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Among B-Type Cyclins Only CLB5 and CLB6 Promote
Premeiotic S Phase in Saccharomyces cerevisiae
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ABSTRACT The Saccharomyces cerevisiae cyclin Clb5 is required for premeiotic S phase, meiotic recombination, and successful
progression through meiosis. Clb5 is not essential for mitotic proliferation because Clb1–Clb4 can support DNA replication in clb5
clb6 mutants. Clb1, Clb3, and Clb4 accumulate in clb5 clb6 cells during meiotic differentiation yet fail to promote premeiotic DNA
replication. When expressed under the regulation of the CLB5 promoter, Clb1 and Clb3 accumulate and are active in the early stages
of meiotic differentiation but cannot induce premeiotic DNA replication, suggesting that they do not target Cdk1 to the necessary
substrates. The Clb5 hydrophobic patch (HP) residues are important for Clb5 function but this motif alone does not provide the
specificity required for Clb5 to induce premeiotic S phase. Domain exchange experiments demonstrated that the amino terminus of
Clb5 when fused to Clb3 confers upon Clb3 the ability to induce premeiotic S phase. Chimeric cyclins containing smaller regions of the
Clb5 amino terminus displayed reduced ability to activate premeiotic DNA replication despite being more abundant and having greater
associated histone H1 kinase activity than endogenous Clb5. These observations suggest that Clb5 has a unique ability to trigger
premeiotic S phase and that the amino-terminal region of Clb5 contributes to its specificity and regulates the functions performed by
the cyclin–Cdk complex.

CYCLIN-dependent kinases (Cdks) in conjunction with
their activating subunits, the cyclins, provide the impe-

tus for transitions between distinct phases of the eukaryotic
cell cycle (Morgan 1997). All organisms from yeast to hu-
mans express multiple cyclins that are regulated at the levels
of transcription, protein stability, and subcellular localiza-
tion (Pines and Hunter 1991; Lew and Reed 1992; Koepp
et al. 1999). The oscillation of cyclin abundance throughout
the cell cycle allows Cdk subunits to form distinct cyclin–
Cdk complexes that act in a specific temporal order. The
budding yeast Saccharomyces cerevisiae expresses a single
Cdk (Cdk1) whose activity is required for progression
through G1, S phase, and mitosis (Reed and Wittenberg
1990). Cdk1 accomplishes these functions by associating
sequentially with G1 cyclins, Cln1, Cln2, and Cln3, the S-

phase cyclins, Clb5 and Clb6, and finally the mitotic cyclins,
Clb1–Clb4 (Nasmyth 1996).

Cyclin–Cdk activity is also required for cellular differen-
tiation and development (Shuster and Byers 1989; Edgar
and Lehner 1996; Chellappan et al. 1998). Gametogenesis
is a differentiation program that employs a modified cell
cycle to direct parental diploid cells through meiosis to the
formation of haploid gametes (Kupiec et al. 1997; Albertini
and Carabatsos 1998). S. cerevisiae initiates meiotic differ-
entiation in response to nutrient deprivation, and the pro-
gram leads to the formation of haploid spore gametes
(Kupiec et al. 1997). Much of the machinery required for
the mitotic cell cycle is employed to promote progression
through meiotic differentiation. However, the meiotic pro-
gram uses some distinct factors to achieve specific devel-
opmental aims (Simchen 1974; Orr-Weaver 1994). One
example of meiosis-specific regulation is the control of pre-
meiotic DNA replication. Clb5 is the major S-phase cyclin in
S. cerevisiae but is not essential during mitotic proliferation
as other cyclins can promote DNA replication in its absence
(Schwob et al. 1994; Donaldson et al. 1998). Although
Clb5 is not required for mitotic proliferation, it is essential
for premeiotic DNA replication, the induction of meiotic
recombination, some aspects of synaptonemal complex
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formation, and activation of the S–M checkpoint in meiosis
(Dirick et al. 1998; Stuart and Wittenberg 1998; Smith
et al. 2001; Henderson et al. 2006; Wan et al. 2008; Zhu
et al. 2010).

