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ABSTRACT We have isolated cold-sensitive mutations in
two genes of the yeast Saccharomyces cerevisiae, BIN2 and
BIN3, that cause aberrant chromosome segregation in vivo.
BIN2 and BIN3 encode essential proteins that are similar to
each other and to TCP-1. TCP-1 and TCP-1-like proteins are
components of the eukaryotic cytoplasmic chaperonin that
facilitates folding of tubulins and actin in vitro. Mutations in
BIN2 and BIN3 cause defects in microtubule and actin assem-
bly in vivo and confer supersensitivity to the microtubule-
desabilizing drug benomyl. Overexpression of TCP1, BIN2,
BIN3, orANC2, a fourth member ofthe TCP-1 family in yeast,
does not complement mutations in the other genes, indicating
that the proteins have distinct functions. However, all double-
mutadlt combinations are inviable; this synthetic lethality sug-
gests that the proteins act in a common process. These results
indicate that Bin2p and Bin3p are components of a yeast
cytoplasmic chaperonin complex that is required for assembly
of microtubules and actin in vivo.

The correct folding and oligomeric assembly of newly syn-
thesized proteins in vivo are greatly enhanced by interaction
with accessory proteins known as molecular chaperones (1,
2). These molecules bind unfolded polypeptides and use the
energy of ATP hydrolysis to generate correctly folded pro-
teins. Two major classes of chaperones have been defined.
Members of the first class are exemplified by the heat shock
protein hsp70 and function as monomers or dimers. Members
of the second class, exemplified by the heat shock protein
hsp60 and called chaperonins, function as multisubunit tor-
oidal complexes. Initially, chaperonins were found only in
eubacteria, mitochondria, and plastids, all of which are
thought to be related in their evolutionary origins. More
recently, a chaperonin was identified in the cytosol of eu-
karyotic cells (3-5). Biochemical purification ofthe cytosolic
chaperonin identified seven to nine polypeptides in the size
range 52-65 kDa. One of these is the ubiquitous eukaryotic
protein, t-complex polypeptide 1 (TCP-1). Mouse cDNAs
corresponding to six of the other chaperonin polypeptides
have been isolated (6). These encode proteins that are =30%
similar to TCP-1 and ==30%o similar to each other in all
pairwise combinations. Thus, the eukaryotic cytoplasmic
chaperonin is a heteromeric complex composed of related
proteins.

Several experiments indicate that the cytoplasmic chaper-
onin is involved in assembly of the cytoskeletal proteins
tubulin and actin. It has been shown that chicken a- and
,3-tubulins made in rabbit reticulocyte extracts become tran-
siently bound to the cytoplasmic chaperonin (7). The addition
of ATP releases the bound chains to produce ap-tubulin
heterodimers that are able to assemble into microtubules. In
independent studies, the same chaperonin was purified from
reticulocyte lysates and shown to refold denatured a-, (-, and
-tubulin and actin (4, 8, 9). The yeast TCPJ gene encodes a

protein that is ==60%o identical to the mouse protein (10, 11).
TCPI is essential for the growth of yeast and a cold-sensitive
mutation in this gene affects microtubule-mediated processes
(11).
We have identified two yeast genes, BIN2* and BIN3, that

encode TCPI-related proteins. The phenotypes of cold-
sensitive bin2 and bin3 mutants indicate that these genes are
essential for microtubule and actin function in vivo. In
addition, genetic evidence suggests that Tcplp, Bin2p,
Bin3p, and Anc2p, a fourth member of this family (12), play
functionally distinct roles in a common cellular process.

MATERIALS AND METHODS
Isolation of bin Mutants. A collection of =700 heat-

sensitive and cold-sensitive yeast strains was obtained from
D. Botstein (Stanford University). All are derived from the
S288C strain DBY473 (MATa his4-619) after mutagenesis
with ethyl methanesulfonate. Cells were grown in yeast
extract/peptone/dextrose medium (13) at 26°C to early log-
arithmic phase, shifted to the restrictive temperature for two
generation times (4 h at 37°C for heat-sensitive strains, 16 h
at 14°C for cold-sensitive strains), and stained with 4',6'-
diamidino-2-phenylindole to visualize DNA (14). Each bin
mutant was backcrossed three times to a wild-type strain; in
all cases cold sensitivity and benomyl sensitivity cosegre-
gated as a single gene defect.

