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GENOME-WIDE IDENTIFICATION AND COMPARATIVE ANALYSIS OF COILED-COIL PROTEINS

ANNKATRIN ROSE*, ERIC A. STAHLBERG', AND IRIS MEIER*

Abstract. The a-helical coiled-coil is a protein structure motif well suited for computational prediction. To study the occurrence of coiled-coil
proteins throughout different kingdoms, we have computationally identified and clustered long coiled-coil proteins from 23 fully-sequenced genomes.
Our results indicate that long coiled-coil proteins occur with higher frequency in eukaryotes than prokaryotes, with kingdom-specific families observed
in plants and animals. We have established searchable protein databases containing prediction data for Arabidopsis, rice and Chlamydomonas coiled-coil
proteins to facilitate further studies.
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1. Introduction. Coiled-coil proteins play an important role in the spatial and temporal organization of cellular
processes, such as signal transduction, cell division, structural integrity and motility. Long coiled-coil domains serve as
“cellular velcro” and form dynamic fibers and scaffolds, allowing proteins to act as molecular “zippers”, adapters, spacers,
and motors in macro-molecular structures [1]. These biophysical properties qualify coiled-coil proteins as candidates for
nanotechnology applications and biosensors [2], [3], [4], [5S]. Mutations in coiled-coil proteins have been implicated
in a growing number of human diseases from muscular dystrophies and neurodegenerative diseases to premature aging
syndromes and cancer, illustrating their importance in a biological context [6], [7], [8]. In contrast to animals and yeast,
only a handful of long coiled-coil proteins have been studied in plants and prokaryotes.

The coiled-coil motif consists of two or more a-helices winding around each other in a supercoil [9] often serving
as a protein oligomerization domain. It is characterized by a heptad repeat in the primary sequence, which facilitates
computational prediction of coiled-coil domains [10]. The most commonly used prediction programs include COILS, the
PairCoil/MultiCoil algorithms, the hidden Markov model-based Marcoil, and PCOILS—an improved version of COILS
using profiles [11], [12], [13], [14], [15], [16]. Using computational predictions, it has been estimated that approximately
10% of all proteins in an organism contain coiled-coil sequences [17]. Taking advantage of the availability of fully-
sequenced genomes, it is now possible to conduct comprehensive computational analyses and comparisons of the coiled-
coil protein composition of different organisms [18], [19].

2. Identification and Selection of Long Coiled-Coil Proteins. Using the coiled-coil prediction program Multi-
Coil [13], we have identified all long coiled-coil proteins from 23 fully-sequenced genomes. The MultiCoil program
was downloaded from http://theory.lcs.mit.edu/multicoil and installed on the Ohio Supercomputer Center 512 processor
Pentium 4 cluster. Whole genome sequence files were downloaded from the European Bioinformatics Institute proteome
analysis database (http://www.ebi.ac.uk/proteome/) and processed as shown in Figure 2.1. Coiled-coil prediction raw
output was generated by running the sequences through the locally installed MultiCoil program using a cutoff score of
0.5 and window size of 28. A Java-based program suite, ExtractProp, was developed to post-process the raw output by
ignoring small gaps (less than 25 residues) and setting a minimum domain length of 20 residues to allow for the formation
of a stable helix in the secondary structure of the protein (see Figure 2.2 for an example).

To identify coiled-coil proteins putatively involved in structural functions in the cell, the ExtractProp suite further
selected for proteins containing at least one domain of at least 70 amino acids, two domains of at least 50 amino acids, or
three or more domains of at least 30 amino acids in length (“long coiled-coils” in Figure 3.1). The ExtractProp suite is
available for download at http://www.osc.edu/research/bioinformatics/software.shtml.

3. Results of Coiled-Coil Prediction. In contrast to older studies which predicted 10% coiled-coil sequences [17],
we took a more restrictive approach to predicting coiled-coils by introducing a minimum domain length cutoff to eliminate
short sequences unlikely to form stable structures. We find on average 6.4% of eukaryotic proteins and 3.5% of prokaryotic
proteins are predicted to contain coiled-coil structures (also see Figure 3.1, top panel). Long coiled-coil domains were
found underrepresented in most bacterial genomes; however, both archaea and eukaryotes contain longer coiled-coil
domains than eubacteria. This result was especially pronounced for longer coiled-coils more than 250 amino acids in
length (see Figure 3.1, bottom panel).
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F1G. 2.1. Sequence processing through MultiCoil and ExtractProp.
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F1G. 2.2. Coiled-coil structure prediction by MultiCoil and ExtractProp processing. (A) MultiCoil prediction (scores per residue) of FPP1 protein
sequence with score cutoff of 0.5 (red line) and predicted coiled-coil domains shown in blue. (B) ExtractProp processing of MultiCoil raw output to
eliminate short gaps and stretches of predicted coiled-coil too short to form a stable helix.