A growing body of evidence supports the contention that
cyclins target Cdk activity to the correct substrates and
hence the cyclin provides specificity to the Cdk activity
(Cross et al. 1999; Roberts 1999; Loog and Morgan 2005;
Bhaduri and Pryciak 2011; Koivomagi et al. 2011; Pagliuca
et al. 2011). In addition to interaction with protein sub-
strates, the specificity of cyclins for particular functions
can be imparted by the timing of accumulation, the activity
of cyclin–CDK inhibitors, and by subcellular localization
(Draviam et al. 2001; Miller and Cross 2001; Moore et al.
2003; Carlile and Amon 2008). This regulation can allow
specific cyclins to fulfill specialized roles. For example, dur-
ing meiosis the 59-UTR of the CLB3 mRNA restricts accumu-
lation of Clb3 to the second meiotic division, while Clb1
function is restricted to meiosis I (MI) by a specific inhibitor
(Carlile and Amon 2008). The importance of these regula-
tory mechanisms can be masked when cyclins are over-
expressed or when temporal regulation is altered. For
example, overexpression of CLB1 or CLB2 can bypass the
need for all other B-type cyclins in mitotically proliferating
S. cerevisiae, implying that a single cyclin can perform all the
S-phase and mitotic functions (Haase and Reed 1999; Hu
and Aparicio 2005). Similarly a fusion of the Schizosacchar-
omyces pombe Cdc13 to Cdc2 can drive a relatively normal
cell cycle in cells depleted of other cyclins (Coudreuse and
Nurse 2010). However, the importance of substrate specific-
ity for cyclins is implied by the observation that B-type
cyclins cannot perform all the critical functions of G1 cyclins
even if expressed during G1 phase (Cross et al. 1999;
Donaldson 2000). Similarly, S. cerevisiae deficient in the S-
phase cyclins Clb5 and Clb6 display a delay in DNA replica-
tion, and even overproduction of Clb1 or Clb2 or the expres-
sion of CLB3 under control of the CLB5 promoter does not
fully suppress this defect (Hu and Aparicio 2005). Addition-
ally, many B-type cyclin–Cdk complexes display substrate
preferences in vitro (Peeper et al. 1993; Higashi et al.
1995; Loog and Morgan 2005; Joshi et al. 2009; Koivomagi
et al. 2011). Thus, while there is considerable overlap be-
tween the activity and function of various cyclins, the sub-
strate specificity of cyclin–CDK complexes remains a central
mechanism that regulates cell cycle progression.

The specific functions bestowed upon Cdks by different
cyclins leads to the hypothesis that distinct regions or
domains of the cyclin are important for interacting with
specific substrates. The most clearly defined motif in B-type
cyclins that influences substrate interactions is the “hydro-
phobic patch” (HP), a series of residues that make hydro-
phobic and electrostatic contacts with the RXL and KXL
motif on many high-affinity substrates (Wohlschlegel et al.
2001; Archambault et al. 2005). The hydrophobic patch is
conserved among B-type cyclins, including Clb5, and muta-
tions that change key hydrophobic residues to alanine cause

loss of function in vivo and reduced activity against RXL-
containing substrates in vitro (Schulman et al. 1998; Cross
and Jacobson 2000). Although the hydrophobic patch resi-
dues are essential for Clb5 function, it is not clear whether
the hydrophobic patch alone is sufficient to explain the dif-
ferences in substrate specificity between different cyclins.
The HP motif in Clb1 and Clb2 imposes regulation of the
cyclin–Cdk complexes by allowing interaction with Swe1,
which regulates Cdk1 activity (Hu et al. 2008). However,
it is unclear whether the HP motif in these cyclins influences
their substrate specificity. Additionally, the cyclin-A HP
allows interaction with p27, which regulates activity of the
cyclin A–Cdk2 complex (Schulman et al. 1998). Thus the HP
allows modulation of cyclin–Cdk activity through interaction
with both substrates and regulators.

We have investigated the role of Clb5 and its HP domain
in promoting premeiotic DNA replication. Our findings show
that although other B-type cyclins accumulate in clb5 clb6-
deficient cells undergoing meiosis, these cyclins are ineffec-
tive in activating premeiotic DNA replication. Mutational
analysis revealed that the Clb5 HP motif is necessary but
not sufficient to provide the function required to activate
premeiotic DNA replication. Through a series of fragment
exchanges, we identified an amino-terminal Clb5 region that
can confer the ability to promote premeiotic DNA replication
on Clb3, a cyclin that normally cannot perform this function.
These results demonstrate a role for the nonconserved
amino-terminal region of Clb5 in conferring specific function
to the Clb5–Cdk1 complex.

Materials and Methods

Strains and growth conditions

The relevant genotypes of all strains used in the study are
listed in Table 1. All strains were generated using standard
genetic techniques (Rose et al. 1990). Epitope tagging and
gene deletions were accomplished through a PCR-based pro-
cedure (Wach et al. 1994). Yeast strains were routinely
maintained and propagated on YEP medium (1% yeast ex-
tract, 2% peptone, 10 mg/ml adenine and 10 mg/ml trypto-
phan) supplemented with 2% glucose (YEPD), 2%
potassium acetate (YEP-KAc), or 2% galactose (YEP-GAL).
Sporulation medium (SPM) was composed of 1% potassium
acetate. Synthetic medium for the selection of transformants
was prepared as described (Rose et al. 1990). For the selec-
tion of S. cerevisiae transformants harboring the G418
resistance gene (kanMX2 or kanMX6 cassettes), G418 sul-
fate was used at a final concentration of 200 mg/ml. Syn-
chronous sporulation was achieved as previously described
(Stuart and Wittenberg 1998).

All of the mutant and chimeric alleles of CLB3 and CLB5
were constructed using a splice overlap PCR-based method
(Horton et al. 1989) and integrated at the CLB5 locus in
a haploid clb5 clb6 strain. The fusion of the CLB5 promoter
to CLB3 or CLB5–CLB3 chimera is denoted as PCLB5–CLB3
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or PCLB5–CLB5–CLB3, respectively, as suggested by Fred
Sherman (Sherman 1997). The fusion junctions for the chi-
meric cyclins were chosen in regions of local sequence con-
servation between Clb3 and Clb5 to avoid profoundly
disrupting the protein structures. All of the open reading
frames synthesized were sequenced to ensure the desired
sequences had been generated with the absence of un-
wanted mutations. The CLB3 and CLB5 open reading frames
from yeast SK1 were used for all of the constructions. The
SK1 CLB3 open reading frame encodes several silent poly-
morphisms relative to the S288c sequence. In contrast, the
CLB5 open reading frame in addition to several silent poly-
morphisms also encodes the following coding changes E3 D,
E113 K, E114 D, M351 I, and N427 T. All of the constructs were
generated to include 328 bp of the CLB5 promoter and 600
bp of sequence downstream of the CLB5 open reading
frame. An epitope tag consisting of 13 copies of the C-
MYC epitope was appended to each of the cyclins used.

