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The spindle pole body of the budding yeast Saccharomyces
cerevisiae has served as a model system for understanding
microtubule organizing centers, yet very little is known about
the molecular structure of its components. We report here the
structure of the C-terminal domain of the core component
Cnm67 at 2.3 Å resolution. The structure determination was
aided by a novel approach to crystallization of proteins contain-
ing coiled-coils that utilizes globular domains to stabilize the
coiled-coils. This enhances their solubility in Escherichia coli
and improves their crystallization. The Cnm67 C-terminal
domain (residues Asn-429—Lys-581) exhibits a previously
unseen dimeric, interdigitated, all �-helical fold. In vivo studies
demonstrate that this domain alone is able to localize to the
spindle pole body. In addition, the structure reveals a large func-
tionally indispensable positively charged surface patch that is
implicated in spindle pole body localization. Finally, the C-ter-
minal eight residues are disordered but are critical for protein
folding and structural stability.

The spindle pole body (SPB)2 of the budding yeast Saccharo-
myces cerevisiae serves as a simple model system for under-
standing microtubule organizing centers, which play essential
roles in a wide variety of cellular functions including chromo-
some segregation during mitosis and meiosis, cytokinesis, fer-
tilization, cell motility, and intracellular trafficking (1, 2). These
massive multiprotein organelles vary widely across eukaryotes
in organization, but they share conserved regulatory and struc-
tural components as well as the same function of microtubule
nucleation.
In S. cerevisiae, the SPB is the sole site formicrotubule nucle-

ation and is functionally analogous to the centrosome in ani-

mals cells. Unlike the centrosome, the SPB is located in the
nuclear envelope, which in yeast remains intact throughout the
cell cycle. Microtubules extend from the SPB into both
the cytoplasm and the nucleus. Considerable effort has been
devoted to understanding the organization, composition, and
assembly of the SPB, and yet very little is known about the high
resolution structural features of this assembly. Cryoelectron
microscopy and electron tomography have shown that the SPB
consists of multiple interconnected layers that include the
nuclear inner plaque, the cytoplasmic outer plaque, and the
central plaque that is embedded in the nuclear envelope (Fig.
1A). The central plaque is associated on one side with an elec-
tron-dense region in the nuclear envelope known as the half-
bridge. This electron dense region is the locationwhere the new
SPB is assembled (3). In addition to the major layers, two less
distinct layers, known as the first and second intermediate lay-
ers (IL1 and IL2), have been identified between the central and
outer plaques. Approximately 18 proteins are included in the
core complex (4). The topological arrangement of the core pro-
tein components that form the scaffoldwithin the SPB has been
determined using immunofluorescence microscopy, electron
microscopy, electron tomography, and FRET analysis (3, 5–7).
The central plaque and IL2 are closely associated and contain
five proteins; Spc110, Cmd1, Spc29, Spc42, and Cnm67. Spc29
and Cmd1 are located in the central plaque. The C terminus of
Spc110 localizes to the central plaque and binds to Cmd1 (cal-
modulin). Spc29 is believed to function as a bridge between
Spc110 and Spc42 (8). Spc42 originates in the central plaque,
where it interacts with Spc29 and extends into the IL2 layer
where its C terminus interacts with the C terminus of Cnm67.
The N terminus of Cnm67 interacts with the outer plaque pro-
tein Nud1 (8).
The only three-dimensional structures known for the SPB

components are calmodulin (Cmd1), centrin bound to an
�-helical fragment of Sfi1, and �-tubulin (Tub4) (9, 10). The
structure of a SPB-associated microtubule binding domain of
XMAP215, a vertebrate equivalent of Stu2 in S. cerevisiae, is
also known (11). In addition, the structure of a section of the
coiled-coil of Spc42 has been determined (12). Overall knowl-
edge of the structure of the SPB and its components has been
hindered by difficulties in expressing the proteins in soluble
form suitable for structural studies. In part this is due to a pre-
ponderance of proteins that contain long sections of coiled-
coil, which results in highly asymmetric proteins that are not
readily amenable to crystallographic analysis. Clearly, struc-
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tural studies would benefit from the construction and expres-
sion of individual domains.
Sequence analysis predicts that more than half of the core

proteins in the SPB contains sections of coiled-coil that connect
globular domains. In the case of Spc110, Spc42, Cnm67, and
Spc72, there is good evidence that these extended tertiary
structural motifs serve to connect the layers that constitute the
SPB (7, 12–14). The presence of coiled-coils implies that many
of the proteins in the SPB are constitutive dimers, and it is
expected that the dimeric structure will be important for pro-
ductive protein-protein interactions through cooperativity
between globular domainswithin the SPB. In addition, the fold-
ing of many of the globular domains themselves will be pro-
foundly influenced by the preceding or succeeding coiled-coils,
because of the cooperative nature of protein folding. Thus, any
effort to express functional domains of the SPB proteins should
have the capacity to maintain the dimeric (or trimeric) state
imposed by the presence of coiled-coils.
The simplest solution to expressing a dimeric globular

domain associated with a region of coiled-coil would be to
include a section of the endogenous dimerizing coiled-coil,
possibly with the addition of a leucine zipper to stabilize the
assembly. Leucine zippers, such as that found in the transcrip-

tion factor GCN4, have been used successfully to determine the
structures of the fragments of coiled-coils in myosin (15), tro-
pomyosin (16, 17), and vimentin (18), in which the zipper has
been added to either the N or the C termini of the protein of
interest. However, the disadvantage of inclusion of an extended
section of coiled-coil is that the proteins will necessarily be
highly asymmetric and, hence, might be difficult to crystallize.
For example, a GCN4 leucine zipper plus an additional heptad
from the coiled-coil of the target protein would create a coiled-
coil that was at least 55 Å long with a diameter of �20 Å. In
contrast, a globular domain, such as the C-terminal region of
Cnm67, which consists of 135 amino acid residues, can be
expected to have a diameter of 30–40 Å.
An alternative approach would be to replace the extended

coiled-coil with a globular motif that would maintain the same
symmetry. One such motif is that found in the scaffolding pro-
tein Gp7 from bacteriophage �29 (19, 20), which consists of a
four-helix bundle that caps a coiled-coil. The helical bundle is
�28 Å in diameter and less than 30 Å in length.We report here
the structural and functional characterization of theC-terminal
globular domain of Cnm67 fused to the helical bundle of Gp7
through a short section of coiled-coil.
Cnm67 is an integral component of the SPB. Cells in which