Cloning and Disruption of the BIN2 and BIN3 Genes. The
BIN2 and BIN3 loci were cloned from a YCp5O-based yeast
genomic library (15) by complementation of the cold sensi-
tivity of bin2-1 and bin3-1 strains, respectively. Each DNA
fragment directed integration of a plasmid to a chromosomal
location that is genetically linked to the original mutation.
The N-terminal coding region ofBIN3 lies -260 bp upstream
of the N-terminal coding region of SSL2 (16). A bin2::HIS3
deletion mutation was made by replacing an 1157-bp BamHI
internal fragment of BIN2 with a 1.8-kb HIS3-containing
fragment. This construction deletes BIN2 sequences coding
for amino acids 50-436. A bin3:.HIS3 deletion mutation was
made by replacing a 644-bp Spe I/Sph I internal fragment of
BIN3 with the 1.8-kb HIS3-containing fragment. This con-
struction deletes BIN3 sequences coding for amino acids
94-308. Linear DNA fragments containing these deletions
were transformed separately into a wild-type diploid strain
homozygous for the his3-A200 deletion. Southern hybridiza-
tion analysis of genomic DNA from the transformants indi-
cated that the constructions had integrated at the BIN2 and
BIN3 loci, respectively (data not shown). Tetrads resulting
from sporulation of these diploids contained two viable and
two inviable spores; all viable spores were His-. Thus, both
deletions create recessive-lethal mutations.

Fluorescence Staing of Cells. Diploid cells, wild-type or
homozygous for the bin allele, were grown at 30°C and shifted
to 14°C for 16 h. Microtubules and actin were visualized by

*The sequence reported in this paper has been deposited in the
GenBank data base (accession no. U09480).
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immunofluorescence as described (14). Anti-tubulin antibody
YOL1/34 was a gift from J. Kilmartin (Medical Research
Council, Cambridge, U.K.); anti-actin antibody was a gift
from D. Drubin (University of California, Berkeley). Fluo-
rescein-conjugated secondary antibodies were obtained from
Cappel.

RESULTS
Identification of bin Mutants. In the yeast Saccharomyces

cerevisiae, cytoplasmic microtubules extend from both poles
ofan intranuclear spindle. These microtubules are required to
orient the yeast spindle in the bud neck prior to anaphase. We
have previously described a f3-tubulin mutation that causes
the specific loss of cytoplasmic microtubules (14). In these
cells, spindles fail to be properly oriented and nuclear divi-
sion takes place entirely within the mother cell. Subsequent
cytokinesis produces one cell with two nuclei (binucleate)
and one without a nucleus (anucleate). Binucleate cells are
also produced by mutations in actin, suggesting that the actin
cytoskeleton is involved in spindle orientation, perhaps
through interactions with cytoplasmic microtubules (17, 18).
To identify cellular components that are necessary for the
assembly and function of these cytoskeletal elements, we
screened a random collection of cold-sensitive and heat-
sensitive yeast mutants for defects in nuclear segregation.
After a shift to the restrictive temperature, each strain was
stained to visualize DNA. Seven cold-sensitive mutants
produce a substantial fraction of cells containing two nuclei
in one cell body. We refer to these as bin mutants for
binucleate. Complementation and linkage tests showed that
these mutations identify four genes; we obtained one allele of
BIN), BIN2, and BIN4 and four alleles of BIN3. Mutant
alleles of BIN2 and BIN3 also confer supersensitivity to the
microtubule-destabilizing drug benomyl. All of the bin2 and
bin3 strains fail to grow on benomyl at 10 ,g/ml, less than half
the amount required to inhibit growth of the wild-type strain.
We describe here characterization of the bin2 and bin3
mutants.

After incubation at 14'C for 16 h (-2 generation times),
bin2 and bin3 cells display a normal population distribution of
unbudded, small-budded, and large-budded cells (Fig. 1).
However, in each case, 410% of the cells contain two nuclei
in one cell body. In addition, an unusually large fraction ofthe
bin2-1 and bin3-1 large-budded cells (>40%) contain an
undivided nucleus. In contrast, most wild-type large-budded
cells have completed nuclear division; <10% contain an
undivided nucleus. Thus, the bin2-1 and bin3-1 mutations
inhibit nuclear division as well as spindle orientation.
BIN2 and BIN3 Encode Proteins Similar to Tcplp. The

wild-type BIN2 and BIN3 genes were cloned and sequenced.

Cel
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FIG. 1. bin mutants produce binucleate cells. Cells were grown
at 300C, shifted to 140C for 16 h, and stained with 4',6-diamidin2-
phenylindole. Cell morphology: percentages of cells that were un-
budded, small budded, or large budded are indicated. A large-budded
cell possesses a bud whose diameter is at least three-fourths the
diameter of the mother cell. Nuclear morphology: percentages of
unbudded, small-budded, and large-budded cells that possessed a
particular nuclear morphology are indicated. WT, wild type.

