Coiled-coil networking shapes cell molecular
machinery
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ABSTRACT The highly abundant a-helical coiled-coil motif not only mediates crucial protein-
protein interactions in the cell but is also an attractive scaffold in synthetic biology and mate-
rial science and a potential target for disease intervention. Therefore a systematic understand-
ing of the coiled-coil interactions (CCls) at the organismal level would help unravel the full
spectrum of the biological function of this interaction motif and facilitate its application in
therapeutics. We report the first identified genome-wide CCl network in Saccharomyces
cerevisiae, which consists of 3495 pair-wise interactions among 598 predicted coiled-coil
regions. Computational analysis revealed that the CCl network is specifically and functionally
organized and extensively involved in the organization of cell machinery. We further show that
CCls play a critical role in the assembly of the kinetochore, and disruption of the CCl network
leads to defects in kinetochore assembly and cell division. The CCl network identified in this
study is a valuable resource for systematic characterization of coiled coils in the shaping and
regulation of a host of cellular machineries and provides a basis for the utilization of coiled

ARTICLE

Monitoring Editor
Kerry S. Bloom
University of North Carolina

Received: May 29, 2012
Revised: Jul 31, 2012
Accepted: Aug 2, 2012

coils as domain-based probes for network perturbation and pharmacological applications.

INTRODUCTION

The coiled-coil motif, which consists of two or more o-helices twisted
around one another, is one of the most frequently encountered in-
teracting motifs in nature (Crick, 1953; Rose and Meier, 2004; Lupas
and Gruber, 2005). Coiled coils are present in ~10% of the eukary-
otic proteome (Liu and Rost, 2001). Many studies have shown that
coiled-coil interactions (CCls) underlie a variety of cellular functions,
including dynamic assembly of protein complexes (Rose and Meier,
2004), transcription (O'Shea et al., 1991, 1992), intracellular traffick-
ing (Gillingham and Munro, 2003), and viral infection (Carr and Kim,
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1993; Eschli et al., 2006). Owing to its crucial roles in many physio-
logical and pathological processes, the coiled-coil motif has
emerged as a potential target for the intervention of a large number
of diseases in which coiled coils play a role (Strauss and Keller, 2008).
A notable example is the design of coiled-coil inhibitors to interfere
with viral entry during HIV infection (Wild et al., 1992; Kilby et al.,
1998).

Coiled coils have recently attracted much attention in the fields
of material science (Lomander et al., 2005) and synthetic biology
(Bromley et al., 2008; Robson Marsden and Kros, 2010). Owing to
the simplicity of their structure (Parry, 1982; Lupas et al., 1991), spec-
ificity of interaction (Mason et al., 2006; Grigoryan et al., 2009),
reversible association, and prevalence (Rose and Meier, 2004),
coiled coils have became a popular template for the design of
molecular circuits (Wu et al., 2009), biosensors (Shekhawat et al.,
2009), and molecular electronic devices (Shlizerman et al., 2010),
and the engineering of biomaterials for drug delivery (Boato et al.,
2007; McFarlane et al., 2009).

Despite the biological significance and wide application of coiled
coils, a comprehensive picture of how they are associated in the cell
is lacking. In this study, we used the yeast two-hybrid assay (Y2H)
approach to map the interactions of 893 coiled coils predicted for
Saccharomyces cerevisiae, which allowed us to gauge the designing
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principles and functions of the CCI network in budding yeast at the
genome level. The physiological relevance of the CCl network was
demonstrated by the crucial roles of coiled-coil-mediated interac-
tions in shaping the structure and function of the kinetochore. The
genome-wide mapping of the yeast CCl network not only offers
systems-level insights into the organization of a number of yeast
cellular machineries, but also provides a framework on which new
strategies may be developed for modulation of protein complexes
that are mediated by coiled coils. This would allow further insight
into biological processes, such as the cell cycle, cell division, and
intracellular trafficking, and could enable the treatment of human
diseases in which the CCl network is altered.

RESULTS

Identification of the coiled-coil interactome in yeast

Using the sequence-based prediction program Paircoil2 (McDonnell
et al., 2006), we predicted 899 coiled coils in 637 proteins from the
6720 annotated yeast proteins (Supplemental Table S1). The pre-
dicted coiled-coil-containing proteins, or coiled-coil proteins
(CCPs), constitute ~10% of the yeast proteome, which indicates
their prevalence. On average, a predicted coiled coil is made up
of 63 amino acids. A typical protein identified herein contains
1.8 coiled coils, which is ~11.6% of the length of the parent protein
(Supplemental Figure S1). The yeast CCPs, which are involved in
a wide variety of cellular functions (Table S2), are particularly
enriched in processes such as gene transcription, the cell cycle,
intracellular trafficking, and structural organization of the cell
(p value < 0.05; Figure S2A).