this protein has been deleted do not exhibit an outer plaque,
experience severe defects in nuclear migration, and grow
extremely slowly (21). The protein is predicted to consist of an
N-terminal domain of �190 amino acid residues connected to
a C-terminal domain of �135 amino acid residues by a discon-
tinuous coiled-coil �256 residues in length (Fig. 1B). The
C-terminal region of Cnm67 interacts with Spc42, whereas the
N-terminal region interacts with Nud1 in the outer plaque (8).
In this way, Cnm67 functions as a spacer between the outer
plaque and central plaque (14).
The structural studies described here reveal that the C-ter-

minal globular domain of Cnm67 contains a new compact pro-
tein fold in which the helices from one polypeptide interweaves
with those of the 2-fold related chain as they emanate from the
coiled-coil region of the molecule. In vivo studies show that the
globular domain alone is sufficient for localization of Cnm67 at
the SPB and that exposed hydrophobic residues at the C termi-
nus of the protein determine its structural stability. In addition,
this study reveals that a positively charged patch on the surface
of Cnm67 is important for SPB localization. This report also
provides an example of a new approach to studying coiled-coil-
containing proteins. Incorporation of a compact globular
domain to stabilize coiled-coil domains is shown to be particu-
larly beneficial in structural studies.

EXPERIMENTAL PROCEDURES

Cloning and Expression Vectors—All oligonucleotides were
purchased in desalted form (Integrated DNA Technologies)
and were used without purification. PfuUltra or PfuUltra II
Fusion DNA polymerases (Stratagene) were used in all PCR
reactions according to manufacturer’s recommendations. All
QuikChange mutagenesis was done essentially as described in
the manual for QuikChange kit (Stratagene) with the following
modifications; PfuUltra II Fusion DNA polymerase was used,
“QuikChange solution” was substituted with pure DMSO, only

FIGURE 1. Consensus model of SPB core and the domain structure of
Cnm67. A, the schematic arrangement of the major proteins in the SPB that
has been determined by a combination of immunofluorescence microscopy,
electron microscopy, electron tomography, and FRET analysis. Of these pro-
teins, the three-dimensional structures of only Tub4 (tubulin), calmodulin,
and a short section of coiled-coil within Spc42 are known. This figure was
redrawn from Jaspersen and Winey (4). B, Cnm67 is predicted to consist of N-
and C-terminal globular domains connected by a long dimeric coiled-coil.
The domain boundary for the N-terminal domain was derived from the
coiled-coil prediction programs Coils and Paircoil2 (42– 45). The end of the
globular domain, Asp-573, as evident from the subsequent structural deter-
mination, is indicated.

Structure and Function of Spindle Pole Body Protein Cnm67

MAY 20, 2011 • VOLUME 286 • NUMBER 20 JOURNAL OF BIOLOGICAL CHEMISTRY 18241

 at U
niversity of W

isconsin-M
adison, on A

ugust 1, 2012
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/


one mutagenic primer was included in the reaction, 30 ampli-
fication cycles were used, and extension was done at 65 °C for 1
min/kbp. QuikChange cloning is a restriction enzyme-free
cloning technique inwhich PCR product that contains the gene
of interest flanked by sequences that anneal to the target plas-
mid is used in place of oligonucleotide primers in a standard
QuikChange reaction (22, 23). The conditions that differed
from the published protocol are as follows; PfuUltra II Fusion
DNApolymerase was used, 4%DMSOwas typically included, 1
min annealing timewas used, extension timeusedwas 2min/kb
at 65 °C, and 50 ng of template plasmid and 100–150 ng of PCR
product were used in a 25 �l reaction. All constructs generated
throughout the studies were sequence-verified over the entire
ORF insert and at least 50 bp upstream and downstream of the
ORF.
Expression in E. coli employed pKLD115, a pET31b vector

(Novagen)modified to include anN-terminal His6 tag followed
by an rTEV recognition site (24). Sequences coding for amino
acid residues Pro-2—Leu-53 of the scaffolding protein Gp7
from bacteriophage �29 and Cnm67 residues Lys-415—Lys-
581were amplified by PCR froman expression vector (obtained
from Dr. Dwight Anderson, University of Minnesota) and
S. cerevisiae genomic DNA, respectively, and cloned into an
expression vector by conventional restriction cloning. From
this, working constructs were made by the deletion of appro-
priate sequences using QuikChange mutagenesis. The final
expressed Gp7-Cnm67C fusion contained residues Pro-2—
His-50 of Gp7 followed by residues Asn-429—Lys-581 of
Cnm67. The C-terminal globular domain of Cnm67 consisted
of Cnm67 residues Asn-444—Lys-581. EB1 cDNA was ob-
tained fromOpen Biosystems (IMAGE clone ID 6527006), and
its fragment was cloned into Cnm67-containing vectors using
QuikChange cloning.
Yeast expression vectors used in intracellular localization

studies were based on pYES2 (Invitrogen). All constructs
encoded an N-terminal full-length GFP fused to the appropri-
ate fusion partner. In all cases the start codon of the expressed
ORF was located immediately after the pYES2 sequence
ATAGGGAATA, and the pYES2 sequence that followed the
ORF TAA stop codon was AGATATCCAT. These vectors
weremade by a combination of PCRoverlap extension (tomake
fusions ofGFPwithCnm67orGp7-Cnm67C) andQuikChange
cloning. Plasmids for yeast complementation studies were
based on an integration vector, pRS304 (25). pRS304-KanMX-
cnm67 containing full-length cnm67 was generated previously
by inserting a fragment of yeast chromosome that contains
cnm67 gene as well as the 317 bp upstream and 340 bp down-
stream of the ORF into pRS304-KanMX using the blunt SmaI
site (26).
All constructs used in the experiments described in the paper

are listed in supplemental Table S1. After tag removal, Gp7-
Cnm67C expressed in E. coli contained non-native peptide
GGSG preceding Pro-2 of Gp7. GFP fusion proteins expressed
in yeasts contained the “GFPplus” GFP mutant (F64L, S65T,
F99S, M153T, V163A) with a nucleotide sequence identical to
that found in the pRU1701 plasmid (GenBankTM accession
number AJ851277.1). GFP was fused to the native protein
sequence (Cnm67 or Gp7 as appropriate) through a linker with

