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Abstract. Long alpha-helical coiled-coil proteins are in-
volved in a variety of organizational and regulatory
processes in eukaryotic cells. They provide cables and
networks in the cyto- and nucleoskeleton, molecular scaf-
folds that organize membrane systems, motors, levers, ro-
tating arms and possibly springs. A growing number of
human diseases are found to be caused by mutations in
long coiled-coil proteins. This review summarizes our
current understanding of the multifaceted group of long

coiled-coil proteins in the cytoskeleton, nucleus, Golgi
and cell division apparatus. The biophysical features of
coiled-coil domains provide first clues toward their con-
tribution to the diverse protein functions and promise po-
tential future applications in the area of nanotechnology.
Combining the power of fully sequenced genomes and
structure prediction algorithms, it is now possible to com-
prehensively summarize and compare the complete in-
ventory of coiled-coil proteins of different organisms.
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Introduction

Coiled-coil domains are protein-protein interaction mo-
tifs which consist of two or more alpha helices that twist
around one another to form a supercoil [1]. It was the
three-strand protein alpha-keratin in which the coiled-
coil structural motif was first discovered [2]. Interest-
ingly, one of the early X-ray diagrams depicting the char-
acteristic alpha pattern of the coiled-coil was taken of a
lock of Mozart’s hair [3]. Sequences with the capacity to
form left-handed alpha-helical coiled-coils are character-
ized by a heptad repeat pattern in which residues in the
first and fourth position are hydrophobic, and residues in
the fifth and seventh position are predominantly charged
or polar. (For a recent excellent review on structural fea-
tures of the heptad repeat, see [4]). The stability of the
coiled-coil is derived from a characteristic packing of the
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hydrophobic side chains into a hydrophobic core (‘knobs
into holes’ [2, 5]), an extreme case of the more general
‘ridges into grooves’ model of helix packing in globular
proteins [6]. By computational methods, the pattern of
hydrophobic and polar residues can be used to predict
coiled-coil domains in amino acid sequences [7, 8].

Coiled-coil proteins can be grouped into two general
classes. Short coiled-coil domains of six or seven heptad
repeats, also called leucine zippers, are frequently found
as homo- and heterodimerization domains in transcrip-
tion factors (e.g. [9]). Similar domains have been found
in macromolecular ion channel signaling complexes [10,
11] or other signal transduction components [12—15]
where they mediate specific protein-protein interactions.
In contrast, long coiled-coil domains of several hundred
amino acids are found in a variety of proteins. In these, the
coiled-coil domains usually form ‘rod’-like tertiary struc-
tures [1] and may be combined with characteristic func-
tional domains (see fig. 1 for examples). These long coiled-
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Figure 1. Schematic representation of selected coiled-coil pro-
teins. Several classes of coiled-coil proteins are characterized by
non-coiled-coil functional domains. For example, myosins and ki-
nesins can be identified through their respective motor domains,
and structural maintenance of chromosomes (SMC) proteins have
highly conserved head and tail domains (Walker A and Walker B).
Golgins can be recognized through the presence of Golgi-targeting
domains, and intermediate filament (IF) proteins are characterized
by a conserved coiled-coil domain structure. Examples for the
three classes of golgins as well as cytoplasmic (internexin) and nu-
clear (lamin) intermediate filament proteins are shown below their
schematic representations. Other coiled-coil proteins, such as
NuMA or Tpr, cannot as easily be classified beyond the fact that
they contain long stretches of coiled-coil. The known plant coiled-
coil proteins NMCP1, CIP1 and MFP1 do not fit any of the char-
acterized coiled-coil protein classes from animal and yeast sys-
tems. Hatched boxes in the schematic representations and open
boxes in the individual protein representations indicate coiled-coil
rod domains. Ellipses indicate globular domains. CB, cargo bind-
ing domain; cTP, chloroplast-targeting peptide; GRIP, golgin-
97/RanBP2a/Imh1p/p230 domain; GT, Golgi-targeting domain;
LCB, light-chain binding domain; NLS, nuclear localization sig-
nal; NPC, nuclear pore complex-targeting domain; TMD, trans-
membrane domain; TprMet, domain of Tpr fused to Met tyrosine
kinase in the TprMet oncoprotein.
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coil proteins are involved in diverse cellular functions. The
intermediate-filament proteins of the cytoskeleton repre-
sent a well-characterized group of coiled-coil proteins. A
subgroup of these are the nuclear lamins, which are in-
volved in attaching chromatin to the nuclear envelope and
have recently been implicated in inherited human diseases
[16, 17]. Besides structural components of the cytoskeleton,
the motor proteins such as myosin and kinesin also contain
coiled-coil motifs. Other coiled-coil proteins, including the
SMC (structural maintenance of chromosomes) proteins,
are involved in the organization of chromatin. Membrane-
bound coiled-coil proteins such as the golgins form a scaf-
fold for membrane structures within the cell.

In the past few years, the number of investigated long
coiled-coil proteins has rapidly grown. Besides the ‘clas-
sic’ cytoskeletal proteins, others function in contexts as
different as the nuclear pore, the Golgi, kinetochores and
centrosomes. Some have been identified as oncogenes or
tumor-suppressor genes, based on their oligomerization
function. At the other end of the spectrum, our knowledge
about the biophysical features of coiled-coil proteins has
grown as well. Molecules ranging from the myosin heavy
chain to rationally designed synthetic coiled-coils are be-
ing tested for their applicability as units of nanoma-
chines. In their biological context, long coiled-coil pro-
teins emerge as a versatile toolbox of the cell, containing
scaffolds, levers, rotating arms and possibly springs.
How to identify all large coiled-coil proteins of an organ-
ism? In the post-genomics era, structure-prediction algo-
rithms can be applied to whole proteomes. These ap-
proaches show that roughly 10% of all proteins contain
coiled-coil domains. Databases presenting all coiled-coil
proteins of an organism linked to functional information
and (eventually) to other organisms are beginning to pro-
vide a framework toward understanding whether there is a
unifying principle to the diverse functions of all long coiled-
coil proteins. This review compares and contrasts the recent
developments toward understanding the biological func-
tion, biophysical characteristics and genomic representa-
tion of these still underappreciated gadgets of the cell.

Diverse biological functions of long coiled-coil
domains

Long coiled-coil proteins as components of the
cytoskeleton

One of the three main classes of cytoskeletal proteins, the
intermediate-filament proteins, represents a well-charac-
terized group of coiled-coil proteins with an elongated
coiled-coil rod flanked by non-alpha-helical head and tail
domains (fig. 1 [18]). Besides microtubules and actin fil-
aments, the intermediate filaments (IFs) constitute the
third filament network of metazoan cells. Their precise
molecular assembly is still less well understood than that
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of actin filaments and microtubules. The assembly of IF
arrays occurs by oligomerization of their rod domains. In
vitro, tetramers associate laterally to form unit-length fil-
aments (ULFs), which anneal longitudinally to form
loosely packed filaments that finally undergo internal re-
organization to form mature filaments (reviewed in [18]).
Besides the structural proteins of the cytoskeleton, the
motor proteins [19] interacting with actin and tubulin fil-
aments also contain coiled-coil motifs. Myosin, the actin
motor protein, has an extended coiled-coil tail domain
necessary for the assembly of the thick muscle filaments
[3]. Kinesin and dynein, two microtubule motor proteins,
also contain coiled-coil domains (fig. 1 [20, 21]).

Nuclear coiled-coil proteins

The lamins, a subgroup of the intermediate-filament pro-
teins in animals, are involved in a number of functions, in-
cluding chromatin organization, nuclear envelope assem-
bly, DNA synthesis, transcription and apoptosis. Mutations
in A-type lamins or associated proteins have been linked to
at least eight different inherited human diseases affecting
skeletal and cardiac muscle and/or the loss and redistribu-
tion of white fat [17] and premature aging [22—24]. The
function of nuclear lamins was recently expertly reviewed
(e.g. [17, 25-28]). This review therefore focuses on long
coiled-coil proteins other than nuclear lamins.

Besides the lamins, other proteins with long coiled-coil
domains are involved in the organization of the nuclear
envelope and nuclear architecture. NuMA (nuclear mi-
totic apparatus protein), also known as centrophilin, is a
nuclear, intermediate filament-like protein with a large
central coiled-coil domain (fig. 1 [29—-31]). It is present
in the nuclear matrix during interphase and at the spindle
poles during mitosis [29, 31]. NuMA, as well as the cen-
trosomal scaffold protein pericentrin, are recruited to the
spindle poles via dynein-driven transport [32]. NuMA in-
duces the formation of a three-dimensional lattice inside
the interphase nucleus in HeLa cells when overexpressed
[33] and self-assembles into multiarm oligomers in vitro
[34], indicating that it may play a role in the architecture
of the nuclear matrix. NuMA is anchored to a lamin scaf-
fold inside the nucleus in an RNA-dependent manner
[35]. During mitosis, it is involved in centrosome func-
tion and is essential for the organization and stabilization
of the spindle poles [36]. NuMA is a component of the
microtubule aster promoting activity (APA), and pro-
motes spindle growth, a process regulated by Ran and im-
portin beta [37]. Interestingly, the fusion of the NuMA
coiled-coil domain with the retinoic acid receptor in the
NuMA-RAR(alpha) oncoprotein confers dimerization
ability and binding to the NuMA network inside the
nucleus, resulting in transforming activity [38].

The SMC proteins are a class of chromosome scaffold
proteins involved in sister chromatid cohesion (cohesin),
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chromosome condensation (condensin) and DNA repair.
They are composed of five characteristic domains: two
head domains, a central hinge domain and two long
coiled-coil stretches between the hinge and the head do-
mains which have been shown to form antiparallel dimers
(fig. 1 [39, 40]). SMC proteins are encoded in all eukary-
otic genomes and have also been identified in Gram-neg-
ative bacteria and archaea [41].