Additionally, a G418 resistance cassette was inserted imme-
diately downstream of the CLB5 transcriptional terminator.
MATa and MATa clb5::URA3 clb6::TRP1 strains were trans-
formed with each cyclin construct and transformants that
had replaced clb5::URA3 with the cyclin constructs were
selected for G418 and 5-fluoro-orotic acid (FOA) resistance.
The correct structure of the integrants was confirmed by
PCR analysis of the genomic DNA. Homozygous diploids
were constructed by mating. At least three independent dip-
loids harboring each recombinant cyclin were tested for
sporulation efficiency. The C3H5 allele was installed at the
CLB3 locus to create DSY1658 (clb1 C3H5) using a “loop in
loop out” strategy (Rose et al. 1990). Meiotic recombination
was detected by employing a “return to growth” procedure
and selecting colonies that had under gone recombination to
repair the heteroalleles at arg4 and his4 (Esposito and Espo-
sito 1974) Quantitative mating assays were performed as
described (Sprague 1991).

Table 1 S. cerevisiae strains used in this study

Strain name Relevant genotype

DSY 1030 MATa SK1
DSY 1031 MATa SK1
DSY 1089 MATa/a
DSY 1168 MATa clb5::URA3 clb6::TRP1
DSY 1169 MATa clb5::URA3 clb6::TRP1
DSY 1649 MATa/a clb1::KanMX2
DSY 1652 MATa/a clb3::URA3
DSY 1655 MATa/a clb1::KanMX2 clb3::URA3
DSY 1658 MATa/a clb1 clb3::C3H5-MYC
K3418 MATa clb5::hisG-URA3-hisG clb6::LEU2 clb3::TRP1 clb4::HIS3 TRP1::GAL-CLB5
clb5hpm MATa/a URA3::clb5hpm-HA clb5::kanMX2 clb6::TRP1
3xclb5hpm MATa/a URA3:: 3 x clb5hpm-HA clb5::kanMX2 clb6::TRP1
clb5 clb6 MATa/a clb5::URA3 clb6::TRP1
C5 WT MATa/a CLB5-MYC-kanMX2
C3 WT MATa/a CLB3-MYC-kanMX2
C3 clb5 clb6 MATa/a CLB3-MYC-kanMX2 clb5::URA3 clb6::TRP1
C1 WT MATa/a CLB1-MYC-kanMX2
C1 clb5 clb6 MATa/a CLB1-MYC-kanMX2 clb5::URA3 clb6::TRP1
C4 WT MATa/a CLB4-MYC-kanMX2
C4 clb5 clb6 MATa/a CLB4-MYC-kanMX2 clb5::URA3 clb6::TRP1
C5 MATa/a clb5:: PCLB5-CLB5-MYC-kanMX2 clb6::TRP1
C3 MATa/a clb5:: PCLB5-CLB3-MYC-kanMX2 clb6::TRP1
C3 swe1 MATa/a clb5:: PCLB5-CLB3-MYC-kanMX2 clb6::TRP1, swe1::LEU2
C3H5 MATa/a clb5:: PCLB5-C3H-MYC-kanMX2 clb6::TRP1
C5H3 MATa/a clb5:: PCLB5-C5H-MYC-kanMX2 clb6::TRP1
C5C1 MATa/a clb5::PCLB5-CLB1-MYC-kanMX2 clb6::TRP1
C53 MATa/a clb5:: PCLB5-C53-MYC-kanMX2 clb6::TRP1
C35 MATa/a clb5:: PCLB5-C35-MYC-kanMX2 clb6::TRP1
C53A MATa/a clb5:: PCLB5-C53A-MYC-kanMX2 clb6::TRP1
C53B MATa/a clb5:: PCLB5-C53B-MYC-kanMX2 clb6::TRP1
C53C MATa/a clb5:: PCLB5-C53C-MYC-kanMX2 clb6::TRP1
C53D MATa/a clb5:: PCLB5-C53D-MYC-kanMX2 clb6::TRP1
C5T1 MATa/a clb5:: PCLB5-C5T1-MYC-kanMX2 clb6::TRP1
C53AT1 MATa/a clb5:: PCLB5-C53AT1-MYC-kanMX2 clb6::TRP1
C53AT2 MATa/a clb5:: PCLB5-C53AT2-MYC-kanMX2 clb6::TRP1
C53DT1 MATa/a clb5:: PCLB5-C53DT1-MYC-kanMX2 clb6::TRP1
C53DT2 MATa/a clb5:: PCLB5-C53DT2-MYC-kanMX2 clb6::TRP1