a sequence GGTSENLYFQGGSG. All of the Cnm67-EB1
fusions contained the appropriate Cnm67 sequence fused
through a single glycine spacer to the residues Val-200—Asp-
257 of EB1.
Protein Expression, Purification, and Crystallization—The

selenomethionine-labeled Gp7-Cnm67 fusion with an N-ter-
minal rTEV-cleavable His6 tag was produced in E. coli BL21
CodonPlus cells (Stratagene) in M9 medium utilizing a meta-
bolic inhibition protocol (27). Cells were grown at 37 °Cuntil an
A600 of �0.6 (as measured in a Beckman DU640B spectropho-
tometer) and cooled on ice, 1 mM isopropyl 1-thio-�-D-galac-
topyranoside was added, and the growth resumed overnight at
16 °C. Cells were collected by centrifugation, and the cell paste
was frozen in liquid nitrogen. For purification, 5 g of cell pellet
was added to 25 ml of ice-cold lysis buffer (50 mM NaH2PO4,
300 mM NaCl, and 20 mM imidazole, pH 8.0, at room tempera-
ture) containing 0.5 mg/ml lysozyme, 1 mM PMSF, and 1 tablet
of EDTA-free protease inhibitors (Roche Applied Science).
Cells were lysed by sonication and centrifuged, and the cleared
lysate was applied to a 6 ml Ni-NTA column (Qiagen). The
column was washed with 50 ml of lysis buffer and eluted with a
64 ml imidazole gradient (0–500 mM) in the lysis buffer. The
purest fractionswere pooled (28ml at�4.2mg/ml protein) and
dialyzed overnight against 1 liter of buffer A (20 mM Tris, 200
mM NaCl, 0.2 mM EDTA, 1 mM DTT, pH 8.3, as measured at
4 °Cwithout a temperature probe). Next, 2mg of rTEV (28) was
added and incubated for 3 h at room temperature followed by
overnight incubation at 4 °C. The cleaved protein was reloaded
onto the same Ni-NTA column equilibrated with buffer A, and
the column was washed with 20 ml of buffer A. The flow-
through and wash fractions containing the purest Gp7-Cnm67
protein were pooled, dialyzed against 1 liter of buffer B (20 mM

Tris, 100 mM NaCl, 0.5 mM tris(2-carboxyethyl)phosphine, pH
8.3 at 4 °C), concentrated using aCentriprepYM-10 (Millipore)
to �2.5 ml, clarified by centrifugation, frozen as 30 �l drops
into liquid nitrogen, and stored at �80 °C.
All other Cnm67-containing proteins were expressed in

native form, and the purification, where attempted, used iden-
tical or very similar conditions. For the experiments shown in
Fig. 6 and supplemental Fig. S3, the rTEV cleavage and second
chromatographic step were omitted, proteins were dialyzed
into a buffer and then concentrated and frozen as described for
an rTEV-cleaved preparation. In all cases the protein concen-
tration was estimated from their absorbance at 280 nm using
the theoretical extinction coefficient calculated by ProtParam
(29).
Crystals of selenomethionine-substituted Gp7-Cnm67C

were grown by vapor diffusion at room temperature from a 1:1
mixture of protein at 10 mg/ml and 10–11% monomethyl pol-
yethylene glycol 5000, 1.0 M tetramethylammonium chloride,
and 100 mM CHES, pH 9.0. Crystals grew to dimensions of
about 400 � 200 � 80 �m in approximately 2 weeks. The crys-
tals were cryopreserved by a stepwise transfer into a solution
containing 12% monomethyl polyethylene glycol 5000, 1.2 M

tetramethylammonium chloride, 100 mM CHES, pH 9.0, and
10% ethylene glycol. They were then flash-frozen in liquid
nitrogen. Diffraction quality crystals of native Gp7-Cnm67C
protein were also grown using two alternative conditions. Low
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pH precipitant solution contained 16%monomethyl polyethyl-
ene glycol 5000, 50% ethylene glycol, 50 mM acetic acid, and 50
mM MES, pH 5.5. High salt precipitant contained 2.4 M ammo-
nium phosphate, 100 mM HEPPS, pH 8.0.
Data Collection and Structure Determination—Data were

collected at a wavelength of 0.97921 Å at the SBC Beamline
19-BM (Advanced Photon Source, Argonne National Labora-
tory, Argonne, IL) and processed withHKL2000 (30). The crys-
tals of Gp7-Cnm67 fusion protein belonged to space group
C2221, with unit cell dimensions of 58.6 � 198.6 � 53.2 Å. The
solvent content of the crystals was 62% with one chain in the
asymmetric unit cell (VM 3.3 Å3dalton�1). The structure was
solvedwith Solve/Resolve (31–34) utilizing a selenomethionine
SAD experiment. Molecular replacement with Gp7 fragment
2–50 (PDB ID 1NO4) using Phaser (35) found a solution that
matched the experimental solution from SADphasing. The ini-
tial model was built by ARP/wARP (36) starting from the exist-
ing structure of Gp7 (residues 2–50 from 1NO4) and using the
experimental phase restraints option. Thiswas followed by iter-
ative cycles of manual model building in Coot (37) and refine-
ment directly against SAD data in Refmac 5.5 with restrained
and TLS refinement (38). Data processing and refinement sta-
tistics are presented in Table 1.
Miscellaneous Biochemical Methods—Size-exclusion chro-

matography was performed on a 10/30 Superdex 200 column.
In all cases, the running buffer was 20mMTris, 150mMNaCl, 3
mM NaN3, 0.5 mM tris(2-carboxyethyl)phosphine at pH 8.0.
Far ultraviolet circular dichroism spectra were recorded

using an Aviv Model 202SF CD Spectrophotometer at room
temperature. Proteins were analyzed at 0.12 mg/ml in 50 mM

sodium phosphate buffer at pH 7.5 with or without 2 M urea.
The proportion of the�-helical contentwas calculated from the
molar ellipticity at 222 nm according to Morrow et al. (39).