Tpr (for translocated promoter region [42]) and its clos-
est structural relatives in Drosophila (Bx34 [43]), and
yeast (Mlp1 and MlIp2 [44]), are large coiled-coil proteins
located on the nucleoplasmic side of the nuclear pore
complex (NPC) [43—46]. A nuclear localization signal
has been identified in the C-terminal non-coiled-coil do-
main of human Tpr that is responsible for the nuclear tar-
geting of the protein (fig. 1). The coiled-coil domain has
been shown to mediate attachment to the NPC once the
protein is inside the nucleus [46]. Drosophila Tpr/Bx34
cofractionates exclusively with the insoluble nuclear ma-
trix [43]. The coiled-coil domain of Xenopus Tpr is struc-
turally organized into a parallel helix dimer of rodlike
shape [47]. In yeast, Tpr/Mlp proteins are involved in the
regulation of telomere length [48].

The proposed role of Tpr in forming filaments extending
from the nuclear pore into the nuclear interior [49—51] has
recently become controversial. Antibody and GFP local-
izations show that Tpr is present in the nuclear basket and
in discrete foci inside the nucleus (similar to other nucleo-
porins), but not in intranuclear filaments extending from
the pore complex [52, 53]. In mammalian cells, attachment
of Tpr to the NPC occurs via interaction with the nucleo-
porin Nup153 in late telophase and is not necessary for
NPC assembly [54]. Increasing evidence strengthens the
proposed role of Tpr in messenger RNA export [55, 56].
Analogous to the NuMA-RAR(alpha) oncoprotein, the
fusion of the N-terminal part of the Tpr coiled-coil domain
with the receptor tyrosine kinase Met in the Tpr-Met onco-
protein confers dimerization ability that results in a cy-
tosolic, constitutively active kinase and is essential for the
transforming activity of the oncoprotein [57, 58].

Another group of nuclear envelope proteins are the ne-
sprins, large spectrin-related proteins of the alpha-actinin
superfamily containing an N-terminal actin-binding do-
main, a central spectrin-repeat rod domain and a C-termi-
nal transmembrane domain. Splicing variants of the ne-
sprin family are associated with both the outer and inner
nuclear envelope and might be involved in anchoring the
nucleus to the actin skeleton [59, 60]. In contrast to the
lamins and Tpr, which localize to the inner surface of the
nuclear envelope, NUANCE (nucleus and actin connect-
ing element), also known as nesprin-2, localizes to the
outer nuclear membrane via a transmembrane domain at
its C-terminus [61]. Nesprin-lalpha is a nuclear variant of
nesprin-1 interacting with lamin and emerin [62], whereas
nesprin-1beta is localized at the Golgi [59, 60, 63].
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Coiled-coil proteins in spindle-pole and centrosome
formation

The yeast coiled-coil protein Mps2 (monopolar spindle 2)
is attached to the nuclear envelope via a C-terminal trans-
membrane domain and shows a second localization at the
spindle pole body (SPB) [64]. It is required for the inser-
tion of the SPB into the nuclear envelope and has been
shown to interact through its coiled-coil domain with a
number of other coiled-coil proteins localized at the SPB
and kinetochores [65, 66]. Several additional kinetochore
proteins with large coiled-coil domains have been identi-
fied in budding and fission yeast, such as Slk19 [67] and
Sim4 [68], the absence of which causes a short spindle
phenotype [68, 69].

Several coiled-coil proteins appear to be involved in con-
necting the inner and outer plaque of the yeast SPB with
the central SPB core embedded in the nuclear envelope.
Cnm67p (chaotic nuclear migration) bridges the outer
plaque with the central plaque with its coiled-coil domain
acting as a spacer element [70]. Spc72p is a coiled-coil
protein present in the outer plaque and bridge of the spin-
dle pole body [71, 72]. Spc110p (also known as Nuflp)
has been shown to span the distance between the inner
plaque and the central plaque in similar fashion to
Cnm67p [73]. Spcl10p homologues have been identified
in Aspergillus nidulans and fission yeast (Pcplp, pole tar-
get of calmodulin in Schizosaccharomyces pombe [74]),
and in humans (Kendrin/pericentrin-B [74, 75]).
Kendrin, a larger isoform of the gamma-tubulin- and
dynein-binding protein pericentrin [76, 77], forms a com-
plex with another large coiled-coil protein, known as CG-
NAP (centrosomal and Golgi N-kinase anchoring protein
[78]) or AKAP450 (A-kinase anchoring protein 450 kDa
[79]). This complex is located at the center of micro-
tubule asters nucleated from centrosomes, strengthening
its proposed role in providing sites for microtubule for-
mation [80]. Spcl10p and Spc72p and their animal ho-
mologues as well as GC-NAP/AKAP450 have been
shown to bind gamma tubulin, suggesting a role in mi-
crotubule nucleation [80—82]. They act as targets for the
binding of calmodulin, which is thought to be involved in
microtubule-mediated stabilization of the pericentriolar
matrix [83]. CG-NAP/AKAP450 also provides a scaffold
for the attachment of centrosomal isoforms of protein ki-
nase C [84, 85], while displacement of the protein from
the centrosome leads to delocalization of protein kinase A
type I(alpha) [86].

In mammalian cells, the large coiled-coil protein ninein
has been identified as another component of the pericen-
triolar matrix of the centrosome [87]. Ninein associates
with the minus end of microtubules and might play an im-
portant role in the stabilizing, positioning and anchorage
of microtubules [88]. The presence of ninein is essential
for the centrosome to function as a microtubule organiza-
tion center [89, 90].
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C-Nap!l (centrosomal Nek2-associated protein 1) is a
large coiled-coil protein found associated specifically
with the proximal ends of the mother and daughter cen-
trioles in interphase [91]. It is thought to be involved in
intercentriolar linkage, and its dissociation from the cen-
trosome at the onset of mitosis is stimulated by cell-cy-
cle-dependent phosphorylation [92, 93].

The TACC (transforming acidic coiled-coil) proteins con-
stitute a recently discovered family of centrosomal pro-
teins implicated in vertebrate and Drosophila micro-
tubule stabilization, acentrosomal spindle assembly,
translational regulation, development and cancer progres-
sion [94, 95]. TACC1 has been shown to interact with a
NuMA-binding protein, and it has been suggested that
TACC proteins act as scaffolding/bridging proteins in
multiple complexes important for centrosomal function
[96]. Alterations in TACC protein level could result in
changes of the centrosomal matrix, leading to spindle de-
fects and increasing genetic instability, thus explaining
the tumor-promoting potential of the TACC genes in hu-
mans [97]. In general, dysregulation of centrosomal pro-
teins, including the large coiled-coil components such as
pericentrin, can trigger cancer development in mammals
[98, 99].

Coiled-coil proteins associated with the spindle
apparatus

Astrin, a constitutively expressed mammalian micro-
tubule-associated nonmotor protein, relocates from the
cytoplasm to the spindle poles during mitosis [100]. Its
long coiled-coil domain forms a parallel dimer with a
‘lollipop’-shaped structure, which can aggregate into
oligomers resembling astral structures. Cells lacking as-
trin are unable to complete mitosis and undergo apopto-
sis [101]. It has been suggested that astrin oligomers may
function in microtubule bundling and/or providing a scaf-
fold for linking regulatory and structural components to
spindle microtubules.

In nematodes, the coiled-coil proteins PUMAL1 [102] and
LIN-5 [103] have been found to localize to the spindle ap-
paratus in a cell cycle- and microtubule-dependent man-
ner. Both proteins contain a large central coiled-coil do-
main, in the case of PUMALI stretching over ~1750
amino acids, the longest single coiled-coil domain known
to date. PUMA might be part of a ‘centromeric matrix’,
whereas LIN-5 is thought to play a role in localizing or
regulating a motor-protein complex and/or connecting
the spindle apparatus with the cell cortex.

Kinetochore/centromere-associated coiled-coil
proteins

A number of coiled-coil proteins are associated with the
kinetochore/centromere in vertebrates. CENP-F, a
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350-kDa protein also known as AH antigen [104] or mi-
tosin [105], consists of two 1600-amino-acid-long coiled-
coil domains connected with a central flexible core [106].
It changes its subcellular localization significantly during
the cell cycle and has been employed as a temporal
marker for G2/M phase transition [107]. CENP-F is tar-
geted to the nucleus in early G2 phase, concentrates
around the nuclear rim at G2/M phase transition via far-
nesylation [108], and relocates to the kinetochore/cen-
tromere regions and the spindle apparatus during M
phase before being degraded after mitosis [104, 105]. An-
other vertebrate kinetochore protein, CENP-H, is a
coiled-coil protein required for the centromere targeting
of CENP-C [109—111]. The human coiled-coil kineto-
chore-associated protein Hzwint-1 binds the essential
centromere protein ZW10 and may play a role in associ-
ating ZW10 to the kinetochore specifically in
prometaphase [112].

Coiled-coil proteins shared between the centromere
and the Golgi

Myomegalin, a centrosome/Golgi-associated long coiled-
coil protein in humans, interacts with PDE (cyclic nu-
cleotide phosphodiesterase), indicating its involvement in
the cyclic AMP (cAMP) signal transduction pathway. It
has been proposed to provide an anchor for PDE at the
centrosome/Golgi [113]. Interestingly, PKA (cAMP-de-
pendent protein kinase A), another enzyme in the cAMP
signal transduction pathway, has also been shown to be
anchored to the same locations via the aforementioned
large coiled-coil protein CG-NAP/AKAP450 [79, 114],
suggesting a role of these coiled-coil proteins in cAMP
signal compartmentalization.

Golgi-associated coiled-coil proteins

The golgin family comprises a group of coiled-coil pe-
ripheral or integral membrane proteins associated with
the Golgi apparatus. They have been shown to function in
a variety of membrane-membrane and membrane-cy-
toskeleton tethering events at the Golgi and are regulated
by small GTPases of the Rab and Arl families [115]. A
subgroup of mammalian golgins with homologues in
yeast and invertebrates is characterized by the presence of
the Golgi-targeting GRIP domain in their non-coiled-coil
C-termini [116, 117]. This domain binds preferably to the
ARF-like GTPases Arll and Arl3 [118, 119]. Another
subgroup of golgins contains transmembrane domains at
their C-termini for anchorage at the Golgi membrane
[120—123]. It has been suggested that golgins are form-
ing a Golgi matrix, which serves as the structural scaffold
for the enzyme-containing membranes of the Golgi appa-
ratus and may provide the means of partitioning the Golgi
during mitosis [124, 125].