Given the prevalence of coiled coils in nature and their roles in
mediating protein interactions, we sought to gain a comprehen-
sive picture of coiled-coil networking in the budding yeast. We
cloned 893 of the 899 predicted coiled coils from the yeast ge-
nome and carried out a large-scale analysis of their interactions
using the Y2H system (Figures 1A and S2B). This analysis identified
3495 pairs of interactions among 598 coiled-coil motifs in 453 pro-
teins. (A list of positives from the Y2H screen is provided in Table
S3.) Further, we carried out independent tests to assess the quality
of our CCI network. We first checked how well our data matched
with the 237 pairs of CCls previously identified by Newman et al.
(2000). Our work recapitulated 94 (or ~40%) of these interactions.
While the overlap is significant (p value < 0.01), the discrepancy
may be due to the different coiled-coil regions used in the two
studies. To obtain a more rigorous assessment of the quality of our
CCl network, we subjected a fraction of the Y2H data to a test us-
ing the orthogonal, bimolecular fragmentation complementation
assay (BiFC; Hu et al, 2002). We first validated the positive
CCls identified within the kinetochore, a molecular machine con-
trolling segregation of sister chromosomes during cell division
(Kline-Smith et al., 2005; Westermann et al., 2007). Of the 54 CCls
identified among kinetochore proteins, 36 (or 66.7%) were verified
by BiFC. We then randomly selected 23 cell cycle-related coiled
coils and tested the 32 interactions between them using BiFC; this
confirmed 15 (46.9%) as positives. We also tested the interactions
identified by Y2H between the 23 cell-cycle coiled coils and 27
coiled coils involved in vesicular trafficking that had previously
been analyzed (Zhang et al., 2009). Of 55 Y2H-identified interac-
tions, 24 (43.6%) were verified by BiFC (Table S4). Given the strin-
gent requirements of the BiFC method (Kerppola, 2008), this sug-
gests that the CCl network identified by Y2H is of high quality. The
reliable mapping of the yeast coiled-coil interactome provides an
unprecedented opportunity to gain a systematic understanding of
the functions of coiled coils.
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The yeast CCI network is specific and functionally organized
We processed the CCl data as a network in which nodes are coiled-
coil motifs and edges represent interactions between them (Figure
1A). To characterize the organizational principles of the CCl network,
we compared this motif-level interaction map with the CCP interac-
tion (CCPI) network, the latter of which was constructed based on
reported physical interactions among yeast proteins (Figure 1A). We
found that the two networks are comparable in terms of general
network properties, such as average connectivity, average clustering
coefficient, and network connectivity (see the Supplemental Materi-
als and summaries of analysis in Figure S3 and Table S5), suggesting
that the two networks have similar characteristics. Figure 1B shows
that the CCl network, similar to the CCPI network, exhibits a power-
law distribution of its node degree (i.e., the number of interactions
mediated by a coiled coil). In particular, we found a small number of
coiled coils have a high degree of connectivity (i.e., 210), but most
(>65.7%) exhibit a low degree of connectivity characterized by fewer
than 10 interacting partners (Figure S4), indicating that the interac-
tions between most of the stand-alone coiled coils are highly spe-
cific (Barabasi and Oltvai, 2004).

To learn whether the CCls are organized into functional modules,
we calculated modularity of the CCl network, a measure of how
similar the function of a protein is to those of its neighbors (Ravasz
et al., 2002; Komurov and White, 2007; see the Supplemental Ma-
terials). We found that the CCl network has a significantly higher
network modularity (0.679; Figure 1C) than that of randomized net-
works (0.406 * 0.022, p value < 0.0001), demonstrating that the
coiled-coil motif, albeit a general interaction motif, tends to mediate
interactions between proteins that are functionally related. However,
the functional relatedness of the CCl network is much lower than
that of the CCPI network (1.329). Interestingly, when the reported
CCPI network obtained from three large-scale experiments (Uetz
et al., 2000; Ito et al., 2001; Tarassov et al., 2008) is considered, its
network modularity is only 0.6056, which is close to, but a bit lower
than, that of CCI network. We argue that the very high functional
relatedness of the reported CCPls may result from the small-scale
experiments, which were mainly focused on the functionally related
proteins.

Identifying high-probability, coiled-coil-mediated protein
interactions from the Y2H CCl data

Because coiled coils constitute only a small portion of most CCPs,
the interactions between the stand-alone coiled coils may not ac-
count for their parent protein interactions. Therefore we developed
a probabilistic model to identify high-probability, coiled-coil-medi-
ated protein interactions. This process can also serve to filter out
the false-positive interactions from the Y2H data. To infer coiled-
coil-mediated protein interactions from the original CCl data, we
used a scoring system to estimate the likelihood of a pair of coiled
coils mediating a corresponding protein—protein interaction (Figure
2A; see also Materials and Methods). We started by separating the
3210 unique, CCl-derived protein pairs (homodimeric CCP pairs
were not included) into two groups. The first group comprised 196
pairs of experimentally verified interacting proteins, or high-confi-
dence coiled-coil-mediated protein interactions, which were used as
“positives,” because these interactions occur at both the coiled-coil
motif and the protein level. The remaining 3014 CCl-derived protein
interactions were placed in the unlabeled CCl data group. We then
developed a three-step strategy to identify coiled-coil-mediated
protein interactions from the unlabeled CCl data. This strategy
was based on the integration of several features of the coiled-coil
motif and the corresponding protein that were shown to effectively
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FIGURE 1: Genome-wide analysis of coiled coils and their interactions in S. cerevisiae. (A) A flowchart for genome-wide
identification of the CCl map in yeast. (B) Degree distribution of the CCl network identified from a large-scale Y2H
screening. The CCl network was a scale-free network, with a power-law degree distribution of its nodes following