4. Clustering of Coiled-Coil Protein Sequences. Due to the characteristic sequence repeat pattern arising from the
structural constraints of the coiled-coil motif, sequences predicted to form coiled-coils often interfere with the statistical
determination of significant sequence similarities. To circumvent this problem, we developed a sequence comparison
and clustering strategy based on masking the identified coiled-coil domains to eliminate similarities based on structural
constraints of the coiled-coil (see Figure 4.1). Using this method, we compared and grouped all identified long coiled-coil
proteins based on sequence similarities outside their coiled-coil regions.
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F1G. 3.1. Coiled-coil proteins predicted per genome (as percent of all protein sequences). (A) archaea: 1, Thermoplasma acidophilum, 2,
Methanococcus jannaschii, 3, Archeoglobus fulgidus, 4, Sulfolobus solfataricus; (B) gram-positive bacteria, 5, Mycoplasma genitalium, 6, Mycobac-
terium tuberculosis, 7, Bacillus subtilis; (C) gram-negative bacteria, 8, Clamydia pneumoniae, 9, Heliobacter pylori, 10, Borrelia burgdorferi, 11,
Synechocystis sp. PCC6803, 12, Escherichia coli, 13, Chromobacterium violaceum, 14, Agrobacterium tumefaciens; (D) yeasts, 15, Schizosaccha-
romyces pombe, 16, Saccharomyces cerevisiae; (E) metazoa, 17, Drosophila melanogaster, 18, Caenorhabditis elegans, 19, Mus musculus, 20, Homo
sapiens; F, plants, 21, Arabidopsis thaliana, 22, Oryza sativa.
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F1G. 4.1. Flowchart for clustering analysis.

First, coiled-coil sequences were masked by replacing amino acids predicted to be inside a coiled-coil region with the
generic letter X. The masked sequence set was then compared in an all-against-all approach using the Smith-Waterman
(SW Search) sequence comparison algorithm [20]. Smith-Waterman analysis was accomplished with the TimeLogic De-
Cypher system using the blossum62 scoring matrix. Extraction of Smith-Waterman scores and distances was done using
the OSC Apple G5 cluster and elements from the ExtractProp software suite. Clustering of sequence results was done
by grouping sequences using a modified version of Kruskal’s minimum cost spanning tree algorithm [21] as described
in [19]. The threshold criteria for determining cluster inclusion were at 1.0e-15 for Smith-Waterman P-score similarity
between sequences with coiled-coil regions masked.

5. Clustering Results. During clustering of the predicted long coiled-coil proteins from all analyzed genomes,
several kingdom-specific coiled-coil protein families emerged. The structural maintenance of chromosomes (SMC) pro-
teins and their relatives stood out as the only long coiled-coil protein family conserved throughout all kingdoms. Motor
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proteins, such as myosin and kinesins, as well as membrane tethering and vesicle transport proteins are the dominant
eukaryotic long coiled-coil proteins. A number of plant proteins with unknown function could be grouped with already
characterized animal and yeast proteins in these families. A group of coiled-coil proteins present in animals but appar-
ently absent in plants and yeast are nuclear matrix and intermediate filament proteins, such as the nuclear lamins, as well
as membrane-cytoskeleton cross-linkers and scaffolding proteins. Metazoan mitotic motility proteins and microtubule
organization center components also lack homologs in plants, consistent with known differences in mitotic microtubule
nucleation between these kingdoms (see Table 5.1 and [19]).

While masking the coiled-coil domains before sequence comparison significantly increased the specificity of the
clustering analysis, the method has limitations regarding protein sequences with high coiled-coil content. These were
not included due to insufficient sequence left after masking the coiled-coil residues to provide significant P-scores during
Smith-Waterman comparison.

6. Database Development. The selected long coiled-coil proteins from the Arabidopsis, rice, and Chlamydomonas
genome were used to build databases utilizing MySQL version 4.1 connected through JDBC to the searchable website
(http://www.coiled-coil.org/ [18]). The Arabidopsis coiled-coil protein database ARABI-COIL integrates
information on number, size, and position of predicted coiled-coil domains with subcellular localization signals, trans-
membrane domains, and available functional annotations
(http://www.coiled-coil.org/arabidopsis/). The development of a corresponding rice coiled-coil pro-
tein database is in progress (http://www.coiled-coil/org/rice/), which will allow for comparative analy-
sis of long coiled-coil proteins encoded by different plant genomes. We are in the process of adding coiled-coil pre-
diction data for the green algae Chlamydomonas reinhardtii in collaboration with the Chlamydomonas genome project
(http://genome. jgi-psf.org/Chlre3/Chlre3.home.html). The results from the clustering analysis will
be integrated to improve the annotation of so far uncharacterized plant coiled-coil proteins in these databases.

7. Conclusions and Outlook. Long coiled-coil proteins are predominantly involved in subcellular infrastructure
maintenance and trafficking control. Many of these proteins seem to be missing in plants. Due to the difficulties identify-
ing plant homologs of many metazoan coiled-coil proteins, functional studies will have to reveal whether so far uncharac-
terized plant proteins fulfill functions similar to metazoan counterparts. The generated coiled-coil protein databases can
now serve as a data-mining tool to sort and browse plant long coiled-coil proteins, therefore facilitating the identification
and selection of candidate proteins of interest. Using the ARABI-COIL database, we identified putative Arabidopsis
membrane-bound, nuclear, and organellar long coiled-coil proteins for ongoing experimental studies.

TABLE 7.1
Functional groups of coiled-coil proteins identified through clustering and their representation in different kingdoms.

Protein Function Species

Chromatin organization and maintenance, DNA repair | all kingdoms

Transcription and translation all kingdoms

Protein trafficking and quality control prokaryotes and organelles
Membrane channels and regulation of influx/export prokaryotes

Sensors and signal transduction eukaryotes

Membrane organization, stabilization, and dynamics eukaryotes

Cell adherence eukaryotes and parasitic prokaryotes
Mechanical fiber and meshwork formation eukaryotes

Motility eukaryotes

Cytoskeleton organization, stabilization, and dynamics | eukaryotes, predominantly metazoa
Mitotic spindle assembly and checkpoint control metazoa and yeast
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