Function of large coiled-coil proteins

Lva (Lava Lamp) is a microfilament/microtubule-associ-
ated protein of the Golgi apparatus in Drosophila with a
golgin-like coiled-coil domain structure. It may form an
Lva/spectrin scaffold at the Golgi and facilitate the inter-
action of Golgi bodies with microtubules in membrane-
trafficking events essential for cytokinesis [126].

Coiled-coil proteins involved in developmental and
behavioral processes

Mutations in large coiled-coil proteins can lead to specific
developmental or even behavioral phenotypes in Droso-
phila. The mud (mushroom body defect) gene encodes a
protein with a long coiled-coil core domain and a C-ter-
minal transmembrane domain. It is expressed mainly dur-
ing embryogenesis and plays a role in the control of neu-
roblast proliferation [127]. Mutations in the gtc (quick-to-
court) gene cause increased sexual activity in male flies.
The gene was found to encode a coiled-coil protein ex-
pressed specifically in olfactory organs, the central ner-
vous system and the male reproductive tract [128].

Plant coiled-coil proteins

In contrast to animals and yeast, only a small number of
long coiled-coil proteins have been studied in plants. Sev-
enteen candidates for myosins and 61 putative kinesins
have been identified in the completely sequenced Ara-
bidopsis genome based upon homologies in the motor do-
mains [129, 130]. A number of kinesin-like proteins have
been characterized in plants, most of which appear to play
a role in cytokinesis [131—135]. Homologues of the
mammalian SMC proteins have been identified in Ara-
bidopsis, and mutant analyses confirm their involvement
in DNA repair and seed development [136—138].

A small number of plant proteins with long coiled-coil
domains has been described for which there are no rec-
ognizable nonplant homologues. The carrot coiled-coil
protein NMCP1 is located at the nuclear rim and has been
shown to migrate to the spindle poles in dividing carrot
suspension culture cells, a pattern similar to some of the
aforementioned animal coiled-coil proteins involved in
spindle organization [139]. CIP1 (COP1-interactive pro-
tein 1) is a cytoskeleton-associated coiled-coil protein
and a binding partner of the photomorphogenesis sup-
pressor COP1 [140]. It has been suggested that it is in-
volved in retaining COP1 in the cytoplasm and thereby
regulating its nucleocytoplasmic partitioning. A family of
long coiled-coil proteins designated FPPs (filament-like
plant proteins) appearing to be unique to the plant king-
dom has been identified in Arabidopsis [141]. The cellu-
lar function of these plant proteins is presently not
known.

Interestingly, chloroplasts have their own set of coiled-
coil proteins. MFP1 is a DNA-binding protein with an ex-
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tended coiled-coil domain that associates with the thy-
lakoids in plant chloroplasts [142, 143]. It binds in vivo
to the chloroplast nucleoids and has therefore been sug-
gested to provide a connection between the thylakoid
membrane and the nucleoids in mature chloroplasts.
CpPTP (Craterostigma plantagineum plastid targeted
protein) shows a similar domain structure to MFP1 and
exhibits DNA-binding properties in its coiled-coil do-
main [144]. It is targeted to the plastids and expressed in
response to drought stress and therefore has been pro-
posed to play a structural role in protecting chloroplast
DNA from dehydration.

PF2 is a large coiled-coil protein found in a screen for
motility mutants in the algae Chlamydomonas [145]. 1t is
required for the assembly of the dynein regulatory com-
plex (DRC) and has been suggested to form a molecular
scaffold for the attachment of other components of the
DRC.

Overall, searches for plant homologues of animal and
yeast coiled-coil proteins have been rather unsuccessful.
Despite immunohistochemical evidence for the existence
of lamin-like and NuMA-like proteins in plant nuclei
[146—150], no lamin or NuMA homologues have been
found in the Arabidopsis genome. In BLAST searches of
the whole Arabidopsis genome for all animal and yeast
proteins discussed here, we found significant homologies
only for SMC proteins and myosins, with E-values typi-
cally below e %, and kinesins with E-values in the e to

animal cell
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e % range. This clearly demonstrates the need to use
methods other than sequence comparison for the identifi-
cation of plant long coiled-coil proteins potentially in-
volved in the diverse cellular functions discussed above
(see below). Figure 2 summarizes the subcellular local-
ization during interphase and mitosis of those animal and
plant long coiled-coil proteins for which localization data
are presently available.

Toward understanding structure-function
relationships of coiled-coil proteins

What is it that these functionally diverse proteins have in
common? In other words, what is the biological function
of a coiled-coil rod domain in the context of the diverse
proteins discussed here? While there is no clear answer to
this question at present, the biophysical features of the
coiled-coil domain may allow formulating some hy-
potheses to be tested with individual proteins or protein
classes.

Dimerization

The most obvious feature of the coiled-coil domain is its
ability to form dimers (or oligomers). This allows for the
combination of identical or different head and tail do-
mains and — through higher-order interactions — for the

plant cell

1 centrosome: CG-NAP, C-Nap1,

interphase

)
o,

kendrin, myomegalin, ninein,
pericentrin, TACCs

2 golgi apparatus: CG-NAP, golgins,
myomegalin, nesprin-1p

3 cytoskeleton: intermediate filaments,
kinesins, myosins

4 outer nuclear envelope: nesprin-2

5 nuclear pore complex: Tpr

6 inner nuclear envelope: lamins,

nesprin-1o.
7 nuclear matrix: lamins, NuMA
8 centromere/kinetochore: CENP-F,
CENP-H
9 chromatides: SMC proteins
10 spindle apparatus: CENP-F
11 spindle poles: astrin, NuMA

mitosis

116
¥

12 mitotic microtubule asters: astrin,
NuMA

13 plant cytoskeleton: CIP1, kinesins,
myosins

14 plant nuclear envelope: NMCP1

15 thylakoids: MFP1, PTP

16 chromosomes: SMC proteins

17 spindle poles: NMCP1

Figure 2. Association of coiled-coil proteins with subcellular structures during interphase and mitosis. Only proteins that have been cloned
and characterized regarding subcellular localization are indicated. The numbers in the right column refer to the numbers in the left and mid-
dle columns and indicate proteins found in the different subcellular locations. For details regarding protein functions, see text.



2002 A. Rose and I. Meier

formation of filaments. IF proteins can be classified de-
pending on their dimerization preferences. Keratins, for
example, are obligatory heterodimers, whereas other IF
proteins, such as vimentin, assemble into homodimers
[18].

While dimerization might be static in most long coiled-
coil proteins, there is a small number of known proteins
which undergo regulated coiled-coil dimerization. Inter-
estingly, they sense environmental conditions, such as
pH, temperature and solute availability, indicating that
their regulation makes direct use of physical features of
the coiled-coil motif.

The TlpA protein of Salmonella encodes a repressor pro-
tein that makes use of the coiled-coil motif to sense tem-
perature changes. At temperatures below 37°C, TlpA
forms a dimer that can bind DNA and act as a repressor.
Temperatures above 37 °C cause the coiled-coil dimeriza-
tion domain to unfold. The random-coiled monomers are
unable to remain bound to DNA, lifting the repression of
the promoter [151, 152]. The thermal folding/unfolding
of the coiled-coil domain is rapidly reversible and makes
this protein an interesting candidate for a molecular ther-
mosensor in nanotechnology [153].

The stability of the coiled-coil dimer is highly dependent
on the distribution of charged residues along the helix
axis. ‘Unfavorable’ charges leading to electrostatic repul-
sion will make the dimer less stable. A direct conse-
quence of this is an influence of pH on coiled-coil stabil-
ity. In an acidic environment, for example, acidic residues
in unfavorable positions will be uncharged and therefore
less disruptive than at neutral pH. Phosphorylation/de-
phosphorylation of a coiled-coil dimer can add another
level of regulation to its stability [154, 155].

An example for pH regulation of a coiled-coil dimer is the
apoptosis-associated protein Par-4. The C-terminal re-
gion of Par-4 is required for apoptotic activity, self-asso-
ciation and association with all presently known interac-
tion partners, and contains a coiled-coil domain
[156—160]. The protein forms a coiled-coil dimer only at
an acidic pH and low temperature. Through site-directed
mutagenesis predicting the effects of unfavorable charged
residues at higher pH, Par-4 was altered from a pH-de-
pendent, labile dimer into a pH-independent, stabile
dimer [161]. It will be very exciting to see the effect of
these point mutations on the in vivo function of the pro-
tein.

Another environmentally influenced coiled-coil forma-
tion was recently discovered in a nematode homologue of
an LEA protein. LEA (late embryogenesis abundant) pro-
teins are involved in desiccation tolerance in plant seeds
and in desiccation-tolerant plants (reviewed in [162]).
Group 3 LEA proteins contain extended amphipathic al-
pha helices predicted to form coiled-coils. However,
Goyal et al. [163] showed that AavLEA1, the nematode
LEA protein, is predominantly monomeric in solution
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and shows the characteristics of an unfolded, random-coil
protein. In contrast, Fourier transform infrared (FT-IR)
spectroscopy showed that AavLEA1 adopts the charac-
teristics of an alpha-helical, coiled-coil protein after de-
hydration. The function of this structural change is
presently unknown. However, given the role of LEA pro-
teins in desiccation tolerance, it is tempting to speculate
that desiccation might induce this structural change in the
protein in vivo. This could allow the protein to either be-
come active in a signaling event, or — as the authors sug-
gest — form a filamentous network that might stabilize the
desiccation-stressed amorphous cytoplasm in analogy to
steel-reinforced concrete.

The coiled-coil as a rod

Besides dimerization of an adjacent functional domain,
the most obvious feature of the coiled-coil dimer is the
formation of a rod domain. The rod domain in IF proteins
and lamins not only dimerizes but also contributes to the
assembly of filaments. Filament formation by IF-type
coiled-coil proteins was recently reviewed [18] and will
therefore not be discussed here. Instead, this section fo-
cuses on rod formation of non-IF-type long coiled-coil
proteins.