P(k) ~ k=%, y="1.183. (C) The modularity of the CCI network compared with that of randomized CCI networks, reported
CCP interactions obtained from both large-scale and small-scale experiments (CCPI network), and reported CCP
interactions obtained from three high-throughput interactome mapping (CCPI_inte3 network; Uetz et al., 2000;

Ito et al., 2001; Tarassov et al., 2008) or computational inferred coiled-coil-mediated protein interaction mapping
(CCMPI network). CCPI_inte3, large-scale experiment protein interaction map; CCMPI, inferred coiled-coil-mediated
protein interaction map; CCPI networks, large-scale experiment plus small-scale experiment protein interaction map.

discriminate between the positive and the unlabeled CCl data (Figure
2A). Briefly, we first identified the general factors, including the ex-
pression property and essentiality of a CCP, and the size and con-
nectivity of its coiled coils, all of which could contribute to the identi-
fication of coiled-coil-mediated protein interactions from a given set
of CCls (Table Sé). We next measured the ability of each factor to
discriminate the positive data from the unlabeled data by calculating
a likelihood ratio [L = P(data set|pos) + P(data set|unlabel)], a ratio
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of the probability of identifying a coiled-coil-mediated protein inter-
action from the positive data set to the probability of identifying a
coiled-coil-mediated protein interaction from the unlabeled data set
(Table Sé). Finally, we assigned a confidence score for each CCl pair
in the unlabeled data set that reflects the cumulative contributions
of all factors as a product of the likelihood ratios. Figure 2B shows
that the retention of the unlabeled data decreased much more
rapidly than that of the positive data with increasing confidence
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FIGURE 2: Properties of the CCl network. (A) A flowchart illustrating
the computational strategies used to infer coiled-coil-mediated
protein interactions. (B) Cumulative distribution of the coverage of
positive and unlabeled data against the confidence score, the product
of the likelihood ratios of individual factors. The accuracy of predicting
coiled-coil-mediated protein interactions can be assessed by the
coverage ratio between the positive data and the unlabeled data; the
higher the coverage ratio, the more accurate the inference of the
coiled-coil-mediated protein interactions. However, the accuracy and
sensitivity of predictions are compromised; increases in the coverage
ratio (i.e., the accuracy) come with a decrease in the coverage of
positives (i.e., the sensitivity). We deemed protein pairs with a
confidence score of 2 0.5 as the predicted coiled-coil-mediated
protein interactions.

score, indicating the high accuracy of the prediction. The confidence
scores of 3014 coiled-coil-derived protein pairs are given in Table S7.
To gain a comprehensive picture of the functional roles of the
CClI network, we deemed the 1529 protein pairs with a confidence
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score 20.5 as the predicted coiled-coil-mediated protein interactions
(Figure 2B). At this cutoff, a high retention rate of the positive data
(~80%) and a moderate retention rate of unlabeled data (~40%) were
achieved. A total of 1777 protein interactions were identified as
coiled-coil-mediated protein interactions when the positive and pre-
dicted interactions were combined (Table S7). The inferred coiled-
coil-mediated protein interaction network has a higher network
modularity (0.753) than the CCI network (Figure 1C), indicating its
greater functional relatedness

Functional characterization of the coiled-coil-mediated
protein interaction network

Figure 3 shows the participation of coiled-coil-mediated protein
interactions in biological processes according to gene ontology
(GO) annotations (Ashburner et al., 2000). Our analysis shows that
the identified coiled-coil-mediated protein interactions are in-
volved in a variety of biological processes, including vesicle-
mediated transport, cellular membrane organization, cytokinesis,
and chromosome segregation. Some of these pathways, such as
chromosome segregation and vesicle-mediated transport, are
not only conserved between yeast and humans but are also
closely related to human diseases, such as cancer and Parkinson’s
disease. Further analysis of the molecular functions of the CCl-
derived protein pairs shows that CCls occur mainly between pro-
teins involved in binding and motor activity, rather than between
proteins involved in catalysis and metabolism (Figure S5A). This is
in agreement with previous reports that coiled coils mediate mul-
tifaceted protein-protein oligomerizations (Lupas and Gruber,
2005).

Identification of coiled-coil molecular machines in yeast

The identification of putative coiled-coil-mediated protein interac-
tions allowed us to examine the role of coiled coils in mediating the
organization of the yeast cellular machinery. Notably, we found that
the enrichment of the identified coiled-coil-mediated protein inter-
actions in same cellular component is significant compared with the
enrichment anticipated for its randomized networks (p < 0.05). As
shown in Figure S5B, coiled-coil-mediated interactions are enriched
in such cellular structures or localizations as the cytoskeleton, bud,
cell cortex, and sites of polarized growth. We implemented a more
precise colocalization analysis of CCls using the complex informa-
tion in the GO database and found that coiled-coil associations are
significantly enriched within protein complexes (p < 0.0001), indi-
cating a general role of coiled coils in the assembly of protein ma-
chinery in the cell.