Proteolytic experiments were performed with the Cnm67
proteins at 2 mg/ml in 20 mM HEPES, 100 mM NaCl, 0.5 mM

tris(2-carboxyethyl)phosphine at pH 7.5. The reaction prod-
ucts were analyzed on a 12% SDS-PAGE gel.
The solubility of the GFP-Cnm67 fusion proteins was tested

as follows. Proteins were expressed as suggested in the manual
for pYES2 published by Invitrogen, with the exception that
strainW303 was used for expression. One gram of washed cells
was resuspended in 5 ml of buffer (20 mM HEPES, 100 mM

NaCl, 1mM tris(2-carboxyethyl)phosphine plus protease inhib-
itors from “Complete” tablets, RocheApplied Science), lysed by
bead beating, and centrifuged for 5min at 12,000� g to remove
cell debris. 150 �l of the resulting supernatants were centri-
fuged for 15 min at 80,000 rpm in Beckman TLA 100.1 rotor.
Yeast Localization and Complementation Studies—The gen-

eral yeast techniques were as described in Guthrie and Fink
(40). Strains were derived from aW303 background. The local-
ization experiments were performed by transforming yeasts
with pYES2-derived plasmids containing the various GFP-
Cnm67 fusion genes behind the GAL1 promoter and the URA3
gene (for selection on media lacking uracil). The cells were
grown in a glucose-containing medium (repressing) lacking
uracil to log phase (A600 � 0.4), washed, and then grown for
several hours or overnight in a raffinose-containing medium
lacking uracil. Cells were treated with 5 �g/ml Hoechst 33342

for 10 min to stain the DNA, washed, and spotted on micro-
scope slides. Images were acquired on a Leica DMRXA/RF4/V
automatedmicroscope (LeicaMicrosystems, Bannockburn, IL)
with a Photometrics COOL SNAPHQ2 digital camera (Photo-
metrics, Tucson, AZ) and analyzed using Metamorph imaging
software (Molecular Devices, Sunnyvale, CA). For complemen-
tation studies, wild-type ormutant CNM67 alleles on a plasmid
containing a trp1 gene (for selection on media lacking trypto-
phan) were integrated into a heterozygous null CNM67 yeast
strain (strain number MW3833). Two or more transformed
diploids for each were sporulated, and tetrads were dissected.
Ten complete tetrads were analyzed for a 2:2 segregation of
tryptophan/G418 growth, and 2 complete tetrads for each
transformant were streaked for growth on rich media plates at
25 °C and 37 °C.

RESULTS AND DISCUSSION

“Stopper Domain” Fusions Are Beneficial in Crystallographic
Studies of Coiled-coil Proteins—To facilitate expression and
crystallization of the Cnm67 C-terminal fragment, this study
developed a new approach to studying coiled-coil proteins. It
was hypothesized that substitution of a globular domain in
place of the coiled-coil would result in a fusion protein that
would be more amenable to structural and functional analysis.
We call these constructs coiled-coil stopper domain fusions.
This approach has been used successfully to determine the
structure of the tropomyosin overlap complex (41). In the cur-
rent investigation, theC-terminal region ofCnm67was fused to
the helical bundle of bacteriophage�29 scaffolding proteinGp7
(20) to create a protein that was highly soluble when expressed
in E. coli and crystallized exceedingly readily. This favorable
solution behavior is in contrast to attempts to express the
C-terminal region of Cnm67 alone or as a fusion protein with
GCN4, in which cases the constructs were insoluble or appar-
ently unstable (supplemental Table S2). Similarly, attempts to
improve the solubility of the protein construct through the
inclusion of a maltose binding protein solubility tag failed to
yield soluble protein.
Careful consideration was given to the design of the junction

betweenGp7 andCnm67 because the stability of a coiled-coil is
determined not only by the interactions between amino resi-
dues in the helix interface but also by intrachain interactions
between neighbors separated by three or four residues. The
coiled-coil registration inGp7 andCnm67was defined utilizing
the programsCoils and Paircoil2 (42–45). These programs pre-
dicted that the heptad repeats in Cnm67 start at�Asn-192 and
proceed through a series of coiled-coil segments that terminate
at �Phe-442. The final fusion construct included residues Pro-
2—His-50 of Gp7 and residues Asn-429—Lys-581 of Cnm67.
Three heptad repeatswere retained between the helix bundle of
Gp7 and the start of the globular domain for Cnm67. The three
heptads include one from Gp7 and two from Cnm67. To pre-
serve stabilizing interactions, His-50 was retained as the last
residue in Gp7 because it forms a hydrogen bond to Ser-49� on
the opposite chain. Asn-429 was chosen as the first residue
fromCnm67 because the structurally equivalent residue inGp7
(Glu-51) is surface-exposed and does not interact with any
other residue so that the substitution was viewed as neutral.
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The resulting fusion protein was predicted to contain an excel-
lent coiled-coil. The strategy utilized for designing the fusion
protein is illustrated in greater detail in the supplemental Fig.
S1.
Crystallization and Structure Overview—Gp7-Cnm67C was

highly overexpressed in E. coli at 16 °C, and the bulk of the
protein was soluble. The protein was readily purified and crys-
tallized under a wide range of conditions (�50% of the condi-
tions in the initial screen yielded crystals). The structure was
determined to 2.3 Å resolution by a combination of SAD phas-
ing andmolecular replacement with Gp7. Crystallographic sta-
tistics are presented in Table 1, and a representative section of
stereo omit map electron density is shown in supplemental Fig.
S2. A ribbon representation of the structure is shown in Fig. 2.
The structure is well defined from Pro-2—His-50 for Gp7 and
Asn-429-Asp-573 forCnm67. There is a small break in the elec-
tron density between Tyr-535 and Glu-537. Furthermore, the
electron density for the C-terminal residues of Cnm67 (resi-
duesHis-574—Lys-581) is largelymissing. Lys-581 is theC-ter-
minal residue in Cnm67. There is persistent and partially con-
nected electron density that extends away from the last�-helix,
but it is too weak to model with any confidence. Still, on the
basis of the weak density, it appears likely that the C terminus
continues as an �-helix beyond His-574. Thus, the C-terminal
globular domain of Cnm67 is a constitutive dimer built from
residues Asn-444—Asp-573.
The structure of the Gp7 helical bundle is essentially identi-

cal to that determined previously and runs smoothly into the
coiled-coil of Cnm67. The root mean square difference
between the �-carbon atoms in the helical bundle in Gp7
(PDB accession number 1NO4 (20)) and the equivalent res-
idues in the fusion protein with Cnm67 is 0.27 Å. An overlay
between the helix bundle and coiled-coils is shown in sup-
plemental Fig. S1.