What does it take to make a molecular rod? Not all rod-
like proteins consist of long, uninterrupted coiled-coils.
Two examples of other domains that form rods are found
in spectrin and titin. Spectrin, and the related proteins al-
pha-actinin, dystrophin and nesprin, are rod-shaped
actin-binding proteins anchored to membranes. The rod-
like structure of spectrin-like proteins comes from a se-
ries of spectrin repeats, regular 106-amino-acid-long
triple-helical coiled-coil bundles [164]. Titin is a giant
elastic protein responsible for the passive force generated
by the stretched striated-muscle sarcomere. It consists of
tandemly arranged immunoglobin-like domains, which
together form a rod-like structure [165].

Providing adequate spacing between head and tail (and
internal) domains is the most obvious function of a rod
domain. Acting as a spacer has been proposed for the gol-
gins, which might thereby be involved in early stages of
vesicle tethering [166]. Indeed, several long coiled-coil
golgins have been shown to interact with each other and
with membrane-associated proteins on the Golgi and
COPI vesicles, making them potential long-distance
bridging molecules for vesicle tethering [166]. Another
group of coiled-coil proteins acting as spacers are those
associated with the outer and inner plaque of the spindle
pole body. It has been shown impressively that shortening
the coiled-coil domain of Cnm67p shortens the distance
between the outer plaque and the central plaque [70],
while shortening the coiled-coil of Spcl10p shortens the
space between the central plaque and the ends of the mi-
crotubules [73].
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Elasticity and mechanical force transduction
Coiled-coils appear in a number of proteins having me-
chanical roles. A classic example is hair elasticity, in part
provided by features of the coiled-coil in alpha-keratin
[167]. The elastic properties of the myosin coiled-coil
have been studied using single-molecule force spec-
troscopy [168]. The protein undergoes massive structural
transitions, extending to about 2.5 times its original
length. Interestingly, this transition is fully reversible on a
short time scale, showing that the myosin coiled-coil is a
truly elastic protein. This is in contrast to the elastic fea-
tures of titin, which has a much slower recovery period,
making it more suitable for its putative ‘shock-absorber’
function in muscle. It is currently unknown whether this
feature of the coiled-coil domain has a function in vivo.
However, it makes coiled-coil proteins attractive candi-
dates for the design of molecular springs, which are gain-
ing attention in nanotechnology (e.g. [169]).

All known cytoskeletal motor proteins contain coiled-coil
domains. It was suggested earlier that unwinding of the
extended coiled-coil in the myosin heavy chain is in-
volved in motor function ([170] and refs therein). How-
ever, more recent evidence shows that the rod domain
does not uncoil in solution [171]. More likely, its function
is that of a flexible connecting arm. The amino-terminal
subfragment of the rod swings out from the thick filament
at a hinge in the coiled-coil, allowing the myosin heads to
create tension by interacting with actin [172].

A connecting function can also be assumed for the stalk
domain of kinesin, which connects the motor domain and
the cargo-binding domain and — like the stalk of dynein —
might provide space between these domains. In contrast,
the shorter, coiled-coil neck domain of kinesin has a me-
chanical function in the unidirectional motion along actin
fibers. The neck amplifies small conformational changes
to act as a lever for swinging forward the second head,
thus allowing for the 80-A step size of kinesin (reviewed
in [173]).

Except for space keeping (in the case of the spindle pole
body proteins) or filament and network formation (e.g.
nuclear lamins), it is presently not known precisely which
of these features (or possibly others) are involved in the
function of the diverse coiled-coil proteins discussed
above. One area worth investigating is specific protein-
protein interactions between coiled-coil proteins and with
other, non-coiled-coil proteins. Homo- and heterodimer-
ization can provide the means to combine and position
different functional head and tail domains. Binding of
other proteins to both the coiled-coil domains and the at-
tached non-coiled-coil portions of a protein allows for the
assembly of multi-subunit complexes in specific loca-
tions of the cell. In the post-genomic era, these questions
can now be addressed for the first time in high-through-
put approaches involving most or all of the long coiled-
coil proteins of an organism. At the other end of the spec-
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trum, increased investigations into the in vitro properties
of long coiled-coil proteins could provide important clues
about differences and similarities of their biophysical fea-
tures, which — in combination with localization and pro-
tein-protein interaction data — could help to map their cel-
lular functions.

Whole genome approaches: toward a map of
coiled-coil protein function

To identify long coiled-coil proteins in new model organ-
isms and to acquire a more complete picture of coiled-
coil proteins in an organism, whole genome information
in combination with structure prediction algorithms can
now be applied. To predict coiled-coil structures based on
amino acid sequence, several programs with differing
performance rates are available. COILS and NEWCOILS
[174], based on Parry’s algorithm [175], have become the
standard for coiled-coil prediction and are widely refer-
enced in the literature. However, COILS generates a high
number of false positives by predicting non-coiled-coil
alpha-helical regions as coiled-coil structures [7, 176]. In
tests on the PDB database of solved protein structures,
two out of three sequences predicted by COILS did not
contain coiled-coils [177]. Thus, this program would gen-
erate a high number of false hits if used for a genome-
wide screen. The PAIRCOIL program takes pairwise
residue correlations within the heptad repeat into account
and performs significantly better than COILS in avoiding
false positives. However, PAIRCOIL often fails to predict
antiparallel or multistranded coiled-coils [176]. Multi-
Coil, based on data of two-stranded as well as three-
stranded coiled-coils, is capable of predicting both types
of structures while achieving a similar low rate of false
predictions as PAIRCOIL [8].

By using the MultiCoil algorithm on a total yeast genome
translation, ~300 two-stranded and 250 three-stranded
coiled-coils have been identified [178]. More than half of
these open reading frames have no assigned function. An
investigation of a number of structural motifs in several
whole genomes showed independently that the human,
Drosophila, Caenorhabditis elegans and yeast translated
genomes contain ~10% coiled-coil proteins [179]. Ap-
plying the yeast two-hybrid assay to determining protein-
protein interactions specifically between the coiled-coil
domains, Newman et al. [178] found 213 unique interac-
tions between 162 putative coiled-coil sequences. Only
one interaction for approximately every 100 pairwise
combinations tested was positive, implying a large degree
of specificity for heterodimeric coiled-coil interactions.
However, with almost 10% of the yeast open reading
frames coding for proteins with coiled-coil motifs, a large
number of putative interactions remain to be discovered.
In the future, it is likely that a combination of experimen-
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tal and computational approaches will aid in a whole-
genome map of yeast coiled-coil interactions [180].
With the goal of identifying plant long coiled-coil pro-
teins, the MultiCoil algorithm has been applied to the
Arabidopsis genome to identify all Arabidopsis proteins
containing long stretches of coiled-coil domains [181].
The resulting data has been used to build the search-
able protein database ARABI-COIL (http://www.coiled-
coil.org/arabidopsis), which integrates processed data
from the original MultiCoil output with features from a
battery of additional sequence and structure analysis pro-
grams. In this study, no protein-protein interactions have
been determined; instead, proteins have been sorted by
predicted subcellular localization, presence of predicted
transmembrane domains, and putative functions predom-
inantly based on conserved sequences in the non-coiled-
coil portions of the proteins.

One result of this analysis is that long coiled-coil proteins
are predicted in all compartments of the plant cell. Each
compartment contains some members predicted to be
membrane attached, which might be attractive candidates
for anchoring molecules in plants. A number of predicted
nuclear long coiled-coil domains were found, which can
now be investigated for putative functions in forming a
plant nuclear skeleton. Combining this computational ap-
proach with the power of the genome-saturating, se-
quenced knockout mutations available for Arabidopsis
[182], addressing whole-organism phenotypes of large
numbers of knockout mutants of plant long coiled-coil
proteins will now be feasible. The localization predictions
will help to develop priorities for this investigation as
well as for targeted or high-throughput analyses of pro-
tein-protein interactions. Following the establishment of
the computational pipeline that delivered ARABI-COIL,
this type of approach is now applicable to other full
genomes as well, which can help to initiate more targeted,
experimental investigations of the numerous coiled-coil
proteins having unknown functions in eukaryotic cells.

Summary and outlook

Long coiled-coil proteins emerge as a versatile molecular
toolbox of the eukaryotic cell. They provide cables and
networks within the cyto- and nucleoskeleton as well as
scaffolds to stabilize and organize membrane systems
such as the nuclear envelope and the Golgi apparatus. In
combination with flexible head and tail domains and
hinges within the coiled-coil regions, they act as motors,
levers, rotating arms and springs to move molecules, vesi-
cles or large macromolecular complexes within the cell.
Coiled-coil domains specifically and reversibly interact
with binding partners, thus providing the means of re-
cruiting regulatory components in a spatially and tem-
porarily controlled manner.

Function of large coiled-coil proteins

The availability of structure prediction tools and their use
on fully sequenced genomes allows for data mining of the
complete set of coiled-coil proteins encoded within a
genome. The comprehensive analysis of these proteins
and comparison between different species and kingdoms
will provide further insight into the evolution of coiled-
coil proteins and the genomes encoding them. Several
coiled-coil proteins in mammalian cells, including lamins
and centrosomal proteins, are gaining increasing interest
in the medical field as mutations in their genes are impli-
cated in hereditary diseases and cancer. Aside from these
biological functions, the study of large coiled-coil proteins
also has the potential to lead to the development of inter-
esting applications of molecular tools in nanotechnology.

Acknowledgments. We would like to thank Diane Furtney for expert
manuscript editing and two anonymous reviewers for helpful and
constructive suggestions. Financial support by the National Science
Foundation (MCB-0079577 and MCB-0209399) and the U.S. De-
partment of Agriculture (Plant Growth and Development no. 2001-
01901) to .M. is greatly acknowledged.

