the classes (equivalent to elements) are related
at least at a structural level.

The table was populated using the following
system of definitions:

1. A structure with one coiled coil and conse-
quently one hydrophobic core is classified as
classical. Classical coiled coils consisting of
more than two helices are defined by having
of a contiguous ring (or daisy chain) of KIH
interactions between successive helices™ and a
single, consolidated central hydrophobic core.
Classical coiled coils with two, three, four or
five helices form the first row of the table and
head each of the columns.

2. Protein structures that contain two or more
classical coiled coils that are connected in some
way are termed complex. Complex coiled-coil
assemblies are separated into classes according
to the highest-order participating classical
coiled coil upon which they are based. These
classes are arranged vertically according to the

total number of the highest-order classical
coiled coil and the total number of participat-
ing helices they contain.

Any new coiled coil-based structure can be classi-
fied following the abovementioned rules.

Coiled-coil structure in detail

At this point, a walk-through of the table and a
description of some of its members are useful.

At present, classical coiled coils are restricted to
dimers, trimers, tetramers and pentamers and
account for 92.8% of the structures identified from
the PDB. There is one example of a six-stranded
coiled coil in cobalamin adenosyltransferase, 2nt8;>°
however, this has peripheral coiled-coil interactions
that make it a complex coiled-coil assembly, placing
it farther down the hierarchy. The presence of this
assembly implies the potential existence of a classical
six-helix coiled coil, however. The members of each
class can be grouped further according to their
occurrence in the same or different protein chains
and their topology. For example, the class of
“Comprising 2 helices” (751 assignments) consists
of “two-stranded” (541 assignments) and “dimeric”
(210 assignments) structures depending on whether
the helices belong to the same and different chains,
respectively. These structures can also be divided
further into parallel (184 assignments) and antipar-
allel (567 assignments in total) examples based on the
orientation of the helices and into canonical and non-
canonical categories based on their sequences being
purely heptad based and not, respectively. For
example, there are 69 two-stranded, canonical and
parallel assignments and 6 dimeric, non-canonical
and antiparallel assignments.

In the first column of the table, all the structures
are based on classical two-helix structures. For ins-
tance, on the second row are what we term three-
helix a-sheets in which the helices are connected via
2 two-helix interfaces; in effect, the central helix is
shared between 2 two-helix coiled coils (Fig. 3). This
is the most populated complex coiled-coil class. It
contains 35 validated assemblies in 32 protein struc-
tures. Most of these are transferases, lyases or
structures derived from structural genomics pro-
jects. The lengths of the shared helix in the middle of
the a-sheet vary from 13 to 42 amino acids.
However, in general, the more complex the assem-
bly, the shorter the average helix length is (10 amino
acids in the “Conjoined 6-stranded and 2-stranded
assembly”). In the more-populated classical coiled
coils, such as the two- and three-helix structures of
the first row (Fig. 3), there are a variety of protein
families and functions and helices are usually longer
than those in the complex assemblies; in these cases,
the lengths of the participating helices range from 11
to 122 and from 8 to 56 residues, respectively.

Sheets can of course close to form rings. This
occurs in two examples in the table. The first is a
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Number of helices

2-based  3-based 4-based 5-based  6-based
>
735,73.8% 116, 11.6% 68,6.6% 6,0.6% 0,0.0%

Fig. 3. Periodic table of coiled
.A. m coils. The table is presented using
cartoon diagrams of the architectures
36, 35% 1,0.4% 3.02% 1,0.% of the representative classes. Circles
represent helices; lines, KIH inter-
faces; and gray regions, consolidated
hydrophobic cores of classical coiled
.’._.‘. w coils. The population and percentage
of occupancy by each class are given.
17,1.7% 2,02% 1.0.1% Structural validation of coiled coil-
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i
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heptameric engineered form of the GCN4 leucine
zipper (2hy6),°! which in its wild-type form is a
classical dimer (Fig. 1a). SOCKET reveals that the
helices of the heptamer are linked by a series of back-
to-back dimer interfaces rather than a daisy chain of
KIH interactions that would constitute a classical
coiled-coil heptamer. The second closed a-sheet is in
the central domain of the periplasm-spanning pore
of TolC (1tqq).”® In this case, 2-helix coiled coils
assemble in a back-to-back fashion and close to form
a ring of 12 helices. For this particular case, however,
the packing cutoff used in SOCKET had to be
increased to 7.7 A to capture the assembly, which
placed it outside the boundaries we would normally
consider for a coiled-coil interaction. Analysis of the
structure 1ek9,%® a closed state of TolC, showed that

containing structures was imple-
mented using SOCKET,?® with
increasing packing cutoffs from
the default 7 A to 7.5 A, retrieving
information from an in-house coiled-
coil MySQL database *’ and visualis-
ing the structures using PyMOL?
and Swiss-PDBViewer.?” This pro-
cess was repeated manually for each
coiled-coil entry in our set. Where the
biological unit was not specified by
the PDB coordinate file,?° the corre-
sponding file from the PQS*® server
was used preferentially. The final
data set included only coiled-coil
segments that have less than 50%
sequence identity. This set was gen-
erated by implementing an in-house
sequence comparison algorithm
described elsewhere.” Where two
identical coiled coils were found
within different PDB structures, the
structure with an alphanumerically
preceding PDB identifier was cho-
sen. Perl scripts were used for par-
sing information and automatic
generation of output directories,
files and images.

the packing of the helices in this region was not
continuous.