All SK1 strains used in this study were derived from DSY1030 MATa ho::LYS2 arg4Bgl his4X leu2::hisG lys2 trp1::hisG ura3 and DSY1031 MATa
ho::LYS2 arg4Nsp his4B leu2::hisG lys2 trp1::hisG ura3 (Stuart and Wittenberg 1998). The W303 strain K3418 used to test the function of chimeric
cyclins in mitotic proliferation has the genotype MATa ade2-1 can1-100 leu2-2, 112 his3-11, 15 trp1-1 ura3-1 clb3::TRP1 clb4::HIS3 clb5::hisG-
URA3-hisG clb6::LEU2 TRP1::GAL-CLB5 and was generously provided by Etienne Schwob (Schwob and Nasmyth 1993).
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Protein extraction, Western blotting, and histone H1
kinase assays

Extracts for the analysis of protein abundance were pre-
pared as described (Sedgwick et al. 2006). Proteins were
detected with the following antibodies: a-HA acsites fluid
1:10,000 (Covance), a-MYC ascites fluid 1:10,000 (Cova-
nce), and a-PSTAIR 1:10,000 (Sigma). All primary antibod-
ies were detected by incubation with secondary antibodies
conjugated to horse radish peroxidase (HRP), followed by
enhanced chemiluminescence using ECL Plus Western blot-
ting reagents (GE Healthcare). Images were scanned and
quantified with a Storm 840 phosphorimager (Molecular
Dynamics) in combination with ImageQuant 1.2 software.
Quantified values were normalized using positive control
samples (from an asynchronous PCLB5–CLB5–MYC clb6 cul-
ture) and negative control samples (from an asynchronous
clb5 clb6 culture). Thus, any experimental variation in sam-
ple preparation, Western blotting, or quantitation was cor-
rected for by using an aliquot of the same positive and
negative control samples with each experiment. Addition-
ally, the PSTAIR signal was used as a quantitative loading
control to normalize the values in combination with the
positive and negative controls. The values are reported in
arbitrary units that reflect the fold increase relative to the
positive control sample in combination with the background
correction from the negative control sample and the normal-
ization with the loading controls. Histone H1 kinase assays
were performed as previously described (Raithatha and
Stuart 2005).

RNA analysis and flow cytometry

Extraction of RNA and detection of RNA species by Northern
blotting was performed as previously described (Raithatha
and Stuart 2005). Flow cytometry to measure cellular DNA
content and fluorescence microscopy of 4,6-diamino-2-phe-
nylindole (DAPI)-stained cells was performed as previously
described (Stuart and Wittenberg 1998). The proportion of
cells in S phase and G2/M was determined by analysis of the
flow cytometry histogram plots as described (Cha et al.
2000).

Results

Clb1, Clb3, and Clb4 accumulate in clb5 clb6 diploids but
do not promote premeiotic DNA replication

To investigate why the B-type cyclins Clb1, Clb3, and Clb4
fail to promote premeiotic DNA replication in clb5 clb6
mutants, we monitored the accumulation of the Clb pro-
teins in both CLB5 CLB6 and clb5 clb6 homozygous diploids
that had been induced to initiate the meiotic program.
During progression through the meiotic program, Clb5 be-
gan to accumulate within 2 hr and reached peak abun-
dance between 5 and 6 hr (Figure 1A, top). The timing
of Clb5 accumulation is consistent with its role in the onset
of DNA replication (Figure 1B). Clb1, Clb3, and Clb4 pro-

teins began to accumulate at �5 hr following the induction
of sporulation in wild-type cells and reached a peak of
abundance at 6–8 hr before declining to low levels at 10–
12 hr (Figure 1A). In these experiments, imperfection in
the synchrony of the strains was apparent when comparing
progression through S phase and the meiotic chromosome
divisions. In the CLB1–MYC strain, 50% of the cells had
completed DNA replication after 5.25 hr (Figure 1B) and
50% of the cells had completed meiosis II (MII) at 7.5 hr
(Figure 1E). In the CLB3–MYC strain, 50% of the cells had
completed DNA replication after 4 hr (Figure 1B) and 50%
of the cells had completed MII after 6.5 hr (Figure 1E).
Although Clb1 and Clb3 both began to accumulate at about
5 hr, it is notable that at 5 hr, no cells undergoing MI were
yet visible in the strain expressing Clb1, while strains
expressing Clb3 were already initiating MII (Figure 1E).
The different rates of progression through meiosis are
due to experimental differences in the synchronization of
the cultures and not a result of the epitope tags on the
cyclins. Thus, in these experiments, Clb1 accumulated ear-
lier in the meiotic program than did Clb3, consistent with
the observations of Carlile and Amon (2008). In all the
cultures, DNA replication initiated between 2 and 3 hr
and was completed in most of the cells by 5 hr (Figure
1B). Since replication was nearly complete before Clb1,
Clb3, or Clb4 accumulated, it is unlikely these cyclins make
a significant contribution to initiating premeiotic DNA rep-
lication in wild-type cells.

One explanation for the dependence of premeiotic DNA
replication on CLB5 is that Clb5 activity may be necessary
for the expression of other B-type cyclins. Thus, the accu-
mulation of Clb1, Clb3, and Clb4 was monitored in clb5
clb6 diploids. Clb1 and Clb4 accumulated in a clb5 clb6
mutant strain with timing similar to that observed in
CLB5 CLB6 cells (Figure 1C). Clb1 could first be detected
at 5 hr; however, in contrast to wild-type cells, Clb1 con-
tinued to accumulate reaching peak abundance at 10 hr
and then persisting as long as 48 hr (Figure 1C). Clb4 could
first be detected at 5 hr and persisted longer than in wild-
type cells, remaining detectable up to �12 hr (Figure 1C).