Figure 4A highlights the CCls within or between known protein
complexes involved in gene transcription, protein modification
and degradation, protein translation, membrane fusion, or cell
cycle control. To characterize the physiological functions of coiled
coils, we focused on protein complexes that are significantly en-
riched for both CCPs and coiled-coil-mediated interactions, which
we denote as coiled-coil molecular machines (Table S8). We found
that protein complexes involved in the organization or regulation
of the cytoskeleton, kinetochore, or intracellular transport not only
possess a significantly higher proportion of CCPs (51.9%, 42.9%,
and 30.1% respectively), but are also significantly enriched for
CCls (p value <0.05; Figure 4B). The identification of these coiled-
coil molecular machines underscores the critical roles of coiled
coils in mediating the assembly and function of these protein com-
plexes, an assertion that is supported by previous observations.
For example, specific coiled-coil associations within the mem-
brane fusion machinery, the soluble N-ethylmaleimide-sensitive
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(SNARE) complexes, are generally thought to drive membrane fu-
sion in cellular trafficking (Ungar and Hughson, 2003; Jahn and
Scheller, 2006). In this work, a mass of CCls have been identified
between vesicular SNAREs (v-SNAREs) and target membrane
SNAREs (t-SNAREs), while far fewer interactions were observed
within v-SNAREs or t-SNAREs (Figure S6A). This indicates that
coiled-coil motifs contribute to binding specificity within SNARE
heterotetramers. As for the cytoskeleton, previous studies have
suggested the involvement of CCls in mediating the association of
motor proteins (Schliwa and Woehlke, 2003) and organizing fila-
mentary structures, such as in paired septin filaments (Bertin et al.,
2008). We have identified an array of CCls within the cytoskeleton
(Figure S6B). In the case of the septin components, in addition to
the capture of the previously reported coiled-coil-mediated inter-
action (Cdc3p-Cdc12p), we have discovered two novel coiled-
coil-mediated interactions, Cdc3p-Cdc11p and Cdc12p-Spr3p.
Our data suggest a critical role for coiled coils in the organization
of functional protein complexes and corresponding cellular
machineries.
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Characterization of the coiled-coil network

in kinetochore function

The kinetochore is a very important molecular machine responsible
for accurate segregation of sister chromosomes during cell division
(Kline-Smith et al., 2005; Westermann et al., 2007). In the budding
yeast, more than 70 proteins have been identified in the kineto-
chore that form 14 or more discrete subcomplexes. They are further
organized into four categories or layers according to their functions
and relative positions in the DNA-microtubule bridge, namely,
DNA-binding, linker, microtubule association, and regulatory pro-
teins (McAinsh et al., 2003; Westermann et al., 2007). Despite ex-
tensive studies on the kinetochore, its detailed architecture is largely
unknown. Our analysis predicted that ~43% of kinetochore proteins
contain coiled coils and identified an extensive, coiled-coil-medi-
ated network in the kinetochore that involved 49 coiled-coil-medi-
ated protein interactions (Figure 5). To find out whether these physi-
cal interactions are indeed mediated by coiled coils, we first tested
by Y2H whether the interactions occur between a coiled-coil motif
and its putative protein partner. Out of 76 detected pairs between a
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coiled coil of one CCP and another CCP (Table S9), 46 pairs were literature survey found evidence that supports 11 more interactions
confirmed as positive (60.53%). We then examined the interactions  at the protein level for the 49 coiled-coil-mediated protein interac-
between the corresponding full-length proteins. Using the Y2H and  tions. The recapitulation of a high portion of the 49 coiled-coil-me-
BiFC assay, out of 49 inferred coiled-coil-mediated protein interac-  diated protein interactions we identified in the kinetochore suggests
tions, we tested 44 interactions between their full-length proteins,  the critical role of coiled coils in the assembly of the molecular ma-
and 25 coiled-coil-mediated interactions were recapitulated be-  chinery. These results are summarized in Table S9. By placing the
tween their parent proteins (~57%). Moreover, a comprehensive  identified coiled-coil-mediated protein interactions in the context
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of kinetochore molecular architecture, we found that our network
greatly enriched both the intra- and intersubcomplexes association,
suggesting that the kinetochore is a highly interwoven structure in
which coiled coils play a central role. Of note, in the linker and mi-
crotubule association layers, all known major subcomplexes, such as
the Ndc80 complex, the Ctf19 complex, and the Dam1 complex,
contain at least one CCP that form an interaction network mediated
by coiled coils (Figure 5). The most prominent example is found in
the Ndc80 complex, in which the four interacting proteins all con-
tain coiled coils that nucleate the complex. This observation is con-
sistent with results from an electron microscopy analysis demon-
strating that the long coiled-coil regions of these subunits form a
560-A-long rod with globular domains on both ends (Wang et al.,
2008). We show explicitly that this structure is mediated by CCls
between components of the Ndc80 complex. Moreover, a mesh of
CCls, most of which are novel, were identified between components
from different subcomplexes or layers, forming a coiled-coil-based
assembly within the kinetochore. The establishment of direct physi-
cal associations among linker subcomplexes can be supported by
several lines of evidence, such as the cooperation of linker subcom-
plexes in binding to microtubules (Cheeseman et al., 2006) and the
copurification of linker complexes in yeast (Westermann et al., 2003),
Caenorhabditis elegans (Cheeseman et al., 2004), and humans
(Obuse et al., 2004). In addition, coiled coils may also be involved in
directing chromosome movement along microtubules, since several
coiled-coil associations were observed between the motor proteins
and the linker layer proteins and between the components of the
linker layer and the Dam1 complexes, suggesting a direct involve-
ment of coiled-coil-mediated interactions in the anchoring and
transport of the kinetochore.