The C-terminal domain of Cnm67 is dominated by seven
�-helices of varying length connected by short non-helical seg-
ments. These �-helices form a complex helical bundle that is
intertwined with the 2-fold related polypeptide chain. The first
three �-helices loop away from the coiled-coil domain and lie
on the surface of the globular domain, and thereafter, the poly-
peptide chain returns close to where it left the coiled-coil but in
the position of the adjacent chain. The fourth �-helix lies in the
core of the domain and continues the path of the coiled-coil, so
that the first three helices can be viewed as an insertion into a
coiled-coil. The fifth �-helix is angled across the 2-fold axis of
the domain. The final two helices lie on the outside of the
domain and pack against the 2-fold-related fifth helix. As a
whole, the fifth, sixth, and seventh helices of both chains form a
six-helix bundle. The fold terminates close to the 2-fold axis.
According to the SSM server, there are no similar folds in the
Protein Data Bank at the present time (46). A total 4350 Å2 of
accessible surface area is buried by the dimer interface of the
globular domain, which represents �40% of the total surface
area available to these polypeptide chains. This buried surface
area is unusually large for a homodimer that consists of only 131
amino acid residues per subunit (Asn-444–His-574).
Globular Domain Alone Is Sufficient for SPB Localization—

The addition of Gp7 to the C-terminal domain of Cnm67
greatly facilitated protein expression and a subsequent struc-
tural determination. To test whether this fusion protein retains
a functional SPB bindingmotif despite the presence of the non-
physiological Gp7, we investigated the intracellular localization
of a GFP-Gp7-Cnm67C fusion protein. As shown in Fig. 3, the
expressedGFP-Gp7-Cnm67C localizes to the two SPBs present
in a budded yeast cell, demonstrating that the x-ray structure

FIGURE 2. Structure of the Gp7-Cnm67 fusion protein. A, one subunit is
shown to reveal the path of a single polypeptide chain, where the individual
�-helixes are numbered. The residues of Gp7 are depicted in gray, whereas
the residues of Cnm67 are colored in a rainbow scheme. B, a stereoview of the
physiological homodimer is shown. For clarity, one polypeptide chain is col-
ored as in A, whereas the other is depicted in white. Figs. 2, 5, and 7 were
prepared with Pymol (50).

TABLE 1
Crystallographic and refinement statistics

Data processing
Space group C2221
Cell dimensions: a, b, c (Å) 58.6, 198.6, 53.2
Resolution (Å) 30.0-2.3 (2.38-2.30)a
Completeness (%) 100 (100)
Redundancy 10.7 (6.6)
Unique reflections 14536
Rmerge (%) 10.1 (38.9)
Average I/� 16.2 (5.0)

Refinement
Resolution (Å) 20.0-2.3 (2.36-2.30)
Rwork (%) 23.8 (28.8)
Rfree (%) 27.8 (35.0)
Protein atoms 1590
Water molecules 18
Wilson B value (Å2) 73.7
Average B factor (Å2) 80.2
Protein 80.5
Water molecules 56.5

Root mean square deviation
Bond lengths (Å) 0.007
Bond angles (°) 0.942

Ramachandran (%)
Favored region 95.8
Allowed region 4.2
Outlier region 0.0

a The values in parentheses correspond to the statistics for the highest resolution
shell.
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reported here contains a physiologically relevant domain of
Cnm67.
Intracellular localization of additional GFP fusion proteins

was assessed to narrow the structural determinants of Cnm67
that target it to the SPB. Previous studies demonstrated that the
C-terminal residues Thr-449–Lys-581 are necessary, but not
sufficient, for localization of Cnm67 at the SPB (14). However,
as shown in Fig. 3, a GFP fusion with only a slightly larger frag-
ment, starting with Asn-444, does localize to the SPB. The
structure of Gp7-Cnm67C suggests a possible explanation. It is
likely that omission of residues Leu-445—Asn-448 is destabi-
lizing because it results in a loss of several important contacts
observed in the dimer. Most importantly, the hydrophobic side
chain of Leu-483 is normally shielded by Leu-445� of the oppos-
ing chain and would become exposed to the solvent when Leu-
445—Asn-448 is removed. In the Gp7-Cnm67 fusion Leu-483
andLeu-483� pack togetherwith Leu-445 fromboth subunits at
the base of the domain and appear to provide an important
contribution to the hydrophobic core. There are also numerous
hydrogen bonds that will be lost on removal of Leu-445—Asn-
448, but these are expected to be thermodynamically neutral
because of the potential for hydrogen bonding to water.
Regardless of the exact explanation, it can be concluded that the
coiled-coil region is not absolutely required for SPB localization
and that the C-terminal globular domain is the major determi-
nant that targets Cnm67 to the SPB.
Positively Charged Surface Patch and Its Significance—The

structure of the Cnm67C exhibits a prominent positively
charged patch on the exposed face of the globular C-terminal
domain. It consists mostly of residues Lys-503, Arg-505, Arg-
506, Lys-507, and Lys-514 of one polypeptide chain and Lys-
541� and Arg-555� of another (Fig. 4A). To test the functional
importance of the basic patch, mutant proteins were created,
and their ability to localize to the SPB was tested. Six charged
residues that contribute to the basic patch were mutated either
to glutamate or alanine. Fig. 4B demonstrates that both charge
reversal and charge removal completely eliminate SPB localiza-
tion of the GFP-Gp7-Cnm67Cmutant proteins. To control for
the effects on protein folding and stability, the same Gp7-
Cnm67 mutants were expressed in E. coli, purified, and sub-
jected to size-exclusion chromatography. Both proteins are
mostly soluble when expressed in E. coli (data not shown) and
exhibit very similar retention times to that of the wild-type
protein (supplemental Fig. S3). Evidence that the GFP-Gp7-