As in the CLB5 CLB6 strain, the accumulation of Clb3 in
clb5 clb6 mutants was delayed relative to Clb1 and Clb4.
Clb3 began to accumulate at �7 hr following induction of
the meiotic program, reaching peak abundance by 8–9 hr
before declining (Figure 1C). The delayed accumulation of
Clb3 is likely due to the translational regulation that pre-
vents Clb3 accumulation until the completion of the first
meiotic chromosome division (Carlile and Amon 2008). No
DNA replication was observed in the clb5 clb6 mutant
strain, indicating that although Clb1, Clb3, and Clb4 accu-
mulated, in some cases to levels greater than observed in
wild-type cells, it was insufficient to promote premeiotic
DNA replication (Figure 1D). If DNA replication is not
initiated on time, cells can bypass the DNA replication
checkpoint and attempt to divide their unreplicated chro-
mosomes, resulting in a dramatic loss of viability at the
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time that meiosis I would normally occur (Stuart and
Wittenberg 1998). Clb1, Clb3, and Clb4 accumulate at about
the time cells would normally initiate meiosis I; thus the
critical window of opportunity during which DNA replica-
tion can initiate may be missed. The delay in Clb3 accumu-
lation may be particularly relevant considering that Clb3 is
the cyclin that is most capable of substituting for Clb5 dur-
ing mitotic proliferation (Hu and Aparicio 2005). Thus, the
delay in Clb3 accumulation in a clb5 clb6 strain essentially
results in the loss of Clb5, Clb6, and Clb3 activities during
the relevant window of opportunity 2–6 hr after meiotic
entry when premeiotic DNA replication is normally initi-
ated. Both Clb3 and Clb5 accumulate in the nucleus and
Clb3 can contribute to activating DNA replication in pro-
liferating cells (Bailly et al. 2003; Hu and Aparicio 2005).
Thus, we considered the possibility that Clb3 accumulation
in clb5 clb6 diploid strains may be particularly relevant and
the potential for Clb3 to promote premeiotic DNA replication
was further investigated.

Expression of either CLB1 or CLB3 under regulation of
the CLB5 promoter cannot induce premeiotic S phase

To determine whether other B-type cyclins were capable of
promoting premeiotic DNA replication if expressed early in
the meiotic program, we generated clb5 clb6 strains that
expressed either CLB1 or CLB3 under the regulation of the
CLB5 promoter. In clb5 clb6 cells harboring PCLB5–CLB1 the
Clb1 protein accumulated poorly at early times following
the induction of the meiotic program but displayed strong
accumulation during the middle phase of meiosis between 8
and 12 hr (Figure 2A). Despite the accumulation of Clb1 and
its associated kinase activity, the cells were unable to initiate
premeiotic DNA replication (Figure 2B). In the clb5::PCLB5-
CLB3 clb6 strain, Clb3 began to accumulate 2 hr subsequent
to the induction of sporulation (Figure 2C). The Clb3 pro-
duced in these cells displayed associated histone H1 kinase
activity that was approximately proportional to the abun-
dance of Clb3 (Figure 2C). Quantitative comparison of the

Figure 1 Clb1, Clb3, and Clb4 accumulate in clb5 clb6 mutants but do not induce premeiotic DNA replication. (A) Western blots showing the
accumulation of Clb5, Clb1, Clb3, and Clb4 in CLB5 CLB6 cells progressing through the meiotic program. These strains are referred to as C5 WT,
C1 WT, C3 WT, and C4 WT, respectively, in Table 1. (C) Western blots showing the accumulation of Clb1, Clb3, and Clb4 in clb5 clb6 cells progressing
through the meiotic program. These strains are referred to as C1 clb5 clb6, C3 clb5 clb6, and C4 clb5 clb6 in Table 1. Samples were taken at the
indicated times following the induction of sporulation. A prominent band from the amido black-stained membrane was used as a loading control (load).
(B and D) Flow cytometry histograms displaying DNA content of the strains used for Western analysis in A and C. The positions representing 2C and 4C
DNA content are indicated. (E) Chromatin masses in CLB5 CLB6 strains used for Western and flow cytometry analysis in A and B. (F) Chromatin masses in
clb5 clb6 strains used for Western and flow cytometry analysis in C and D. Open symbols, cells with two chromatin masses; closed symbols, cells with
greater than two chromatin masses.
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Figure 2 CLB3 expressed under the regulation of the CLB5 promoter does not induce premeiotic DNA replication. (A) Western blots displaying the
accumulation of Clb1 (top), PSTAIR reactive Cdk1 (middle), and Histone H1 kinase (bottom) in clb5::PCLB5-CLB1 clb6 diploids at the indicated times
following induction of sporulation. (B) Flow cytometry histogram displaying the DNA content in clb5::PCLB5-CLB1 clb6 cells at the indicated times
following the induction of sporulation. (C) Western blots displaying the accumulation of Clb5, clb5::PCLB5-CLB5 clb6 (lanes 1–7) or Clb3, clb5::PCLB5-
CLB3 clb6 (lanes 8–14) at the indicated times following the induction of sporulation; PSTAIR reactive Cdk1 was used as a loading control. Kinase activity
associated with the indicated Clb protein was determined using histone H1 as a substrate. At each time point, samples were analyzed by Northern blot
for the expression of the indicated meiotic genes. The actin transcript (ACT1) served as a loading control. (D) Protein and kinase data from A were
quantified as described in Materials and Methods. Open bars represent relative protein abundance and closed bars represent relative histone H1 kinase
activity. (E) Flow cytometry histograms displaying DNA content at the indicated times following the induction of sporulation. (F) MI and MII meiotic
chromosome divisions based upon the appearance of two (solid circles) or greater than two (solid squares) chromatin masses. (G) Clb3 protein and
associated histone HI kinase activity in SWE1 and swe1 strains detected by Western blot and autoradiography, respectively. A strip of each membrane
used for the Western blots was stained with amido black as a loading control (cont). (H) Corresponding DNA content of the SWE1 and swe1 strains was
determined by flow cytometry.