1 Burkhard P, Stetefeld J. and Strelkov S. V. (2001) Coiled coils:
a highly versatile protein folding motif. Trends Cell. Biol. 11:
82-88

2 Crick E H. (1953) The packing of alpha-helices: simple
coiled-coils. Acta Cryst. 6: 689—-697

3 Cohen C. (1998) Why fibrous proteins are romantic. J. Struct.
Biol. 122: 3-16

4 Mason J. M. and Arndt K. M. (2004) Coiled coil domains: sta-
bility, specificity and biological implications. Chembiochem
5:170-176

5 Walshaw J. and Wooflson D. N. (2003) Extended knobs-into-
holes packing in classical and complex coiled-coil assemblies.
J. Struct. Biol. 144: 349-361

6 Chothia C., Levitt M. and Richardson D. (1981) Helix to he-
lix packing in proteins. J. Mol. Biol. 145: 215-250

7 Berger B., Wilson D. B., Wolf E., Tonchev T., Milla M. and
Kim P. S. (1995) Predicting coiled coils by use of pairwise
residue correlations. Proc. Natl. Acad. Sci. USA 92: 8259—
8263

8 WOoIfE., Kim P. S. and Berger B. (1997) MultiCoil: a program
for predicting two- and three-stranded coiled coils. Protein
Sci. 6: 1179-1189

9 Bornberg-Bauer E., Rivals E. and Vingron M. (1998) Compu-
tational approaches to identify leucine zippers. Nucleic Acids
Res. 26: 27402746

10 Kass R. S., Kurokawa J., Marx S. O. and Marks A. R. (2003)
Leucine/isoleucine zipper coordination of ion channel macro-
molecular signaling complexes in the heart. Roles in inherited
arrhythmias. Trends Cardiovasc. Med. 13: 52—-56

11 Marks A. R., Marx S. O. and Reiken S. (2002) Regulation of
ryanodine receptors via macromolecular complexes: a novel
role for leucine/isoleucine zippers. Trends Cardiovasc. Med.
12: 166—170

12 Moffett P, Farnham G., Peart J. and Baulcombe D. C. (2002)
Interaction between domains of a plant NBS-LRR protein in
disease resistance-related cell death. EMBO J. 21: 4511—
4519

13 Obrdlik P, Neuhaus G. and Merkle T. (2000) Plant het-
erotrimeric G protein beta subunit is associated with mem-
branes via protein interactions involving coiled-coil forma-
tion. FEBS Lett. 476: 208—212



CMLS, Cell. Mol. Life Sci.

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

Vol. 61, 2004

Roig J.,, Mikhailov A., Belham C. and Avruch J. (2002)
Nerccl, a mammalian NIMA-family kinase, binds the Ran
GTPase and regulates mitotic progression. Genes Dev. 16:
1640-1658

WangY., Gao R. and Lynn D. G. (2002) Ratcheting up vir gene
expression in Agrobacterium tumefaciens: coiled coils in his-
tidine kinase signal transduction. Chembiochem. 3: 311-317
Wilson K. (2000) The nuclear envelope, muscular dystrophy
and gene expression. Trends Cell Biol. 10: 125-129
Mounkes L., Kozlov S., Burke B. and Stewart C. L. (2003)
The laminopathies: nuclear structure meets disease. Curr.
Opin. Genet. Dev. 13: 223-230

Strelkov S. V., Herrmann H. and Aebi U. (2003) Molecular ar-
chitecture of intermediate filaments. Bioessays 25: 243-251
Schliwa M. and Woehlke G. (2003) Molecular motors. Nature
422: 759-765

Gee M., Heuser J. and Vallee R. (1997) An extended micro-
tubule-binding structure within the dynein motor domain. Na-
ture 390: 636—-639

Kozielski F.,, Sack S., Marx A., Thormahlen M., Schonbrunn
E., Biou V. et al. (1997) The crystal structure of dimeric ki-
nesin and implications for microtubule-dependent motility.
Cell 91: 985-994

Eriksson M., Brown W. T., Gordon L. B., Glynn M. W., Singer
J., Scott L. et al. (2003) Recurrent de novo point mutations in
lamin A cause Hutchinson-Gilford progeria syndrome. Nature
423:293-298

Chen L., Lee L., Kudlow B. A., Dos Santos H. G., Sletvold O.,
Shafeghati Y. et al. (2003) LMNA mutations in atypical
Werner’s syndrome. Lancet 362: 440—445

De Sandre-Giovannoli A., Bernard R., Cau P.,, Navarro C.,
Amiel J., Boccaccio 1. et al. (2003) Lamin A truncation in
Hutchinson-Gilford progeria. Science 300: 2055—-2055
Goldman R. D., Gruenbaum Y., Moir R. D., Shumaker D. K.
and Spann T. P. (2002) Nuclear lamins: building blocks of nu-
clear architecture. Genes Dev. 16: 533547

Holaska J. M., Wilson K. L. and Mansharamani M. (2002) The
nuclear envelope, lamins and nuclear assembly. Curr. Opin.
Cell Biol. 14: 357364

Mattout-Drubezki A. and Gruenbaum Y. (2003) Dynamic in-
teractions of nuclear lamina proteins with chromatin and tran-
scriptional machinery. Cell. Mol. Life Sci. 60: 2053—-2063
Gruenbaum Y., Goldman R., Meyuhas R., Mills E., Margalit
A., Fridkin A. et al. (2003) The nuclear lamina and its func-
tions in the nucleus. Int. Rev. Cytol. 226: 1-62

Yang C. H., Lambie E. J. and Snyder M. (1992) NuMA: an un-
usually long coiled-coil related protein in the mammalian nu-
cleus. J. Cell Biol. 116: 13031317

Harborth J., Weber K. and Osborn M. (1995) Epitope mapping
and direct visualization of the parallel, in-register arrange-
ment of the double-stranded coiled-coil in the NuMA protein.
EMBO J. 14: 2447-2460

Compton D. A., Szilak I. and Cleveland D. W. (1992) Primary
structure of NuMA, an intranuclear protein that defines a
novel pathway for segregation of proteins at mitosis. J. Cell
Biol. 116: 13951408

Zimmerman W. and Doxsey S. (2000) Construction of centro-
some and spindle polesm by molecular motor-driven assembly
of protein particles. Traffic 1: 927-934

Gueth-Hallonet C., Wang J., Harborth J., Weber K. and Os-
born M. (1998) Induction of a regular nuclear lattice by over-
expression of NuMA. Exp. Cell Res. 243: 434-452
Harborth J., Wang J., Gueth-Hallonet C., Weber K. and Osborn
M. (1999) Self assembly of NuMA: multiarm oligomers as
structural units of a nuclear lattice. EMBO J. 18: 1689—1700
Barboro P, D’Arrigo C., Diaspro A., Mormino M., Alberti I.,
Parodi S. et al. (2002) Unraveling the organization of the in-
ternal nuclear matrix: RNA-dependent anchoring of NuMA to
a lamin scaffold. Exp. Cell Res. 279: 202-218

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

Review Article 2005

Zeng C. (2000) NuMA: a nuclear protein involved in mitotic
centrosome function. Microsc. Res. Tech. 49: 467—-477
Nachury M., Maresca T., Salmon W., Waterman-Storer C.,
Heald R. and Weis K. (2001) Importin beta is a mitotic target
of the small GTPase Ran in spindle assembly. Cell 104: 95—
106

Dong S., Qiu J, Stenoien D. L., Brinkley W. R., Mancini M.
A. and Tweardy D. J. (2003) Essential role for the dimerization
domain of NuMA-RARalpha in its oncogenic activities and
localization to NuMA sites within the nucleus. Oncogene 22:
858-868

Hirano T. (2002) The ABCs of SMC proteins: two-armed
ATPases for chromosome condensation, cohesion, and repair.
Genes Dev. 16: 399-414

Jessberger R. (2002) The many functions of SMC proteins in
chromosome dynamics. Nat. Rev. Mol. Cell. Biol. 3: 767—-778
Soppa J. (2001) Prokaryotic structural maintenance of chro-
mosomes (SMC) proteins: distribution, phylogeny and com-
parison with MukBs and additional prokaryotic and eukary-
otic coiled-coil proteins. Gene 278: 253264

Park M., Dean M., Cooper C. S., Schmidt M., O’Brien S. J.,
Blair D. G. et al. (1986) Mechanism of met oncogene activa-
tion. Cell 45: 895-904

Zimowska G., Aris J. P. and Paddy M. R. (1997) A Drosophila
Tpr protein homolog is localized both in the extrachromoso-
mal channel network and to nuclear pore complexes. J. Cell
Sci. 110: 927-944

Strambio-de-Castillia C., Blobel G. and Rout M. P. (1999)
Proteins connecting the nuclear pore complex with the nuclear
interior. J. Cell Biol. 144: 839855

Bangs P, Burke B., Powers C., Craig R., Purohit A. and
Doxsey S. (1998) Functional analysis of Tpr: identification of
nuclear pore complex association and nuclear localization do-
mains and a role in mRNA export. J. Cell Biol. 143: 1801—
1812

Cordes V. C., Hase M. E. and Muller L. (1998) Molecular seg-
ments of protein Tpr that confer nuclear targeting and associ-
ation with the nuclear pore complex. Exp. Cell Res. 245: 43—
56

Hase M. E., Kuznetsov N. V. and Cordes V. C. (2001) Amino
acid substitutions of coiled-coil protein Tpr abrogate anchor-
age to the nuclear pore complex but not parallel, in-register
homodimerization. Mol. Biol. Cell 12: 2433-2452

Hediger F., Dubrana K. and Gasser S. M. (2002) Myosin-like
proteins 1 and 2 are not required for silencing or telomere an-
choring, but act in the Tell pathway of telomere length con-
trol. J. Struct. Biol. 140: 79-91

Cordes V. C., Reidenbach S., Rackwitz H. R. and Franke W. W.
(1997) Identification of protein p270/Tpr as a constitutive
component of the nuclear pore complex-attached intranuclear
filaments. J. Cell Biol. 136: 515529

Kosova B., Pante N., Rollenhagen C., Podtelejnikov A., Mann
M., Aebi U. et al. (2000) Mlp2p, a component of nuclear pore
attached intranuclear filaments, associates with nic96p. J.
Biol. Chem. 275: 343-350

Fontoura B. M., Dales S., Blobel G. and Zhong H. (2001) The
nucleoporin Nup98 associates with the intranuclear filamen-
tous protein network of TPR. Proc. Natl. Acad. Sci. USA 98:
3208-3213