Developing network probes for the CCl network

The identification of the CCI network has raised important ques-
tions: How is the specificity of the CCls encoded at a genome level?
Can the interaction specificity of the CCl network be explored for
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functional modifications of the cell? Because of the diverse func-
tions of the CCl network, it is impossible to test these ideas at the
CCl interactome level. Given that the CCl and corresponding pro-
tein—protein interaction networks in the kinetochore have been well
characterized (see Figure 5), we focused on this molecular machin-
ery to explore the functions of the CCl network and to test whether
the CCl network could be manipulated to affect cellular behavior, in
particular kinetochore assembly and cell growth. The ability to ma-
nipulate CCI network in coiled-coil-containing molecular machines
may have broad medical relevance, as dysfunction of these molecu-
lar machines, as exemplified by the kinetochore, can result in defec-
tive cell division and growth (McAinsh et al., 2003). To find out
whether disturbance of the coiled coil associations of the kineto-
chore in budding yeast could lead to cell growth defects, we over-
expressed, one at a time, all 30 coiled coils identified to be involved
in the kinetochore machinery under the control of the inducible pro-
moter GAL1. We found that the overexpression of two kinetochore
coiled coils, namely Ndc80p-cc1 from Ndc80p and Nuf2p-cc2 from
Nuf2p, caused significant defects in colony formation (Figure 6A)
and retarded cell growth in lipid medium (Figure S7) at 30°C.

We next focused on Ndc80p-cc1 and asked whether the overex-
pression of a coiled coil indeed affected kinetochore function. By
testing the mitotic instability in the cell carrying centromere-contain-
ing plasmids, we found that overexpression of Ndc80p-cc1 doubled
the rate of the centromere-containing plasmid loss after four gen-
erations of growth, with a loss rate reaching as high as 43% (Figure
6B), indicating impairment in chromosome segregation. Flow cy-
tometry analysis showed that the overexpression of Ndc80p-cc1 led
to a blockage of cell division at the G2/M phase (Figure 6C). To ex-
amine whether the coiled-coil region of Ndc80p is responsible for
the interaction between Ndc80p and other kinetochore compo-
nents, we performed a colocalization analysis between Ndc80p,
with or without its coiled-coil region, and Nuf2p. When enhanced
green fluorescent protein (EGFP)-Nuf2p was coexpressed with red
fluorescent protein (RFP)-tagged Ndc80p (full-length), its coiled-coil
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FIGURE 6: Using coiled coils as network probes to modulate the kinetochore CCl network. (A) Cell growth analysis
upon overexpression of coiled coils, full-length CCP, and coiled-coil-mutated protein. Nuf2p-cc2 from Nuf2p and
Ndc80p-cc1 from Ndc80p caused significant defects in colony formation when overexpressed. The overexpression of
the full-length Nuf2p protein did not affect the host cell growth. In contrast, the overexpression of the full-length
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region alone (Ndc80p-cc1), or the protein without the coiled-coil
region (Ndc80p-A-cc1), we found that both the coiled-coil region
and the full-length protein colocalized with Nuf2p. In contrast,
Ndc80p lacking the coiled-coil region was seen dispersed through-
out the nucleus and failed to colocalize with Nuf2 (Figure 6D). These
results highlight the importance of the coiled coil of Ndc80p in its
proper subcellular localization.

The characterization of coiled-coil-mediated interactions in the
kinetochore enabled us to identify specific coiled coils that could
function as inhibitors of coiled-coil associations and thereby disrupt
kinetochore function. To this end, we investigated whether kineto-
chore dysfunction caused by a coiled-coil inhibitor could be rescued
by reintroduction of its binding partners. A binding partner that res-
cued the kinetochore function was deemed a competitor coiled coil
(Figure S8A). For identification of the competitor coiled coils for the
inhibitor coiled-coil Ndc80p-cc1, the six interacting partners of
Ndc80p in the kinetochore were coexpressed one at a time with
Ndc80p-cc1 via a GALT promoter. As shown in Figures 6E and S8B,
overexpression of Ndc80p-cc1 suppressed cell growth in the ab-
sence of competitors (second panel from the top) in a dosage-de-
pendent manner (third panel from the top). Of the six interacting
partners, Spc24p-cc2 and Nnf1p-cc1 were identified as competitor
coiled coils for Ndc80p-cc1, as they effectively blocked the inhibi-
tory effect of the latter. Furthermore, we developed an in vivo,
coiled-coil-based switch to control cell division, which made use of
the inducible promoter MET25 to turn on or off expression of a com-
petitor coiled coil. In the absence of the competitor coiled coil, cell
growth was efficiently blocked by the inhibitor coiled coil (Figure 6E,
second column). In contrast, when the expression of a competitor
coiled coil was turned on, cell growth was recovered (Figure 6E,
third column). Therefore we argue that it is possible to design net-
work probes, inhibitors, and/or competitors to investigate the func-
tion of the CCl network in normal or pathogenic conditions or as
candidate therapeutic agents for diseases in which the CCl network
is disturbed. Moreover, the CCls we identified herein may serve as
potential molecular circuits to modulate cell growth.