1006 J. M. DeCesare and D. T. Stuart



kinase activity associated with Clb5 or Clb3 regulated by the
CLB5 promoter demonstrated that Clb3 had relatively
greater associated H1 kinase activity than Clb5 at 2 and 4
hr following the induction of sporulation (Figure 2D; shaded
bars). The elevated kinase activity associated with Clb3 rel-
ative to its protein abundance at early times in the meiotic
program suggested that Clb3–Cdk1 complexes might have
been less susceptible to inhibition by Sic1 than were Clb5–
Cdk1 complexes (Figure 2D; compare open and shaded
bars). This was not investigated further but an increased
sensitivity of Clb5 to Sic1 inhibition would not be surprising,
considering the central role of Clb5 in regulating S-phase
entry. Despite the early accumulation of Clb3 and its associ-
ated kinase activity, the clb5::PCLB5-CLB3 clb6 strain dis-
played no premeiotic DNA replication, while the clb5::
PCLB5-CLB5 clb6 strain effectively replicated its chromo-
somal DNAwith timing similar to a wild-type diploid (Figure
2E).

Ectopically expressed CLB3 could not induce premeiotic
DNA replication; however, it did influence meiotic progres-
sion. Both clb5::PCLB5-CLB5 clb6 and clb5::PCLB5-CLB3 clb6
strains displayed induction of the early meiosis-specific gene
IME2 at 2 hr, indicating that they had initiated the meiotic
program on time (Figure 2C). However, while the strain
producing Clb5 effectively induced the middle sporulation
genes SPS1 and SPS2, the clb5::PCLB5-CLB3 clb6 strain dis-
played a profound delay and reduction in the expression of
SPS1 and SPS2 (Figure 2C). Delayed induction of the middle
sporulation genes in this strain partly reflects the need for
Cdk activity to eliminate repression of these genes by Sum1
(Shin et al. 2010). This also suggests that Clb3 is not as
effective as Clb5 at eliminating Sum1 repression and is con-
sistent with delayed progression through meiosis associated
with premature accumulation of Clb3 (Carlile and Amon
2008). To determine whether the premature accumulation
of Clb3 influenced other aspects of progression through the
meiotic program we monitored chromosome divisions in
clb5 clb6, clb5::PCLB5-CLB5 clb6, and clb5::PCLB5-CLB3
clb6 strains. Eighteen percent of clb5 clb6 cells displayed
four chromatin masses after 12 hr, consistent with the com-
pletion of MII (Figure 2F). The PCLB5–CLB5 effectively
drove progression through meiosis and .90% of these cells
displayed four chromatin masses (Figure 2F). In contrast,
PCLB5–CLB3 was ineffective in promoting progression
through meiotic divisions with only 12% of the cells com-
pleting an MII division (Figure 2F). Additionally, we ob-
served that while clb5::PCLB5-CLB5 clb6 strains were
effective in promoting meiotic recombination, the clb5::
PCLB5-CLB3 clb6 strain displayed a profound defect in re-
combination (supporting information, Figure S1).

The inability of Clb3 accumulating early in meiosis to
promote premeiotic DNA replication in a clb5 clb6 diploid
suggested that there may be significant differences in spec-
ificity between Clb5 and Clb3 that affect their ability to
promote DNA replication. However, B-type cyclin–Cdk
complexes can be subject to inhibition by the protein ki-

nase Swe1, and this reduces the ability of Clb3 to promote
entry into S phase in proliferating cells (Hu and Aparicio
2005). To determine whether the inability of Clb3 to in-
duce premeiotic DNA replication was due to inhibition by
Swe1, we deleted SWE1 in clb5::PCLB5-CLB3 clb6 diploids
and induced the cells to sporulate. Clb3 accumulated with
similar levels of associated histone H1 kinase activity in
SWE1 and swe1 diploid strains but was unable to induce
premeiotic DNA replication in either strain (Figure 2, G and
H). Thus Clb3–Cdk1 inhibition by Swe1 does not prevent
Clb3 from triggering DNA replication in clb5 clb6 mutant
strains.