Frosst P., Guan T., Subauste C., Hahn K. and Gerace L. (2002)
Tpr is localized within the nuclear basket of the pore complex
and has a role in nuclear protein export. J. Cell Biol. 156:
617-630

Zimowska G. and Paddy M. R. (2002) Structures and dynam-
ics of Drosophila Tpr inconsistent with a static, filamentous
structure. Exp. Cell Res. 276: 223-232

Hase M. E. and Cordes V. C. (2003) Direct interaction with
Nup153 mediates binding of Tpr to the periphery of the nu-
clear pore complex. Mol. Biol. Cell 14: 1923—-1940



2006

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

A. Rose and I. Meier

Green D. M., Johnson C. P, Hagan H. and Corbett A. H.
(2003) The C-terminal domain of myosin-like protein 1
(MlIplp) is a docking site for heterogeneous nuclear ribonu-
cleoproteins that are required for mRNA export. Proc. Natl.
Acad. Sci. USA 100: 1010-1015

Shibata S., Matsuoka Y. and Yoneda Y. (2002) Nucleocyto-
plasmic transport of proteins and poly(A)+ RNA in reconsti-
tuted Tpr-less nuclei in living mammalian cells. Genes Cells
7:421-434

Rodrigues G. A. and Park M. (1993) Dimerization mediated
through a leucine zipper activates the oncogenic potential of
the met receptor tyrosine kinase. Mol. Cell. Biol. 13: 6711—
6722

Hays J. L. and Watowich S. J. (2003) Oligomerization-induced
modulation of TPR-MET tyrosine kinase activity. J. Biol.
Chem. 278: 27456—-27463

Zhang Q., Skepper J., Yang F., Davies J., Hegyi L., Roberts R.
et al. (2001) Nesprins: a novel family of spectrin-repeat-con-
taining proteins that localize to the nuclear membrane in mul-
tiple tissues. J. Cell Sci. 114: 4485-4498

Zhang Q., Ragnauth C., Greener M., Shanahan C. and Roberts
R. (2002) The nesprins are giant actin-binding proteins, or-
thologous to Drosophila melanogaster muscle protein MSP-
300. Genomics 80: 473481

Zhen Y. Y., Libotte T., Munck M., Noegel A. A. and Koren-
baum E. (2002) NUANCE, a giant protein connecting the nu-
cleus and actin cytoskeleton. J. Cell Sci. 115: 3207-3222
Mislow J. M., Holaska J. M., Kim M. S., Lee K. K., Segura-
Totten M., Wilson K. L. et al. (2002) Nesprin-lalpha self-as-
sociates and binds directly to emerin and lamin A in vitro.
FEBS Lett. 525: 135-140

Gough L. L., Fan J., Chu S., Winnick S. and Beck K. A. (2003)
Golgi localization of Syne-1. Mol. Cell. Biol. 14: 2410—-2424
Munoz-Centeno M. C., McBratney S., Monterrosa A., Byers
B., Mann C. and Winey M. (1999) Saccharomyces cerevisiae
MPS2 encodes a membrane protein localized at the spindle pole
body and the nuclear envelope. Mol. Biol. Cell 10: 23932406
Le Masson 1., Saveanu C., Chevalier A., Namane A., Gobin
R., Fromont-Racine M. et al. (2002) Spc24 interacts with
Mps2 and is required for chromosome segregation, but is not
implicated in spindle pole body duplication. Mol. Microbiol.
43: 14311443

Schramm C., Elliott S., Shevchenko A. and Schiebel E. (2000)
The Bbplp-Mps2p complex connects the SPB to the nuclear
envelope and is essential for SPB duplication. EMBO 1J. 19:
421-433

Pfiz S., Zimmermann J. and Hilt W. (2002) The yeast kineto-
chore protein Slk19 is required to prevent aberrant chromo-
some segregation in meiosis and mitosis. Genes Cells 7:
1033-1042

Pidoux A. L., Richardson W. and Allshire R. C. (2003) Sim4:
a novel fission yeast kinetochore protein required for cen-
tromeric silencing and chromosome segregation. J. Cell Biol.
161: 295-307

Zeng X., Kahana J. A., Silver P. A., Morphew M. K., McIntosh
J. R, Fitch I. T. et al. (1999) Slk19p is a centromere protein
that functions to stabilize mitotic spindles. J. Cell Biol. 146:
415-425

Schaerer F., Morgan G., Winey M. and Philippsen P. (2001)
Cnm67p is a spacer protein of the Saccharomyces cerevisiae
spindle pole body outer plaque. Mol. Biol. Cell 12: 2519—
2533

Soues S. and Adams 1. R. (1998) SPC72: a spindle pole com-
ponent required for spindle orientation in the yeast Saccha-
romyces cerevisiae. J. Cell Sci. 111: 2809-2818

Chen X. P, Yin H. and Huffaker T. C. (1998) The yeast spin-
dle pole body component Spc72p interacts with Stu2p and is
required for proper microtubule assembly. J. Cell Biol. 141:
1169-1179

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

Function of large coiled-coil proteins

Kilmartin J. V,, Dyos S. L., Kershaw D. and Finch J. T. (1993)
A spacer protein in the Saccharomyces cerevisiae spindle poly
body whose transcript is cell cycle-regulated. J. Cell Biol.
123: 11751184

Flory M. R., Moser M. J., Monnat R. J. Jr and Davis T. N.
(2000) Identification of a human centrosomal calmodulin-
binding protein that shares homology with pericentrin. Proc.
Natl. Acad. Sci. USA 97: 5919-5923

Li Q., Hansen D., Killilea A., Joshi H. C., Palazzo R. E. and
Balczon R. (2001) Kendrin/pericentrin-B, a centrosome pro-
tein with homology to pericentrin that complexes with PCM-
1. J. Cell Sci. 114: 797-809

Dictenberg J. B., Zimmerman W., Sparks C. A., Young A.,
Vidair C., Zheng Y. et al. (1998) Pericentrin and gamma-tubu-
lin form a protein complex and are organized into a novel lat-
tice at the centrosome. J. Cell Biol. 141: 163174

Purohit A., Tynan S. H., Vallee R. and Doxsey S. J. (1999) Di-
rect interaction of pericentrin with cytoplasmic dynein light
intermediate chain contributes to mitotic spindle organization.
J. Cell Biol. 147: 481-492

Takahashi M., Shibata H., Shimakawa M., Miyamoto M.,
Mukai H. and Ono Y. (1999) Characterization of a novel giant
scaffolding protein, CG-NAP, that anchors multiple signaling
enzymes to centrosome and the Golgi apparatus. J. Biol.
Chem. 274: 17267-17274

Witczak O., Skalhegg B. S., Keryer G., Bornens M., Tasken
K., Jahnsen T. et al. (1999) Cloning and characterization of a
c¢DNA encoding an A-kinase anchoring protein located in the
centrosome, AKAP450. EMBO J. 18: 1858—1868

Takahashi M., Yamagiwa A., Nishimura T., Mukai H. and Ono
Y. (2002) Centrosomal proteins CG-NAP and kendrin provide
microtubule nucleation sites by anchoring gamma-tubulin
ring complex. Mol. Biol. Cell 13: 3235-3245

Sundberg H. A. and Davis T. N. (1997) A mutational analysis
identifies three functional regions of the spindle pole compo-
nent Spcl10p in Saccharomyces cerevisiae. Mol. Biol. Cell 8:
2575-2590

Fava F., Raynaud-Messina B., Leung-Tack J., Mazzolini L., Li
M., Guillemot J. C. et al. (1999) Human 76p: a new member
of the gamma-tubulin-associated protein family. J. Cell Biol.
147: 857-868

Moisoi N., Erent M., Whyte S., Martin S. and Bayley P. M.
(2002) Calmodulin-containing substructures of the centroso-
mal matrix released by microtubule perturbation. J. Cell Sci.
115: 2367-2379

Sillibourne J. E., Milne D. M., Takahashi M., Ono Y. and Meek
D. W. (2002) Centrosomal anchoring of the protein kinase
CKldelta mediated by attachment to the large, coiled-coil
scaffolding protein CG-NAP/AKAP450. J. Mol. Biol. 322:
785-797

Takahashi M., Mukai H., Oishi K., Isagawa T. and Ono Y.
(2000) Association of immature hypophosphorylated protein
kinase cepsilon with an anchoring protein CG-NAP. J. Biol.
Chem. 275: 34592-34596

Keryer G., Witczak O., Delouvee A., Kemmner W. A., Rouillard
D., Tasken K. et al. (2003) Dissociating the centrosomal matrix
protein AKAP450 from centrioles impairs centriole duplication
and cell cycle progression. Mol. Biol. Cell 14: 2436—-2446
Bouckson-Castaing V., Moudjou M., Ferguson D. J., Mucklow
S., Belkaid Y., Milon G. et al. (1996) Molecular characterisa-
tion of ninein, a new coiled-coil protein of the centrosome. J.
Cell Sci. 109: 179-190

Mogensen M. M., Malik A., Piel M., Bouckson-Castaing V.
and Bornens M. (2000) Microtubule minus-end anchorage at
centrosomal and non-centrosomal sites: the role of ninein. J.
Cell Sci. 113: 3013-3023

Dammermann A. and Merdes A. (2002) Assembly of centro-
somal proteins and microtubule organization depends on
PCM-1. J. Cell Biol. 159: 255-266



CMLS, Cell. Mol. Life Sci.