BIN2 and BIN3 encode proteins of 58.7 and 57.2 kDa,
respectively. These proteins are -30% identical to each other
and 30-35% identical to the S. cerevisiae protein Tcplp (Fig.
2). BIN3 is identical to a gene on chromosome IX recently
identified through the efforts of the Yeast Genome Project
(19). A fourth member of this family, Anc2p, is described in
the accompanying manuscript (12); these four proteins are
27-35% identical in all pairwise combinations (Table 1). Gene
disruptions show that BIN2 and BIN3, like TCP1 (11) and
ANC2 (12), are essential for viability in yeast (see Materials
and Methods).
Yeast Tcplp is -60% identical to its mouse homolog

TCP-1 (11), which has recently been renamed CCTa (6).
Similarly, Bin2p and Bin3p are --60% identical to the mouse
chaperonin subunits CCTyand CCTB, respectively (Table 1).
Thus, Bin2p and Bin3p likely represent the yeast equivalents
of CCTy and CCTP.

Cytoskeletal Assembly in bin Mutants. Experiments from
several laboratories demonstrate that the cytoplasmic chap-
eronin complex from animal cells is capable of folding
tubulins and actin in vitro (3, 4, 7, 8). These results and the
knowledge that defects in microtubule and actin function can
produce binucleate cells prompted us to examine the assem-
bly of cytoskeletal structures in the bin2 and bin3 mutants. In
wild-type cells microtubules form a brightly staining intra-
nuclear spindle; cytoplasmic microtubules extend from the
spindle poles and stain less brightly (20). All of the bin
mutants display defects in microtubule assembly (Fig. 3).
bin3-1 cells show the most severe microtubule assembly
defect. After a shift to 14TC, about half ofthe bin3-1 cells lack
detectable microtubules and half possess only a single faint
dot of staining. Fewer than 5% contain a bipolar spindle;
these are usually found in binucleate cells and often fail to be
properly aligned through the bud neck. The phenotype of
bin2-1 and the other bin3 mutants is slightly less severe. Most
cells possess short microtubule fibers that appear to originate
from a single point. As was the case for bin3-1 cells, bipolar
spindles are infrequently observed in these other bin mutants.

Actin assembly is also aberrant in the bin mutants. Wild-
type cells contain a network ofcytoplasmic actin cables in the
mother cell and brightly staining cortical patches of actin
concentrated in the bud (20). In the bin mutants, cortical
patches are abnormally small and actin cables are less
prominent (Fig. 3). In addition, the polarized distribution of
actin cables and patches is missing in the bin mutants. Both
patches and faint cables are evenly located throughout the
mother cell and bud. Intensely staining actin bars are also
observed in about half of the bin3-1 cells and in -'10% of the
bin3-2 cells. Similar actin bars are produced by some muta-
tions in the yeast actin gene and presumably represent
aberrant actin polymerization (17, 21). Thus, each of the bin
mutations interferes with the proper assembly of microtu-
bules and actin in vivo.

Genetic Interactions of Tcpl-Like Proteins. Two types of
genetic criteria suggest that Bin2p, Bin3p, Tcplp, and Anc2p
play distinct roles in a common cellular process. We tested
whether multiple copies of one of these genes could com-
pensate for a mutation in any of the other genes. A wild-type
copy of each gene on a high-copy-number 2-'Pm plasmid was
transformed into bin2-1, bin3-1, tcpl-1, and anc2-1 strains. In
each case, the plasmid-borne gene could complement the
conditional lethality of the mutation only in the same gene.
Thus, each gene product appears to be functionally distinct.
We also examined the effect ofplacing two ofthe mutations

in a single haploid cell. A cross of bin2-1 to bin3-1 produced
tetrads with four, three, and two viable spores. In four
viable-spore tetrads, all four segregants were cold sensitive;
in three viable-spore tetrads, two were cold sensitive; in two
viable-spore tetrads, neither was cold sensitive. This pattern
of segregation indicates that the double-mutant haploids are

wr
bin2-1
bin3-1
bin3-2
binAM
bin34
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BIN2 APVVFMNASQ- E 1RTTiR QA I H A D 33
BIN3 MSVQIFGDQVTE - - - - - - - E R A E NRL AF V GI AV 31
TCP1 MQLFNNSRSDTLFLGGLL KISJD D N LNV L[T MLA V.IN 38