The hydrophobic patch region of Clb5 is necessary for
the induction of premeiotic DNA replication

The inability of ectopically produced Clb3 to induce pre-
meiotic DNA replication suggested that Clb5-associated ki-
nase might phosphorylate some substrate that Clb3
recognizes poorly or not at all. Amino acid residues that
make up an HP region on the surface of Clb5 confer in-
creased affinity for substrates that possess RXL motifs and
thus provide a degree of substrate specificity (Cross et al.
1999; Loog and Morgan 2005). The HP motif is required
for Clb5 to promote effective DNA replication during mi-
totic proliferation. To determine whether the hydrophobic
patch of Clb5 is essential for its ability to induce premeiotic
DNA replication, the HP residues M197, L201, and W204

were changed to alanine (referred to as Clb5hpm) (Figure
3D). Although Clb5hpm displayed associated histone H1
kinase activity, the mutant was unable to promote premei-
otic DNA replication (Figure 3, A and B). Modest overpro-
duction of Clb5hpm (three copies total in a diploid clb5
clb6 strain) was able to induce delayed premeiotic DNA
replication, suggesting that the mutations reduced but
did not completely ablate meiosis-specific functions of
Clb5. Although overexpression of clbhpm could induce
DNA replication, no meiotic chromosome divisions were
observed in this strain (Figure 3, B and C).

The Clb5 hydrophobic patch alone is not sufficient to
provide Clb5-specific functions

The loss of function imposed by the hydrophobic patch
mutations indicates that the HP is necessary for Clb5’s mei-
otic functions but it does not confirm that the hydrophobic
patch alone is sufficient to determine the specificity required
to trigger premeiotic DNA replication. Clb5 can promote
premeiotic S phase while Clb3 cannot, and it is possible that
this could be due to differences between the HP motif
sequences of these cyclins (Figure 3D). To test whether
the HP motif is sufficient to provide the specificity required
for premeiotic S phase, we performed a domain exchange.
Residues of the Clb5 HP were replaced with the analogous
residues from Clb3 (C5H3) and the HP residues of Clb3
were replaced with those of Clb5 (C3H5). If the HP residues
alone confer substrate specificity to each cyclin, then we
anticipated that this motif exchange would reduce or
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eliminate the ability of Clb5 to promote premeiotic DNA
replication. Reciprocally, we hypothesized that this ex-
change might confer upon Clb3 the ability to promote pre-
meiotic DNA replication. Both C3H5 and C5H3 proteins
accumulated with similar timing in cells induced to initiate
the meiotic program. The C5H3 protein reached a slightly
higher abundance but C5H3 and C3H5 displayed nearly
identical associated histone H1 kinase activities at 4 hr, in-
dicating that they could effectively bind to and activate
Cdk1 (Figure 3, E and F). The C3H5 allele displayed the
ability to rescue mitotic growth of a clb3 clb4 clb5 clb6 strain,
indicating that the changes to the HP had not inactivated the
mitotic functions of CLB3 (Figure 4B). Similarly, C3H5 under
the regulation of the CLB5 promoter was able to partially
rescue the S-phase defect displayed by mitotically prolifer-
ating clb5 clb6 mutants (Figure 4D). Very few CLB3-specific
functions have been identified. However, CLB3 does display
a key role in promoting the MII division in meiosis (Carlile
and Amon 2008). As a result, clb1 clb3 diploids accumu-
late dyad asci during meiosis (Grandin and Reed 1993;
Dahmann and Futcher 1995). We observed that the C3H5
allele under the regulation of the CLB3 promoter was

able to largely rescue the accumulation of dyad asci in
a clb1 C3H5 strain relative to a clb1 clb3 strain, implying
that this gene retained its meiotic CLB3-specific function
(Figure 3H).

The early meiosis-specific gene IME2 was effectively
induced in both clb5::PCLB5-C5H3 clb6 and clb5::
PCLB5-C3H5 clb6 strains, indicating that these strains en-
tered the meiotic program on time. Expression of the mid-
dle genes SPS1 and SPS2 was greatly delayed in clb5::
PCLB5-C3H5 clb6 (Figure 3E). While Clb5 with a Clb3
HP domain (C5H3) effectively triggered DNA replication,
which was completed by 8 hr, no significant DNA replica-
tion could be detected in the strain producing Clb3 with
a Clb5 HP (C3H5) (Figure 3G). Although some symmetric
peak broadening was observed at late times, there was no
significant accumulation of 4C DNA content. This sym-
metric peak broadening has been investigated elsewhere
and may represent nonnuclear staining that occurs during
late meiosis (Raithatha and Stuart 2009). Although this
peak broadening may mask a limited degree DNA replica-
tion, it consistently occurred only in the late stages of
meiosis.