Cnm67C wild-type protein is soluble in vivo is shown in sup-
plemental Fig. S4. This confirms that mutation of six residues
does not have a major effect on protein stability or on their
aggregation state in solution. A potential explanation for the
lack of localization is that the positively charged patch plays an
important role in the known interaction between Cnm67 and
the heavily phosphorylated C terminus of Spc42 in the SPB
(47).3 The basic patch on the surface of the Cnm67 C-terminal
domain thus appears to be a functionally indispensable struc-
tural feature of this protein.
C-terminal Peptide Is Essential for Function—As noted ear-

lier, the electron density for the C-terminal eight residues of
Cnm67 (574-HILEKMVK-581) is largely missing, which indi-
cates a higher degree of flexibility for this segment of the pro-
tein. Interestingly, this peptide contains four hydrophobic res-
idues, which is very unusual for a disordered region. Yet, a
BLAST search reveals this C-terminal feature is as well con-
served across fungi as other preceding sections of the sequence
(Fig. 5A). Because evolutionary conservation often implies
functional or structural importance, the role of this unusual
feature was investigated further. Fig. 5B illustrates that the
mutant lacking the last eight residues (GFP-Gp7-Cnm67C�8)
fails to localize to the SPB entirely. In addition, although wild-
type Cnm67 rescues the slow growth phenotype of Cnm67 null
at both 25 and 37 °C in a complementation assay, transformants
with the truncation mutant lacking the last eight amino acid
residues exhibit a temperature-sensitive phenotype, not grow-
ing at elevated temperatures (Fig. 5C). Interestingly, truncation

3 M. H. Jones and M. Winey, unpublished information.

FIGURE 3. SPB localization of Cnm67 proteins. Indicated GFP fusions pro-
teins were overexpressed in yeasts and assayed for their ability to label the
SPB as described under “Experimental Procedures.” Hoechst-stained nuclear
DNA is seen in blue, bright green dots represent the two SPBs present in bud-
ded yeast cells, and the green background fluorescence represents the GFP
fusion protein distributed throughout the cytoplasm. It is evident that both
the Gp7 fusion and the globular C-terminal domain alone are targeted to the
SPB.

FIGURE 4. Basic patch on the surface of Cnm67 is functionally important.
A, distribution of the electrostatic potential on the Cnm67 C-terminal domain.
Shown is the calculated electrostatic potential on the solvent-accessible sur-
face. The colors range from �128 to �128 mV. The residues that contribute
most heavily to the prominent positively charged patch are labeled. The elec-
trostatic potential was calculated with the program APBS plugin for Pymol
(51). B, basic patch mutants fail to localize to SPB. Six basic residues (Lys-503,
Arg-505, Arg-506, Lys-507, Lys-541, Arg-555) in GFP-Gp7-Cnm67C were
mutated either to glutamate (middle) or alanine (bottom), and the resulting
mutants along with the wild-type control (top) were assayed for SPB
localization.
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of only five C-terminal residues results in a protein that exhibits
wild-type behavior in SPB localization and null allele comple-
mentation assays (Fig. 5D). From these results, it is clear that
theC-terminal tip of the protein is important for the function of
Cnm67.
C-terminal Residues Determine the Structural Integrity of

Cnm67—The last eight residues of Cnm67 could be important
for binding to its partner, Spc42, and/or for protein folding and
stability, although normally interactions that are important for
protein stability are well ordered in protein crystal structures.
The second possibility can be tested by determining the struc-
ture of the protein by using a different crystal form in which the
“missing” residues can be observed and also by solving the
structure of the truncation mutant.
Gp7-Cnm67C crystallized in a wide variety of conditions.

Thus, the structure of Gp7-Cnm67C was re-determined from
two sets of crystals grown under radically different conditions
(PEG/pH 5.5 and high salt/pH 6.5 versus PEG/pH 9.0, see
“Experimental Procedures”). In both cases, however, the struc-

tures were isomorphous with that described earlier but exhib-
ited an evenhigher degree of disorder that includednot only the
C-terminal extension but also the second half of helix 5 (Phe-
525—Glu-537) and the entirety of helix 7 (Ile-560–Lys-581)
(data not shown). Thus, these structures failed to provide
insight into the structural role of the C terminus of Cnm67.
It was not possible to determine the structure of the trun-

cated Gp7-Cnm67C�8 because the protein was completely
insoluble when expressed in E. coli (supplemental Table S2).
This observation suggests that the C-terminal extension is
important for structural stability, at least when the proteins
are expressed in E. coli. To examine whether the C-terminal
extension is important for folding in a eukaryotic cell, a par-
allel set of expression tests were performed in yeast. The
same constructs, Gp7-Cnm67C and Gp7-Cnm67C�8 mu-
tant, were overexpressed as GFP fusions in yeasts and
assayed for solubility. Although the total GFP expression was
nearly identical between the two, ultracentrifugation of cell
lysates revealed dramatic differences; nearly all of the GFP

FIGURE 5. C-terminal peptide is functionally important. A, shown is conservation of the C termini of Cnm67. Also shown is an alignment between Cnm67 and
its putative homologs from other yeasts. Hydrophobic amino acid residues are highlighted in yellow. The C-terminal residues of Cnm67 that are disordered in
the crystal structure are highlighted in orange. B, deletion of the last eight residues abolishes SPB localization of Cnm67. The localization of GFP-Gp7-
Cnm67C�8 in yeast was assayed identically and in parallel with the experiments shown in Fig. 3. C, a small C-terminal deletion of Cnm67 results in a ts
phenotype. Duplicate complementation assays of the Cnm67 null allele by the full-length wild-type control and its C-terminal deletion mutant were performed
as described under “Experimental Procedures.” The figure shows that haploid cells carrying the �8 mutation do not grow at 37 °C. D, the �5 C-terminal
truncation mutants are not functionally compromised. Shown are the results of the intracellular localization assay for GFP-Gp7-Cnm67C�5 protein (left) and
the null allele complementation assay by Cnm67C�5 gene (right). Normal SPB localization and growth at 37 °C are evident.

Structure and Function of Spindle Pole Body Protein Cnm67

18246 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 20 • MAY 20, 2011

 at U
niversity of W

isconsin-M
adison, on A

ugust 1, 2012
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/cgi/content/full/M111.227371/DC1
http://www.jbc.org/


protein remained in the supernatant in the case of wild-type
fusion, whereas all of the GFP partitioned into pellet fraction
in the case of the truncated mutant fusion protein (supple-
mental Fig. S4A). Thus, removal of the last eight residues
from the C-terminal globular domain of Cnm67 renders the
protein insoluble.