We identified some coiled-coil architectures that,
to our knowledge and from the available literature,
have not been assigned as such before. Invariably,
these were new classes of complex coiled-coil assem-
blies (Fig. 4). Although sparsely populated, they
further highlight the structural space currently occu-
pied by coiled coils. In the second row of the table,
with increasing complexity, there is the “Conjoined
2-stranded and 3-stranded coiled-coil assembly”
class with an example in 2chn,** a p-glucosami-
nidase, followed by the “Joined 2-stranded and
3-stranded coiled-coil assembly” class with an
assignment in 1qdb,” a cytochrome c nitrite re-
ductase. Lower in the same column, there is the
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7-helix coiled coil
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Fig. 4. Newly observed coiled-coil structures. For each new class, the number of entries, the PDB code, a simplified
topology diagram, a picture with orthogonal view of the assembly and a PT entry diagram are given.

“3-stranded partitioned o-sheet” class with an
example in 2hr2, which is a hypothetical tetratrico-
peptide repeat-like protein. The last newly assigned
assembly of the 2-helix-based column is the “Trimer
of 3-helix a-sheets,” which occurs in 2e2a, a lactose-
specific enzyme. In the third column of the table,
two newly assigned coiled-coil assemblies are the
“Conjoined 3-stranded and 4-stranded coiled coils”
in 1Thy1?® and 1tju® and the “Trimer of 4-stranded
coiled coils,” referred by the original authors as a
helical super-bundle, in 1nig,'® a hypothetical pro-
tein from Thermoplasma acidophilum. The last newly
assigned complex is on the sixth row of the table
and is a “Conjoined 6-stranded and 2-stranded
coiled coil” in 2nt8.%° These and the other complex

coiled-coil assemblies contribute 7.2% of all the
entries of the periodic table. Structural, geometric
and energetic constraints in forming high-order
complex structures are potential reasons for the
underrepresentation of these structural assemblies
in coiled-coil space. This is consistent with conside-
ring the small number of existing protein structural
domains in comparison with the total number of
possible arrangements of structural elements.?®*2
Potentially, the number of protein structures in
each element of the table could be expanded by
searching the PDB and the non-redundant sequence
database for proteins with sequence similarity using
BLAST.*®> On this basis, the complex assembly,
headed by the structure 2nt8,%° also includes struc-
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tures 3cil,* 2r6t and 2r6x*° and 2ahe, 1rty and 2idx*°
from the PDB with E values <3e,' as well as ~60
entries from the non-redundant sequence database
with the same E value threshold. However, caution is
needed for homologues with slightly different
coordinate files, and we cannot check the reliability
of entries without solved structures.

To our knowledge, the classification described
herein is the first systematic analysis of different
coiled coil-based architectures. The validation pro-
cedure enabled us to find new high-order assemblies
and to push the limits of known coiled-coil archi-
tectures, providing insight on the potential struc-
tural space occupied by these structures. We have
derived rules classifying coiled coils into a periodic
table providing a simple method for processing the
new architectures that will be observed as the PDB
grows. We hope that the periodic table of coiled coils
will be a valuable resource in the fields of protein
design, engineering and structural prediction.

The Web interface of the periodic table of
coiled-coil structures

We have collated the validated coiled-coil struc-
tures and presented the logical hierarchical groups
of the periodic table in a series of pages on the Web¥
with supporting images, annotations, visualisation
scripts, information on potential ligands in the struc-
tures, information on the sequence and the register
and sequence profiles for certain sufficiently popu-
lated classical coiled-coil classes. These provide a
navigable graphical interface to the periodic table.
This sits alongside a dynamic interface for searching
coiled-coil assignments}.*” The dynamic interface is
the Web interface of a relational database of all
coiled-coil assignments automatically produced and
updated monthly through SOCKET? searches of
the PDB.*® The dynamic interface allows queries of
the coiled-coil assignments at different levels of
complexity and in detail but only identifies classical
coiled coils, although these can be components of
complex coiled-coil assemblies of the type described
in this article and organised in the periodic table.
Thus, the periodic table is distinct from the dynamic
interface in that it provides a manually validated
and organised description of a subset of all the
available coiled-coil structures. The manual valida-
tion and organisation procedures were very time-
consuming. Therefore, we anticipate updating the
periodic table less regularly than the dynamic inter-
face. Together, the periodic table and dynamic inter-
face form a comprehensive resource for visualising,
relating and exploring the known coiled-coil struc-
tures, which we call CC+, and, to our knowledge,
are unprecedented.

thttp://coiledcoils.chm.bris.ac.uk/ccplus/search/
periodic_table

Ihttp://coiledcoils.chm.bris.ac.uk/ccplus/search/
dynamic_interface
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