DISCUSSION

Mapping the interactome at the systems level is an important step
toward understanding the physiology of an organism. Despite nu-
merous efforts (Uetz et al., 2000; Ito et al., 2001; Gavin et al., 2006;
Krogan et al., 2006; Tarassov et al., 2008; Yu et al., 2008), even our
understanding of the interactome of budding yeast, the most-stud-
ied, single-celled organism, is still far from being complete, due to
technical limitations and the complexity of molecular interactions
(Hart et al., 2006). The genome-wide analysis of interactions at the

motif level offers several advantages that can complement and even
outperform, in certain cases, current efforts in large-scale mapping of
protein—protein interactions. For example, detection of interactions
at the motif level could be more sensitive, thus resulting in a more
complete interactome map (Boxem et al., 2008). A whole-genome
map of CCls can also provide unique insights into the binding speci-
ficity, biological function, and intracellular distribution of the domain.
Previously, researchers have investigated the large-scale interactions
for the WW domain, PDZ domain, and other functional domains
(Hesselberth et al., 2006; Stiffler et al., 2007). These domains carry
out more specialized biological functions and thus tend to have more
specific interactions. As we have shown above, although the coiled-
coil motif is a general type of interacting domain, its interactions
demonstrate a high specificity and tend to mediate functionally re-
lated protein interactions. Moreover, as discussed below, detection
of interactions at the motif level can provide precise interaction infor-
mation, enabling a deeper understanding of the mechanism of
molecular assembly for certain biological functions.

Systematic analysis of the CCl network has extended our under-
standing of its roles in the organization and functionality of the cell
machinery. We discovered that the coiled-coil motif mediates exten-
sive networking within and between protein complexes in diverse
cellular contexts, providing a platform for the organization of cell
machinery. Furthermore, we characterized an extensive coiled-coil
network within the kinetochore, the components of which are evolu-
tionarily conserved and misconnection of which may cause cancer
(Diaz-Rodriguez et al., 2008; Bieche et al., 2011). The coiled-coil
network apparently forms a bridge that links the plus end of the
microtubule to the centromere DNA. Owing to the dynamic and
reversible nature of CCls, this coiled-coil bridge may assume two
roles in kinetochore assembly. It serves as a docking platform that
allows dynamic assembly and disassembly of kinetochore compo-
nents and recruitment of regulatory proteins, such as checkpoint
proteins, to the kinetochore (Burke and Stukenberg, 2008). More-
over, it functions as a transmitter that passes force generated by the
microtubules to the inner kinetochore, directing the movement of
the chromosome to the spindle pole during cell division (Ciferri
et al., 2007; Kim et al., 2008). Because many yeast CCPs are con-
served in the human proteome, we argue that characterization of
the coiled-coil-mediated interactions in budding yeast could pro-
vide insights into the functionality of coiled-coil networking in hu-
man physiology (Table S10).

The genome-wide study of CCls also has the potential to be ap-
plied in the development of domain-based regulators for network
perturbation and pharmacological applications. We utilized the
interaction surface in the kinetochore CCl network as a target to

Ndc80p protein caused a significant, but much slighter, effect on cell growth rate compared with Ndc80p-cc1. When the
coiled-coil region of Ndc80p was deleted, the construct (Ndc80p-A-cc), remarkably, rescued the lethal phenotype. Each
coiled coil was named according to its parental protein and its numbering in Table S1. (B) Plasmid instability assay after
expression of Ndc80-cc1. A quantitative analysis of plasmid instability shows that overexpression of Ndc80-cc1 doubles
the loss rate of the report plasmid, pRS316. (C) Repression of mitotic cell cycle in G2/M phase by Ndc80-cc1 as
measured by flow cytometry analysis. Flow cytometry analysis of DNA content in strains carrying either empty vector or
Ndc80-cc1 overexpression vector shows a phenotype of G2/M delay upon Ndc80-cc1 overexpression. (D) Fluorescence
microscopy analysis of host strains that express the RFP-tagged constructions of Ndc80p-cc1, Ndc80p, or Ndc80p-A-
cc1 together with the Nuf2p-EGFP. Microscopic analysis shows that Ndc80p-cc1-RFP and Ndc80p-RFP are colocalized
with Nuf2p-EGFP, respectively, but that Ndc80p-A-cc1-RFP is not colocalized with Nuf2p-EGFP. (E) Design of molecular
circuits consisting of Ndc80-cc1 and its interacting partners to regulate cell division. Two competitive expression
systems were prepared in this assay. In the first system (first column), the expression of Ndc80-cc1 and its competitor
coiled coils were both controlled by the GAL1 promoter. But in the second system (second and third columns), an
inducible MET25 promoter was used to turn on and off the expression of competitor coiled coils.
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identify potential synthetic coiled-coil-based inhibitors that disturb
the structural organization of the kinetochore and found that some
coiled coils can indeed repress the activity of the budding yeast ki-
netochore. Moreover, a coiled-coil-based switch was developed by
introducing a competitor coiled coil to bind to the inhibitor coiled
coil and rescue the cell from repressed status. These lines of study
demonstrate that the domain-level interaction pairs in the coiled-
coil network can be used as a general structural scaffold for syn-
thetic pathway design or interaction remodeling.