To determine how many of the C-terminal residues are
required for proper folding and stability, additional mutant
proteins, Gp7-Cnm67C�7 and Gp7-Cnm67C�5, were ex-
pressed in E. coli. Of these, Gp7-Cnm67C�5 (lacking merely
the amino acid residues EKMVK), expressed in a partially
soluble form that could be purified with low yield on Ni-

FIGURE 6. Characterization of the Gp7-Cnm67C�5 mutant protein. A, size-exclusion chromatography. The purified His6-tagged wild-type Gp7-Cnm67C
and the mutant Gp7-Cnm67C�5 were chromatographed on a 10/30 Superdex 200 column. Unlike the wild type, the mutant protein elutes in the void
column volume. a.u., absorbance units. B, rates of proteolytic degradation. Purified His6-tagged wild-type Gp7-Cnm67C and mutant Gp7-Cnm67C�5
(�2 mg/ml each) were incubated for 45 min at room temperature in the presence of the indicated concentrations of trypsin and analyzed by SDS-PAGE.
The mutant protein is significantly more susceptible to proteolysis. C, protease accessibility of the N terminus. The purified His6-tagged wild-type
Gp7-Cnm67C and the Gp7-Cnm67C�5 deletion mutant protein (�2 mg/ml each) were incubated with 0.1 mg/ml purified TEV and analyzed by
SDS-PAGE. The asterisk indicates a contaminant protein that co-purifies with Cnm67 during the first step of the purification. No significant difference in
the rate of TEV digestion can be observed. The N-terminal His6 affinity tag precedes the Gp7 moiety, indicating the solvent exposure of Gp7 is
approximately the same in both constructs and implying that the GP7 moiety is folded in both proteins. D, circular dichroism spectra of the His6-tagged
purified wild-type Gp7-Cnm67C protein (solid lines) and the Gp7-Cnm67C�5 deletion mutant protein (dotted lines) without (black lines) and with (red
lines) 2.0 M urea. Shown in parentheses are the percentage calculated �-helical content of the respective proteins. Note that the �5 mutant protein
displays a lower �-helical content, indicating that it is partially unfolded. Under the conditions of the experiment, urea has little effect on the wild-type
protein, whereas it causes an additional �10% drop in the �-helical content of the mutant protein. Taken together, the size-exclusion, proteolysis
susceptibility, and secondary structure analysis unambiguously show that the mutant protein is aggregated and partially unfolded.
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NTA, whereas the Gp7-Cnm67C�7 mutant protein was
insoluble.
Characterization of the purified Gp7-Cnm67C�5 construct,

however, demonstrated that it is an aggregated protein since it
sediments quantitatively upon ultracentrifugation (not shown),
elutes in the void volume in size exclusion chromatography
(Fig. 6A), and is far more susceptible to proteolytic degradation
than its wild-type counterpart (Fig. 6B). At the same time, the
folding of the N-terminal Gp7 fragment is unaffected as judged
from the accessibility of N-terminal cleavable tag to the rTEV
protease (Fig. 6C). The dramatic differences in structure
between the fully folded wild-type and aggregated mutant
forms is also made clear by their CD spectra (Fig. 6D, black
lines). Aggregates do retain a significant fraction of �-helical
content, but it is less than that of the soluble protein. The par-
tially folded nature of the aggregates is further emphasized
under conditions ofmild denaturation.As shown in Fig. 6D (red
lines), the�-helical content of theGp7-Cnm67C�5 drops upon
the addition of urea, whereas the wild-type �-helical content is
virtually unchanged by 2 M urea.
Collectively, the experimental evidence suggests that with-

out its hydrophobic terminus, the seemingly very tight Cnm67
globular dimer (with�4000Å2 buried!) unfolds and aggregates.
The likeliest explanation for this is that the C-terminal residues
function as a cover or clamp for a large hydrophobic patch that
is evident at the tip of the globular domain adjacent to the dimer
interface (Fig. 7A). Even though the C-terminal eight amino
acid residues cannot be modeled as a single conformation, they
are present and as such would prevent intermolecular contacts
with other hydrophobic surfaces. Without this protection,
unfavorable solvent exposure of the hydrophobic surface trig-
gers aggregation and misfolding of the dimer. The profound
influence of these disordered residues is surprising. As noted
earlier, the weak electron density in the vicinity of Asp-573
(supplemental Fig. S5) suggests that the C-terminal peptide
extends the length of the final �-helix in the structure (helix 7,
Fig. 2). If this were the case, residues Ile-575, Leu-576, and Lys-
578 would be expected to sequester the observed solvent-ex-
posed hydrophobic patch (Fig. 7, B and C).
The C Terminus Is a Cover or Clamp, Not a Sequence-specific

Binding Site—The preceding studies show that the C terminus
of Cnm67 is essential for structural integrity, but they do not
answer the question of whether these residues also contribute
to protein-protein interactions within the SPB. To address this
question, the last five residues of Cnm67were replaced through
a single glycine spacer with 58 residues from C terminus of the
coiled-coil protein EB1 (48). The design of this construct fol-
lowed the same logic as that outlined above for the design of the
N-terminal stopper domain. The Gp7-Cnm67C�5-EB1 fusion
protein included two coiled-coil heptads from EB1 followed by
a four-helix bundle (Fig. 8A). The resulting protein was soluble
when expressed in E. coli and, unlike the insoluble Gp7-
Cnm67C�5, eluted at the expected volume and as a single peak
when examined by size-exclusion chromatography. It did show
a tendency for the slow accumulation of faster running, pre-
sumably aggregating, species (Fig. 8B).
The stabilizing influence of the C-terminal EB1 fusion was

also observed for theGFP fusions ofGp7-Cnm67C�5 andGp7-

Cnm67C�5-EB1 expressed in yeasts; whereas the majority of
the truncation mutant sedimented upon ultracentrifugation,
most of its EB1 counterpart remained in solution (supplemen-
tal Fig. S4B). These results indicate that the non-physiological
EB1 polypeptide is able to at least partially compensate for the
lack of the native sequence when protein solubility is assayed in
vitro. To test whether the EB1 peptide alleviates an in vivo
defect aswell, we employed theCnm67�8 construct, whichwas
defective in both SPB localization and in complementation of a
CNM67null mutation. Control experiments established that
EB1, when fused to the native C terminus of Cnm67, does not
interfere with the normal behavior of the protein in functional
assays such as SPB localization (Fig. 8C) and complementation
of the null Cnm67 allele (Fig. 8D). This observation provided a
way to examinewhether theC-terminal EB1 clamp is capable of
alleviating the temperature sensitivity of the Cnm67C�8
mutant and its deficiency in SPB localization. Our results
showed that whereas the C-terminal EB1 fusion is unable to
facilitate localization of the GFP-Gp7-Cnm67C�8-EB1 fusion
protein to the SPB (Fig. 8C), the EB1 fusion does improve func-
tion in the more sensitive complementation assay and res-
cues the temperature-sensitive phenotype of Cnm67�8
mutant (Fig. 8D).
The results on the role of Cnm67 C-terminal peptide can be

summarized and explained in the following manner. 1) All
Cnm67 C-terminal truncation mutants that have been tested
are structurally and/or functionally compromised in compari-