BIN2 E|,I R T C L G P A L P M L- VLTNDGHA I R E| 70
BIL3KTLGPKG.M DI Q SASSNT CMIVTNDGAT I L K S L 69
TCP1 V K S1 S LLWVWJLGLJLkL VIBD ItMD F - T V TN DGA TIL S LLID 75
BIN2 APAA KMLS|RT GGDWu V GLGE T TILA Q C A 108
BIN3 D NIP A V K V T T SVTV SAEL LRE E 107
TCP1 QH AG I Q Q D R IGDG TS.V S E L L K RA N 113

BIN2 P Y F I E K VIATIIQA L K K TDALlEVIKQV S K P V D V E 146
BIN3 K[L1I D Q SKI H P QITI I E Y L AfAA A A.LJD A L T K A ARVD N S H D 145
TCP1 EULJV - K NIKHPJTIT I I TL FVAREAIRFIN E - -L S T S V 148

BIN2 NDAAMKKLIQ A SIQ GK Y V IHW[EKMCECEjXL D K T V R K 184
BIN3 KFTM F RED LI H|IAKT>L L E TNmI[R 183
TCP1 DLJL G KLJT IJNII A K TITS MIS S K III G ASJFLEJS N MVD L A 186

BIN2 D V E P N F E I D I K R Y[R[|EKTI|P|GGD V L S|R V L KR 222
BIN3 L K_-N- - -L E H - IQIIKIjLIG. KLS S F D EG 211
TCP1 V T N S KI EI K Y P V K A - - -(N[OL liA H 5iOK S A T EL jV P 221
BIN2 V LLK D[V H P K R H I E PRMV L L D C PE Y KG E S Q T N 260
BIN3 F IL K F G N N QP K RIIA K I L N T TILD T D|KV K I - FG 247
TCP1 Y ALiCTI2A S Q ALK IJAG NOKL AC L D N L QLA R M A MLJ 259

BIN2 I E(1E M E E D WNR I jI E E. VQVQLMC E Q I L A V R - - - T LT 295
BIN3 TKFK'VKISTAK AQJEjAIEjREKMKNKIA S K F[I N T FI 285
TCPI V QEIIN ILDID P E QLLJELQ RIKIRLEJAG IV L ER V K I D A A Q VLL 297

BIN2EVTGVSA Q H Y L L K G ,S V L V N N RI V 333
BIN3 N R QIIYIDYP E Q LT DLLIINSI E H A D FEV E RIIAL GG323
TCP1E[TLK..IG IDLIWC L KELEJVEA KLIJM G V1CIL K LR I ALLAi335
BIN2 [DIENR V E D[K E S D V G T N - - ----E-[L F K V E ISEY S F 366
BIN3 E VVSIT F D E P S - - - - - - K CKC ECDV I E E I LLLjj Q PLL K 355
TICP1 E|LIV SIS M SNEG E E T FE S SYILGIL| DEV VQ A KF SD E C I L 373

BIN2 LDDAEP KA C TIMAMS K D I IA R N 404
BIN3 F SIG C KIA G E I V L R GAT Q TL D E A E R S L H D-A L S V L S Q 393
TCP1 I KLQJTsKKH S ILL R NLDY S ILD-E MIE R S VLHSILSvvK R 411

BIN2 VMLEL1PSL GGGATEMMVfVK -EK KQL EFI Q W P Y Q 442
BIN3 T K E T RTVL G GCAEVMKADT EIA|Q N IDLKK SLAVE 431
TCP1 TL EG N VV G L N I Y NFT TVGSRELAII A 449
BIN2 A DAIM E C PRIQDNPALGILRAK Q A N F 480
BIN3 F A R A LIR QLP j AOFDSS ELV0 KL R S SYN G I SL 469
TCP1EI AA LLI K AVAIA KID-S S E L VAIK L R Yi A S Q M A 487

BIN2 T - - - - - - - - - - - - D KIG K IVDMIV S wEfE V I[r Q 506
BIN3 S - - - - - - - - - - - -G LDLINNIGEIDrR Q LG|VIELY K IK|R 495
TCP1 K P E DVKRRSY R N Y IIRGKDIE IHA LIE PIT I S V 525
BIN2 Q T IVC L|LLRV DI S- - - - - - -G V[K Q E
BIN3 AVIASS SEA VLE L R DNLIR --A RFPR TANlQHM
TCP1 KA L V A T T V D PELPJP K E D P H D H

533
527
559

FIG. 2. Comparison of the yeast Bin2p, Bin3p, and Tcplp amino acid sequences. Sequences were aligned by the Clustal method. Identical
amino acids present in at least two of the three aligned sequences are boxed.

inviable. Thus, the bin2-1 bin3-J double-mutant haploid fails
to grow at 300C, a temperature that is permissive for each
single mutant. Analogous crosses demonstrated that both
bin2-1 and bin3-1 are lethal in combination with tcpl-1 and
anc2-1 as well.