In conclusion, our work uncovered the largest known coiled-coil
interactome for yeast and developed computational strategies to
effectively interpret motif-level interaction data. Given the involve-
ment of CCls in many biological processes and disease pathways,
such as viral infection and cancer development (Carr and Kim, 1993;
Cully et al., 2005; Eschli et al., 2006), a systematic understanding of
coiled coils will facilitate the design of new and effective modulators
and therapeutics by targeting the specific, CCls involved in the tar-
geted process and human disease pathways. Our CCl network data
provide a valuable starting-point from which to begin addressing
many more questions. For example, how do coiled-coil sequences
encode interaction specificity, given the potential of promiscuous
binding and the vast network they form? We expect that coiled-coil—
targeted interaction screening, together with our domain-based
modulator design strategy, may serve as a general platform that is
applicable in principle to other motifs and domains. We anticipate
that the mapping of the motif/domain-mediated protein—protein
interactome will be an essential component of the human proteome
project and that such interactome data will eventually lead to the
development of interesting applications in pharmacology and syn-
thetic biology.

MATERIALS AND METHODS

Identification and functional analysis of coiled coils

in the yeast proteome

Coiled coils were predicted from the yeast genome obtained from
the MIPS Comprehensive Yeast Genome Database by using the
computer program Paircoil2 with a score cutoff of 0.99 and a win-
dow of 28 residues (McDonnell et al., 2006). The functional distribu-
tion of the predicted CCPs was analyzed according to GO functional
categories (Ashburner et al.,, 2000) using the Cytoscape plug-in
BiINGO 2.4 (Maere et al., 2005). The significance of enrichment of
CCPs in each functional category was calculated using the hyper-
geometric test and Benjamini and Hochberg’s false discovery rate
correction (Benjamini et al., 2001).

Large-scale screening of CCls using Y2H

The predicted coiled coils were amplified using PCR from yeast ge-
nomic DNA and inserted into the yeast two-hybrid vectors pGBKT7
(bait) and pGADT7-rec (prey) (Clontech, Mountain View, CA). The se-
quences of each coiled coil were confirmed by DNA sequencing. The
screening of CCls was done in a matrix-mating manner. Each bait
strain was mated with all individual prey strains spotted on plates.
After 2 d of mating on YPDA (yeast peptone dextrose adenine) me-
dia, the colonies were replicated onto selective media SD/-Leu/-Trp
plates for selection of diploid cells; these diploid cells were then
transferred onto another selective media, SD/-Leu/-Trp/-His/-Ade,
for detection of interactions. Colonies were grown at 30°C for 7 d
before recording positive results. For elimination of autoactivators, all
bait and prey strains were mated with strains of the opposite mating
type that contained empty vectors. Two rounds of screening were
performed to identify high-confidence interactions. For a more de-
tailed description of the procedure, see the Supplemental Materials.
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BiFC assay

The BiFC experiments were done as previously described (Zhang
et al., 2009). Briefly, yeast cells containing both N-terminal- and C-
terminal fluorescent protein-tagged constructs were cultured in
SCR/-Leu/-Trp media (synthetic complete with 2% raffinose) for 40 h
at 30°C and then transferred to SCGR/-Leu/-Trp media (synthetic
complete with 4% galactose and 2% raffinose) for 24 h at 25°C. After
induction, the fluorescence intensities (excitation wavelength Ex =
485 nm, emission wavelength Em = 535 nm) were measured by a
microplate reader (GENios Plus; Tecan, Crailsheim, Germany). The
experiments were repeated three times under the same conditions,
and a pair was scored as positive when the fluorescence intensity of
the testing group was significantly higher (p value < 0.05) than the
two controls in which one construct was the empty vector.

Computational analysis of the CCl network

Computational analysis of the CCl network topological properties
and modularity was carried out by comparing the CCl network with
its randomized networks and with the reported coiled-coil protein
interaction (CCPI) network. The CCPI network was constructed based
on reported physical interactions in the yeast proteome. Data were
obtained from DIP (http://dip.doe-mbi.ucla.edu/dip/Download
.cgi?SM=7, version Scere 20101010), MIPS (ftp://ftomips.gsf
.de/yeast/PPI, version 18052006), and BioGRID (http://downloads
.yeastgenome.org/literature_curation/interaction_data.tab, version
3.1.72) databases. The randomized CCl network was generated by a
local rewiring algorithm. Topological analysis of the above networks
was carried out by NetworkAnalyzer (Shannon et al., 2003). The func-
tional distribution of coiled-coil-mediated protein interactions and
network modularity was analyzed based on GO slim terms. The
compilation of yeast protein complexes used in the identification of
coiled-coil molecular machines was integrated from the MIPS and
SGD databases. For details, see the Supplemental Materials.