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

Vol. 61, 2004

Ou Y. Y., Mack G. J., Zhang M. and Rattner J. B. (2002)
CEP110 and ninein are located in a specific domain of the
centrosome associated with centrosome maturation. J. Cell
Sci. 115: 1825-1835

Fry A. M., Mayor T., Meraldi P, Stierhof'Y. D., Tanaka K. and
Nigg E. A. (1998) C-Napl, a novel centrosomal coiled-coil
protein and candidate substrate of the cell cycle-regulated pro-
tein kinase Nek2. J. Cell Biol. 141: 15631574

Faragher A. J. and Fry A. M. (2003) Nek2A kinase stimulates
centrosome disjunction and is required for formation of bipo-
lar mitotic spindles. Mol. Biol. Cell 14: 28762889

Mayor T., Hacker U., Stierhof Y. D. and Nigg E. A. (2002) The
mechanism regulating the dissociation of the centrosomal pro-
tein C-Napl from mitotic spindle poles. J. Cell Sci. 115:
3275-3284

Gergely F., Karlsson C., Still 1., Cowell J., Kilmartin J. and
Raff J. W. (2000) The TACC domain identifies a family of cen-
trosomal proteins that can interact with microtubules. Proc.
Natl. Acad. Sci. USA 97: 14352—14357

Gergely F. (2002) Centrosomal TACCtics. Bioessays 24: 915—
925

Lauffart B., Howell S. J., Tasch J. E., Cowell J. K. and Still I.
H. (2002) Interaction of the transforming acidic coiled-coil 1
(TACCT1) protein with ch-TOG and GAS41/NuBI1 suggests
multiple TACCl-containing protein complexes in human
cells. Biochem. J. 363: 195-200

Raff J. W. (2002) Centrosomes and cancer: lessons from a
TACC. Trends Cell Biol. 12: 222-225

Pihan G. A., Purohit A., Wallace J., Malhotra R., Liotta L. and
Doxsey S. J. (2001) Centrosome defects can account for cel-
lular and genetic changes that characterize prostate cancer
progression. Cancer Res. 61: 2212-2219

Marx J. (2001) Cell biology. Do centrosome abnormalities
lead to cancer? Science 292: 426—429

Mack G. J. and Compton D. A. (2001) Analysis of mitotic mi-
crotubule-associated proteins using mass spectrometry identi-
fies astrin, a spindle-associated protein. Proc. Natl. Acad. Sci.
USA 98: 1443414439

Gruber J., Harborth J., Schnabel J., Weber K. and Hatzfeld M.
(2002) The mitotic-spindle-associated protein astrin is essen-
tial for progression through mitosis. J. Cell Sci. 115: 4053 —
4059

Esteban M. R., Giovinazzo G., de la Hera A. and Goday C.
(1998) PUMAL1: a novel protein that associates with the cen-
trosomes, spindle and centromeres in the nematode Paras-
caris. J. Cell Sci. 111: 723-735

Lorson M. A., Horvitz H. R. and van den Heuvel S. (2000)
LIN-5 is a novel component of the spindle apparatus required
for chromosome segregation and cleavage plane specification
in Caenorhabditis elegans. J. Cell Biol. 148: 73—-86

LiQ., KeY., Kapp J. A., Fertig N., Medsger T. A. Jr and Joshi
H. C. (1995) A novel cell-cycle-dependent 350-kDa nuclear
protein: C-terminal domain sufficient for nuclear localization.
Biochem. Biophys. Res. Commun. 212: 220-228

Zhu X., Mancini M. A., Chang K. H., Liu C. Y., Chen C. F,,
Shan B. et al. (1995) Characterization of a novel 350-kilodal-
ton nuclear phosphoprotein that is specifically involved in mi-
totic-phase progression. Mol. Cell. Biol. 15: 5017-5029
Liao H., Winkfein R. J., Mack G., Rattner J. B. and Yen T. J.
(1995) CENP-F is a protein of the nuclear matrix that assem-
bles onto kinetochores at late G2 and is rapidly degraded after
mitosis. J. Cell Biol. 130: 507518

Fletcher L., Yen T. J. and Muschel R. J. (2003) DNA damage
in HeLa cells induced arrest at a discrete point in G2 phase
as defined by CENP-F localization. Radiat. Res. 159: 604—
611

Hussein D. and Taylor S. S. (2002) Farnesylation of Cenp-F is
required for G2/M progression and degradation after mitosis.
J. Cell Sci. 115: 34033414

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

Review Article 2007

Sugata N., Munekata E. and Todokoro K. (1999) Characteri-
zation of a novel kinetochore protein, CENP-H. J. Biol. Chem.
274: 2734327346

Sugata N., Li S., Earnshaw W.C., Yen T.J., Yoda K., Masumoto
H. et al. (2000) Human CENP-H multimers colocalize with
CENP-A and CENP-C at active centromere-kinetochore com-
plexes. Hum. Mol. Genet. 9: 2919-2926

Fukagawa T., Mikami Y., Nishihashi A., Regnier V., Haraguchi
T., Hiraoka Y. et al. (2001) CENP-H, a constitutive centromere
component, is required for centromere targeting of CENP-C
in vertebrate cells. EMBO J. 20: 4603—-4617

Starr D. A., Saffery R., Li Z., Simpson A. E., Choo K. H.,
Yen T. J. et al. (2000) HZwint-1, a novel human kinetochore
component that interacts with HZW10. J. Cell Sci. 113:
1939-1950

Verde 1., Pahlke G., Salanova M., Zhang G., Wang S., Coletti
D. et al. (2001) Myomegalin is a novel protein of the
Golgi/centrosome that interacts with a cyclic nucleotide phos-
phodiesterase. J. Biol. Chem. 276: 11189—11198

Diviani D. and Scott J. D. (2001) AKAP signaling complexes
at the cytoskeleton. J. Cell Sci. 114: 1431—-1437

Barr F. A. and Short B. (2003) Golgins in the structure and
dynamics of the Golgi apparatus. Curr. Opin. Cell Biol. 15:
405— 413

Kjer-Nielsen L., Teasdale R. D., van Vliet C. and Gleeson P. A.
(1999) A novel Golgi-localisation domain shared by a class of
coiled-coil peripheral membrane proteins. Curr. Biol. 9: 385—
388

Munro S. and Nichols B. J. (1999) The GRIP domain — a novel
Golgi-targeting domain found in several coiled-coil proteins.
Curr. Biol. 9: 377-380

Van Valkenburgh H., Shern J., Sharer J., Zhu X. and Kahn R.
(2001) ADP-ribosylation factors (ARFs) and ARF-like 1
(ARL1) have both specific and shared effectors: characteriz-
ing ARLI1-binding proteins. J. Biol. Chem. 276: 22826—
22837

Panic B., Whyte J. R. and Munro S. (2003) The ARF-like
GTPases Arllp and Arl3p act in a pathway that interacts with
vesicle-tethering factors at the Golgi apparatus. Curr. Biol.
13: 405-410

Bascom R. A., Srinivasan S. and Nussbaum R. L. (1999) Iden-
tification and characterization of golgin-84, a novel Golgi in-
tegral membrane protein with a cytoplasmic coiled-coil do-
main. J. Biol. Chem. 274: 2953-2962

Jakymiw A., Raharjo E., Rattner J. B., Eystathioy T., Chan E.
K. and Fujita D. J. (2000) Identification and characterization
of'a novel Golgi protein, golgin-67. J. Biol. Chem. 275: 4137—
4144

Gillingham A. K., Pfeifer A. C. and Munro S. (2002) CASP,
the alternatively spliced product of the gene encoding the
CCAAT-displacement protein transcription factor, is a Golgi
membrane protein related to giantin. Mol. Biol. Cell 13:
3761- 3774

Misumi Y., Sohda M., Tashiro A., Sato H. and Ikehara Y.
(2001) An essential cytoplasmic domain for the Golgi local-
ization of coiled-coil proteins with a COOH-terminal mem-
brane anchor. J. Biol. Chem. 276: 6867—6873

Seemann J., Jokitalo E., Pypaert M. and Warren G. (2000)
Matrix proteins can generate the higher order architecture of
the Golgi apparatus. Nature 407: 1022—-1026

Seemann J., Pypaert M., Taguchi T., Malsam J. and Warren G.
(2002) Partitioning of the matrix fraction of the Golgi appara-
tus during mitosis in animal cells. Science 295: 848—851
Sisson J. C., Field C., Ventura R., Royou A. and Sullivan W.
(2000) Lava lamp, a novel peripheral Golgi protein, is re-
quired for Drosophila melanogaster cellularization. J. Cell
Biol. 151: 905-918

Guan Z., Prado A., Melzig J., Heisenberg M., Nash H. A. and
Raabe T. (2000) Mushroom body defect, a gene involved in the



2008

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

A. Rose and I. Meier

control of neuroblast proliferation in Drosophila, encodes a
coiled-coil protein. Proc. Natl. Acad. Sci. USA 97: 8122—
8127

Gaines P, Tompkins L., Woodard C. T. and Carlson J. R.
(2000) quick-to-court, a Drosophila mutant with elevated lev-
els of sexual behavior, is defective in a predicted coiled-coil
protein. Genetics 154: 16271637

Reddy A. and Day 1. (2001) Analysis of the myosins encoded
in the recently completed Arabidopsis thaliana genome se-
quence. Genome Biology 2: 0024.0021-0024.0017

Reddy A. S. and Day I. S. (2001) Kinesins in the Arabidopsis
genome: a comparative analysis among eukaryotes. BMC Ge-
nomics 2: 2

Marcus A. 1., Li W., Ma H. and Cyr R. J. (2003) A kinesin mu-
tant with an atypical bipolar spindle undergoes normal mito-
sis. Mol. Biol. Cell 14: 1717-1726

Nishihama R., Soyano T., Ishikawa M., Araki S., Tanaka H.,
Asada T. et al. (2002) Expansion of the cell plate in plant cy-
tokinesis requires a kinesin-like protein/MAPKKK complex.
Cell 109: 87-99

Preuss M. L., Delmer D. P. and Liu B. (2003) The cotton ki-
nesin-like calmodulin-binding protein associates with cortical
microtubules in cotton fibers. Plant Physiol. 132: 154—160
Smith L. G. (2002) Plant cytokinesis: motoring to the finish.
Curr. Biol. 12: R206—-208

Strompen G., El Kasmi F, Richter S., Lukowitz W., Assaad F.
F., Jurgens G. et al. (2002) The Arabidopsis HINKEL gene en-
codes a kinesin-related protein involved in cytokinesis and is
expressed in a cell cycle-dependent manner. Curr. Biol. 12:
153158