FIGURE 7. Distribution of hydrophobic residues at the C terminus of
Cnm67. A, end-on view of Cnm67 reveals a prominent exposed hydrophobic
cleft in the absence of the eight C-terminal residues, which are missing in the
experimental model. The carbon, nitrogen, and oxygen atoms are depicted in
white, blue, and red, respectively. B, end-on view of Cnm67 after a putative
C-terminal �-helical extension has been added to the model. These residues
were built as an ideal �-helix into the weak electron density in the vicinity of
Asp573. Supplemental Fig. S5 shows the difference electron density associ-
ated with this putative helical extension. The solvent-accessible surface rep-
resentation of this model shows that this putative extension covers the
exposed hydrophobic patch observed in the experimental model. C, shown is
a schematic representation of the C terminus of Cnm67 including the puta-
tive helical extension. The experimental structure is depicted in blue, whereas
the putative helical extension is depicted in white. The side chains for the
hydrophobic residues associated with this part of the structure are shown in
stick representation. This shows that the addition of a simple �-helix seques-
ters all of the exposed hydrophobic patch. Furthermore, the helical extension
buries all the hydrophobic residues in the missing eight C-terminal residues,
except for Val-580.
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son to the wild-type protein. 2) The�8mutant is compromised
most severely, whereas the�5mutant suffers considerably less.
The �5 mutant exists as an equilibrium between aggregated
non-functional and non-aggregated functional forms, and this
equilibrium is shifted toward aggregated forms in vitro. 3) The
C-terminal EB1 fusion is able to partially substitute for the
native C-terminal peptide both in vitro and in vivo, resulting in
a shift of the equilibrium toward natively folded non-aggre-
gated form. The extent of recovery depends on the number of
missing native amino acid residues. Taken together, these
results strongly suggest that the conserved Cnm67 C terminus
is a cover or clamp that ensures the protein structural stability
and that it is not essential for interactions that define SPB
assembly and function. The fact that the SPB is able to accom-
modate a 50 Å-long bulky EB1 extension implies that the bind-
ing site for theC-terminal domain of Spc42does not include the
C-terminal tip of Cnm67, supporting the notion that the basic
patch on the side of Cnm67 is a component of the Spc42 bind-
ing site (Fig. 4A).
Concluding Remarks—This study provides the first struc-

tural determination for an integral globular component
unique to a microtubule organizing center. It reveals a new
protein fold that can only exist as an intercalated dimer,
which is unusual among structural motifs. The structure
precisely defines the boundaries between the globular
domain and the coiled coil of Cnm67 C terminus and nar-

rows the determinants of its protein-protein interactions
within the SPB, identifying a putative binding site for Spc42.
The results uncover a surprising role for the last few C-ter-
minal amino acid residues in the stability of the protein. This
has important implications because there are many exam-
ples of protein structures in which the terminal residues are
disordered and it is commonly assumed that these are not
important for protein stability. The example of Cnm67 pro-
vides a cautionary tale for such assumptions.
Last, the results convincingly establish that the addition of

folding and solubility domains that maintain the oligomeri-
zation state of a coiled-coil protein is a powerful new
approach to investigating this class of proteins. This
approach has successfully been used to determine the struc-
ture of the smooth muscle tropomyosin overlap complex
(41) and crystallize fragments of the cardiac myosin rod that
have previously resisted crystallization.4 Given that about
6% of all eukaryotic proteins contain coiled-coils (49) and
that many of the proteins in this class have been very chal-
lenging to study by structural methods, it can be expected
that the present work will open new promising avenues of
research. It paves the way to pursue the structures of other
SPB core proteins and their complexes.

4 K. C. Taylor, L. A. Leinwand, and I., Rayment, unpublished information.

FIGURE 8. Essential C-terminal residues can be replaced with an unrelated coiled-coil. A, shown is a schematic model of the Gp7-Cnm67C�5-EB1
fusion protein. The main-chain atoms in the model are depicted in a sphere representation, where GP7, Cnm67, and EB1 are colored in blue, magenta and
cyan, respectively. The structure of the Gp7-Cnm67C�5-EB1 fusion protein was not determined in this study and is shown only to illustrate the
anticipated dimeric and coiled-coil nature of the protein. The structure of EB1 was taken from PDB accession number 1YIB (48). a.u., absorbance units.
B, size-exclusion chromatography of the C-terminal-capped Gp7-Cnm67C�5-EB1 fusion protein. His6-tagged fusion protein was gel-filtered under the
same conditions as in Fig. 4A. Unlike the unclamped mutant, the C-terminal EB1 fusion does not elute in the void column volume but elutes earlier than
the wild-type Gp7-Cnm67. A small portion of the purified protein elutes earlier, resulting in a shoulder. The exact nature of this fraction is unknown.
C, intracellular localization of the EB1 fusion proteins is shown. Indicated GFP fusions proteins were overexpressed in yeasts and assayed for their
ability to label the SPB. The EB1 fusion with wild-type protein does not interfere with its labeling of the SPB (left), demonstrating that the C terminus of
Cnm67 is not directly involved in the localization of Cnm67 to the SPB. The EB1 fusion with the deficient �8 truncation mutant fails to restore its
targeting to the SPB (right). D, C-terminal EB1 fusions are functional in a complementation assay. Shown is growth of the cultures containing indicated
recombinant alleles at 37 °C. The figure demonstrates that the EB1 C-terminal clamp is not detrimental for wild-type and rescues ts phenotype of the �8
mutant.
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