Inferring coiled-coil-mediated protein interactions

The 3210 pairs of CCl-derived protein interactions were separated
into the following two parts: 1) 196 pairs that overlapped between
CClI network and CCPI network were used as positive data; and 2)
the remaining 3014 pairs were regarded as unlabeled data. A three-
step computational strategy was used to identify coiled-coil-medi-
ated protein interactions from the unlabeled data set. First, we iden-
tified several factors (e.g., mRNA expression, protein expression,
gene essentiality, and interologues, which transfer conserved pro-
tein interaction information across species) that could increase the
confidence in inferring coiled-coil-mediated protein interactions.
Moreover, several unique factors directly relative to the interactions
at the coiled-coil level were also considered in this step (Table Sé6
and Figure S9), including the coexisting domains with coiled coil,
coiled-coil relative length, and CCl specificity as measured by the
connectivity of each coiled coil in the CCl network. Second, each
pair of CCl-derived proteins was categorized into a bin and repre-
sented as a corresponding code for each type of factor. The extent
to which each code impacts the odds of whether a protein interacts
or not was weighted based on its ability to discriminate between
positive data and unlabeled data. This discrimination ability is calcu-
lated as a likelihood ratio (L):

[L = P(data set|pos) + P(data setjunlabel)]

P(data setlpos) is the probability of observing the code in the
positive data set, and P(data setlunlabel) is the probability of observ-
ing the code in the unlabeled data set. Finally, a probabilistic model
similar to a naive Bayes was utilized to infer coiled-coil-mediated
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protein interactions from CCls. A confidence score was assigned to
each pair of CCl-derived proteins as a joint likelihood ratio. Assum-
ing that the above factors are conditionally independent, we calcu-
lated the joint likelihood ratio as the product of those individual
likelihood ratios to recognize the high-confidence, coiled-coil-
mediated protein interactions:

Loroduet (ConfidenceScore) = Lyx Lx  L,= P(f;_f,]| pos)
+ P(f, f,] unlabel)

For details, see the Supplemental Materials.

Cell growth assay

The yeast strain ySC7 (MATa, ade2-1 ura3-1 his3-11, 15 trp1-1 leu2-
3, 112 can1-100 lys2::hisG bar1::hisG pep4::kanMX) was used in this
assay. Yeast cells transformed with the coiled-coil expression con-
struct pGAL1-TRP1-coild-coil were grown overnight at 30°C in syn-
thetic medium (SC) with 2% glucose; serial dilutions were then
made, and the cells were spotted on SC-agar plate with 2% galac-
tose and 1% raffinose. After a 3-d cultivation at 30°C, the colony size
was recorded.

To evaluate the growth defect recovery efficiency of the com-
petitor coiled coils, we cotransformed the constructs of Ndc80p-cc1
and its candidate coiled-coil competitors into ySC7. For the pGAL1-
LEU2-Ndc80p-cc1/pGAL1-TRP1-competitor-cc pair, the transfor-
mants were cultured in SC with 2% glucose overnight and spotted
onto the SC with 2% galactose and 1% raffinose. For the pGAL1-
TRP1-Ndc80p-cc1/pMET25-LEU2-competitor-cc  pair, the cells
grown overnight in SC (with 2% glucose) were harvested and spot-
ted onto the inducing SC medium (2% galactose and 1% raffinose)
with or without methionine. After a 3-d cultivation at 30°C, the col-
ony size was recorded.

Plasmid instability assay

The yeast ySC7 cells harboring the Ndc80p-cc1 expression con-
struct and a centromere-containing plasmid pRS316 were grown in
SC/-TRP-URA medium with 2% glucose at 30°C to mid-log phase
(OD600~1). Cells were diluted 1:16 in inducible medium with 2%
galactose and 1% raffinose lacking tryptophan, grown for four gen-
erations at 30°C, and then plated onto the SC/-URA plate and the
YPDA plate, respectively. After a 3-d cultivation at 30°C, colonies
were counted, and the loss rate was calculated as the number of
cells on the SC/-URA plate divided by the number of cells on the
YPDA plate. The test was repeated three times.

Flow cytometry assay

Fluorescence-activated cell sorting was performed as previously de-
scribed (Zhang and Siede, 2004). Briefly, strains were grown at 30°C
to mid-log phase in SC with 2% glucose and then washed and trans-
ferred to the inducing medium with 2% galactose and 1% raffinose
at the initial concentration of ODggg = 0.8. After a 5-h cultivation,
~5 x 10° cells were harvested and fixed in 70% ethanol and stained
with propidium iodine at the final concentration of 8 pg/ml. Flow
cytometry was then carried out on the FACSCalibur Flow Cytometer
(Becton Dickinson Immunocytometry Systems, San Jose, CA).

Fluorescence microscopy

The RFP-tagged constructs of Ndc80p-cc1, Ndc80p, and Ndc80p-
A-cc1 were cotransformed with plasmid pGAL-LEU2-Nuf2p into
ySC7. For microscopic analysis, cells were cultured under the con-
ditions described in Flow cytometry analysis. After a 5-h induc-
tion, strains were fixed in 4% paraformaldehyde for 15 min,
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washed twice in 0.1 M KPO4/1.2 M sorbitol, and then resuspended
in p-phenylenediamine mounting buffer. The images were cap-
tured using a LSCMFV1000 laser-scanning confocal microscope
(Olympus, Tokyo, Japan).
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