Liu Cm C. M., McElver J., Tzafrir 1., Joosen R., Wittich P,
Patton D. et al. (2002) Condensin and cohesin knockouts in
Arabidopsis exhibit a titan seed phenotype. Plant J. 29: 405—
415

Hanin M., Mengiste T., Bogucki A. and Paszkowski J. (2000)
Elevated levels of intrachromosomal homologous recombina-
tion in Arabidopsis overexpressing the MIM gene. Plant J. 24:
183-189

Mengiste T., Revenkova E., Bechtold N. and Paszkowski J.
(1999) An SMC-like protein is required for efficient homolo-
gous recombination in Arabidopsis. EMBO J. 18: 4505-4512
Masuda K., Xu Z. J., Takahashi S., Ito A., Ono M., Nomura K.
et al. (1997) Peripheral framework of carrot cell nucleus con-
tains a novel protein predicted to exhibit a long alpha-helical
domain. Exp. Cell Res. 232: 173—181

Matsui M., Stoop C. D., von Arnim A. G., Wei N. and Deng X.
W. (1995) Arabidopsis COP1 protein specifically interacts in
vitro with a cytoskeleton-associated protein, CIP1. Proc. Natl.
Acad. Sci. USA 92: 42394243

Gindullis F,, Rose A., Patel S. and Meier . (2002) Four signa-
ture motifs define the first class of structurally related large
coiled-coil proteins in plants. BMC Genomics 3: 9

Harder P. A., Silverstein R. A. and Meier 1. (2000) Conserva-
tion of matrix attachment region-binding filament-like protein
1 among higher plants. Plant Physiol. 122: 225-234

Jeong S. Y., Rose A. and Meier 1. (2003) MFP1 is a thylakoid-
associated, nucleoid-binding protein with a coiled-coil struc-
ture. Nucleic Acids Res. 31: 5175-5185

Phillips J., Hilbricht T., Salamini F. and Bartels D. (2002) A
novel abscisic acid- and dehydration-responsive gene family
from the resurrection plant Craterostigma plantagineum en-
codes a plastid-targeted protein with DNA-binding activity.
Planta 215: 258—-266

Rupp G. and Porter M. E. (2003) A subunit of the dynein reg-
ulatory complex in Chlamydomonas is a homologue of a
growth arrest-specific gene product. J. Cell Biol. 162: 47-57
Chen H. M., Zhou J. and Dai Y. R. (2000) Cleavage of lamin-
like proteins in in vivo and in vitro apoptosis of tobacco pro-
toplasts induced by heat shock. FEBS Lett. 480: 165—168

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

Function of large coiled-coil proteins

Li H. and Roux S. J. (1992) Casein kinase II protein kinase is
bound to lamina-matrix and phosphorylates lamin-like pro-
tein in isolated pea nuclei. Proc. Natl. Acad. Sci. USA 89:
84348438

McNulty A. K. and Saunders M. J. (1992) Purification and
immunological detection of pea nuclear intermediate fila-
ments: evidence for plant nuclear lamins. J. Cell Sci. 103:
407-414

Minguez A. and Moreno Diaz de la Espina S. (1993) Im-
munological characterization of lamins in the nuclear matrix
of onion cells. J. Cell Sci. 106: 431-439

Yu W. and Moreno Diaz de la Espina S. (1999) The plant nu-
cleoskeleton: ultrastructural organization and identification of
NuMA homologues in the nuclear matrix and mitotic spindle
of plant cells. Exp. Cell Res. 246: 516—526

Hurme R., Berndt K. D., Normark S. J. and Rhen M. (1997) A
proteinaceous gene regulatory thermometer in Salmonella.
Cell 90: 55—64

Hurme R., Berndt K. D., Namork E. and Rhen M. (1996)
DNA binding exerted by a bacterial gene regulator with an ex-
tensive coiled-coil domain. J. Biol. Chem. 271: 12626—-12631
Naik R. R., Kirkpatrick S. M. and Stone M. O. (2001) The
thermostability of an alpha-helical coiled-coil protein and its
potential use in sensor applications. Biosens. Bioelectron. 16:
1051-1057

Szilak L., Moitra J. and Vinson C. (1997) Design of a leucine
zipper coiled coil stabilized 1.4 kcal mol-1 by phosphoryla-
tion of a serine in the e position. Protein Sci. 6: 1273—-1283
Szilak L., Moitra J., Krylov D. and Vinson C. (1997) Phos-
phorylation destabilizes alpha-helices. Nat. Struct. Biol. 4:
112-114

Sells S. F., Han S. S., Muthukkumar S., Maddiwar N., John-
stone R., Boghaert E. et al. (1997) Expression and function of
the leucine zipper protein Par-4 in apoptosis. Mol. Cell. Biol.
17: 3823-3832

Diaz-Meco M. T., Municio M. M., Frutos S., Sanchez P,
Lozano J., Sanz L. et al. (1996) The product of par-4, a gene
induced during apoptosis, interacts selectively with the atypi-
cal isoforms of protein kinase C. Cell 86: 777-786
Johnstone R. W,, See R. H., Sells S. F., Wang J., Muthukkumar
S., Englert C. et al. (1996) A novel repressor, par-4, modulates
transcription and growth suppression functions of the Wilms’
tumor suppressor WT1. Mol. Cell. Biol. 16: 6945—-6956
Page G., Kogel D., Rangnekar V. and Scheidtmann K. H.
(1999) Interaction partners of DIk/ZIP kinase: co-expression
of DIk/ZIP kinase and Par-4 results in cytoplasmic retention
and apoptosis. Oncogene 18: 7265-7273

Dutta K., Alexandrov A., Huang H. and Pascal S. M. (2001)
pH-induced folding of an apoptotic coiled coil. Protein Sci.
10: 2531-2540

Dutta K., Engler F. A., Cotton L., Alexandrov A., Bedi G. S.,
Colquhoun J. et al. (2003) Stabilization of a pH-sensitive
apoptosis-linked coiled coil through single point mutations.
Protein Sci. 12: 257-265

Bartels D. and Salamini F. (2001) Desiccation tolerance in the
resurrection plant Craterostigma plantagineum. A contribu-
tion to the study of drought tolerance at the molecular level.
Plant Physiol. 127: 1346—-1353

Goyal K., Tisi L., Basran A., Browne J., Burnell A., Zurdo J.
et al. (2003) Transition from natively unfolded to folded state
induced by desiccation in an anhydrobiotic nematode protein.
J. Biol. Chem. 278: 1297712984

Broderick M. and Winder S. (2002) Towards a complete
atomic structure of spectrin family proteins. J. Struct. Biol.
137: 184193

Watanabe K., Muhle-Goll C., Kellermayer M., Labeit S. and
Granzier H. (2002) Different molecular mechanics displayed
by titin’s constitutively and differentially expressed tandem Ig
segments. J. Struct. Biol. 137: 248—-258



CMLS, Cell. Mol. Life Sci.

166

167

168

169

170

171

172

173

174

Vol. 61, 2004

Gillingham A. and S. M. (2003) Long coiled-coil proteins and
membrane traffic. Biochim. Biophys. Acta 1641: 71—85
Hearle J. (2000) A critical review of the structural mechanics
of wool and hair fibres. Int. J. Biol. Macromol. 27

Schwaiger 1., Sattler C., Hostetter D. and Rief M. (2002) The
myosin coiled-coil is a truly elastic protein structure. Nat.
Mater. 1: 232-235

Becker N., Oroudjev E., Mutz S., Cleveland J., Hansma P,
Hayashi C. et al. (2003) Molecular nanosprings in spider cap-
ture-silk threads. Nat. Mater. 2: 278—-283

Lauzon A., Fagnant P, Warshaw D. and Trybus K. (2001)
Coiled-coil unwinding at the smooth muscle myosin head-rod
junction is required for optimal mechanical performance. Bio-
phys. J. 80: 1900—1904

Chakrabarty T., Xiao M., Cooke R. and Selvin P. (2002) Hold-
ing two heads together: stability of the myosin II rod measured
by resonance energy transfer between the heads. Proc. Natl.
Acad. Sci. USA 99: 6011-6016

LiY., Brown J., Reshetnikova L., Blazsek A., Farkas L., Nyi-
tray L. and Cohen C. (2003) Visualization of an unstable
coiled coil from the scallop myosin rod. Nature 424: 341—-345
Vale R. and Milligan R. (2000) The way things move: looking
under the hood of molecular motor proteins. Science 288:
88-95

Lupas A., Van Dyke M. and Stock J. (1991) Predicting coiled
coils from protein sequences. Science 252: 1162—1164

175

176

177

178

179

180

181

182

Review Article 2009

Parry D. A. (1982) Coiled-coils in alpha-helix-containing pro-
teins: analysis of the residue types within the heptad repeat
and the use of these data in the prediction of coiled-coils in
other proteins. Biosci. Rep. 2: 1017-1024

Lupas A. (1997) Predicting coiled-coil regions in proteins.
Curr. Opin. Struct. Biol. 7: 388—393

Berger B. and Singh M. (1997) An iterative method for im-
proved protein structural motif recognition. J. Comput. Biol.
4:261-273

Newman J. R., Wolf E. and Kim P. S. (2000) A computation-
ally directed screen identifying interacting coiled coils from
Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA 97:
13203-13208

Liu J. and Rost B. (2001) Comparing function and structure
between entire proteomes. Protein Sci. 10: 1970—1979
Keating A. E., Malashkevich V. N., Tidor B. and Kim P. S.
(2001) Side-chain repacking calculations for predicting struc-
tures and stabilities of heterodimeric coiled coils. Proc. Natl.
Acad. Sci. USA 98: 14825-14830

Rose A., Manikantan S., Schraegle S., Maloy M., Stahlberg E.
and Meier 1. (2004) Genome-wide identification of long
coiled-coil proteins in Arabidopsis and establishment of the
ARABI-COIL database. Plant Phys. 134: 927-939

Alonso J., Stepanova A., Leisse T., Kim C., Chen H., Shinn P.
et al. ( 2003) Genome-wide insertional mutagenesis of 4ra-
bidopsis thaliana. Science 301: 653—-657

To access this journal online:
http://www.birkhauser.ch