DISCUSSION
We have identified two genes encoding proteins with simi-
larity to TCP1. One of these genes, BIN3, has been recently

Table 1. Sequence similarity among TCP-1-like proteins

Yeast Yeast proteins Mouse proteins
proteins Bin2p Bin3p Anc2p CCTa CCT,8 CCTy
Tcplp 32 35 31 62 34 32
Bin2p 29 27 30 30 59
Bin3p 31 35 65 29

Percentages of identical amino acids for pairwise sequence com-
parisons determined using the GAP computer program (Genetics
Computer Group software) are shown.

described in an independent study and is referred to as
TCPI , (19). However, this latter designation is not in keeping
with the universally accepted nomenclature for S. cerevisiae
genes (13), so we have continued to refer to it as BIN3.
Tcplp, Bin2p, Bin3p, and Anc2p form a family of yeast
proteins that are -300%o identical in all pairwise combinations.
Seven mouse proteins, including TCP-1 (CCTa), have been
identified as part of a cytoplasmic chaperonin complex (6).
These proteins are also -30% identical in all pairwise com-
binations. Yeast Tcplp is -60% identical to mouse CCTa
and presumably represents the yeast homolog of this chap-
eronin subunit (10, 11). Bin2p and Bin3p are 609o identical
to CCTy and CCTf, respectively, and are likely to represent
yeast homologs of these mammalian subunits as well. The
relatively high degree of sequence conservation across spe-
cies, as compared to the level of sequence conservation
within species, suggests that the chaperonin subunits have
evolved to perform separate functions. In agreement with this
idea, we found that none of these yeast genes supplied in
extra copies could rescue a mutation in any of the other
genes.

Cell Biology: Chen et al.



Proc. Natl. Acad. Sci. USA 91 (1994)

DIC DNA Tubul ill Actin
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FIG. 3. bin mutations interfere with proper microtubule and actin assembly in vivo. Diploid cells, wild-type or homozygous for the indicated
bin allele, were grown at 300C and shifted to 14WC for 16 h. DNA and tubulin staining were performed on the same cells; actin staining was
performed on a separate aliquot of cells. To illustrate the binucleate phenotype, binucleate cells and, hence, cells containing bipolar spindles
are overrepresented in some fields. DIC, differential interference contrast microscopy. (Bar = 10 ALm.)

Although the four yeast proteins appear to be functionally
distinct, all double-mutant combinations between bin2-1 or
bin3-1 and mutations in the other three genes are lethal. This
phenomenon, termed synthetic lethality, often indicates that
the gene products participate in a common process (22).
These genetic data are consistent with the proposal that these
proteins associate to form the cytoplasmic chaperonin com-
plex, a suggestion that is supported by the finding that Tcplp
and Bin3p reside in a single complex (19). However, we do
not know whether yeast contain one complex or a variety of
complexes with different subunit compositions.

Experimhents from several laboratories have shown that the
mammalian cytoplasmic chaperonin is capable of refolding
denatured tubulins and actin in vitro (3, 7, 8). The phenotypes
of the bin mutants indicate that Bin2p and Bin3p are required
for tubulin and actin assembly in vivo. All mutant alleles fail
to assemble normal populations of microtubules and actin

structures at the restrictive temperature. In addition, the bin
mutants display defects in two microtubule-mediated pro-
cesses, spindle orientation and nuclear division. The bin
mutant phenotypes described here are quite similar to the
phenotype of the cold-sensitive tcpl-l mutation. tcpl-l cells
are supersensitive to benomyl and display similar defects in
nuclear division, nuclear segregation, and microtubule as-
sembly (11). A heat-sensitive allele of BIN3 has also been
described recently (19). This allele produces a different
phenotype; cells arrest uniformly with large buds and a single
undivided nucleus. While this latter mutation interferes with
mitotic spindle formation, it has no apparent effect on actin
biogenesis. Biochemical analysis of mutant chaperonin com-
plexes should establish whether these phenotypic differences
represent quantitative or qualitative changes in chaperonin
activity.

We thank D. Vinh and D. Drubin for providing the anc2-1 mutant
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prior to publication, ANC2 on a 2-pm plasmid, and anti-actin
antibody; D. Ursic for providing TCP1 on a 2-pam plasmid; and D.
Drubin and D. Ursic for helpful discussions. This work was sup-
ported by a grant from the National Institutes of Health.
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