Figure 3 Clb5 hydrophobic patch facilitates pre-
meiotic S phase and progression through meiosis.
(A) Autoradiogram displaying histone H1 kinase
associated with Clb5hpm at the indicated time
points during sporulation. (B) Flow cytometry histo-
grams displaying the DNA content at the indicated
times during sporulation of clb5 clb6 cells harbor-
ing clb5hpm (left) or three copies of clb5hpm
(right). (C) Percentage of cells in the population
that completed the M1 or MII division at the in-
dicated time points during sporulation CLB5 CLB6
(open squares) clb5 clb6 (solid squares), clb5 clb6
URA3::clb5hpm (open diamonds), clb5 clb6 with
three copies of clb5hpm (open triangles). (D)
Amino acid sequences of the Clb5, Clb3, and
Clb5hpm HP motifs. Conserved residues are indi-
cated in boldface type. (E) Western blots detecting
Clb5 in which the Clb5 hydrophobic patch was
replaced with residues from the Clb3 HP (C5H3,
top lanes 1–7), or Clb3 containing the hydrophobic
patch sequence from Clb5 (C3H5, top lanes 8–14).
Cdk1 (PSTAIR) was monitored as a loading control.
The histone H1 kinase associated with each cyclin
at the indicated times during sporulation was mon-
itored by IP-kinase assay and autoradiography (ki-
nase). At the indicated time points, samples of RNA
from each strain were probed by Northern blot for
the abundance of the meiosis-specific transcripts
for IME2, SPS1, and SPS2; the ACT1 transcript
served as a loading control (bottom three panels).
(F) Protein and kinase data from E were quantified
as described in Material and Methods. Open bars
represent relative protein abundance and solid bars
represent relative histone H1 kinase activity. (G)
Flow cytometry histograms displaying DNA content

at the indicated times following the induction of sporulation. (H) Spores per ascus produced during sporulation in wild-type diploids (CLB), clb1D
mutants (D1), clb3D mutants (D3), clb1D clb3D mutants (D1D3), and clb1D clb3::PCLB3-C3H5 (D1 C3H5) strains. Open bars, monad; solid bars, dyad;
shaded bars, tetrad.
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When the clb5::PCLB5-C5H3 and clb5::PCLB5-C3H5
strains are compared to clb5::PCLB5-CLB5 and clb5::
PCLB5-CLB3 strains (Figure 2C) it is apparent that the
Clb5-specific HP residues have little significant impact on
the overall meiosis-specific activity of the cyclins. Thus,
although the Clb5 hydrophobic patch residues are neces-
sary for the initiation of premeiotic DNA replication, they
are not sufficient as independent determinants to confer
the ability to induce premeiotic S phase. These observa-

tions therefore suggest that a region of Clb5 other than the
HP contributes to its specific functions in meiosis.

Chimeric Clb5–Clb3 cyclins can support mitotic
DNA replication

To test whether the ability to effectively induce premeiotic
DNA replication could be attributed to a specific region of
Clb5, we extended our domain exchange strategy. The S.
cerevisiae B-type cyclins are organized into two functional

Figure 4 Clb5 and Clb3 chimeric cyclins are functional during mitotic proliferation. (A) Schematic representation of the chimeric and truncated CLB3
and CLB5 genes that were installed at the CLB5 locus and tested for function in a clb5 clb6 parental diploid. The relative positions of the destruction box
motif (D box) and the hydrophobic patch motif (HP) are indicated. The numbers indicate the amino acid residues of Clb5. (B) Spot dilution assay testing
the ability of chimeric cyclins to rescue proliferation in a clb3 clb4 clb5 clb6 GAL1-CLB5 strain, YEPGAL (GAL1–CLB5 on), and YEPDEX (GAL1–CLB5 off).
Cells were spotted on the agar in 1:10 dilutions. (C, top) Western blot to determine the abundance of the indicated Clb proteins in whole cell extracts.
(Bottom) Histone H1 kinase associated with the indicated Clb proteins. (D) Asynchronous flow cytometry profiles for the indicated strains grown to
midlog phase in YEPD. All the strains are clb6 and the indicated cyclin replaced the endogenous CLB5 open reading frame.
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domains, a carboxyl terminus that binds to and activates
Cdk1 and an amino-terminal domain that harbors a protein
stability determinant. In the case of Clb3 and Clb5, a destruc-
tion box sequence (D box) is present in the amino terminus
that targets these proteins for regulated destruction by the
anaphase promoting complex (APC). DNA fragments encod-
ing different regions of CLB5 (which can promote premeiotic
S phase) were exchanged with the analogous regions of
CLB3 (a cyclin that cannot promote premeiotic S phase).
The resulting recombinant open reading frames were placed
under the regulation of the CLB5 promoter and installed at
the endogenous CLB5 locus (Figure 4A).

The chimeric cyclins were tested for function in mitoti-
cally proliferating cells by assaying their ability to support
the growth of a clb3 clb4 clb5 clb6 PGAL1-CLB5 strain. These
strains were propagated in galactose containing medium to
maintain expression of the PGAL1–CLB5 but were plated on
dextrose-containing medium to extinguish PGAL1–CLB5 ex-
pression and test the ability of the chimeric cyclins to sup-
port mitotic proliferation. All of the cyclins were functional
in this assay with the exception of C35, a fusion of the Clb3
amino terminus to the Clb5 Cdk binding domain (Figure
4B). This chimera was found to be largely insoluble with
no associated histone H1 kinase activity (Figure 4C). These
chimeric cyclins are therefore biologically active and provide
a physiologically relevant catalytic activity. Second, asyn-
chronous cultures of cells expressing the chimeric cyclins
were assayed by flow cytometry to determine the effective-
ness of each cyclin in promoting S phase during mitotic pro-
liferation. Relative to a clb5 clb6 strain, CLB5 clb6 displayed
a smaller 2C DNA peak and a larger 4C DNA peak reflecting
efficient entry into S phase (Figure 4D). CLB3 driven by the
CLB5 promoter was incapable of fully suppressing the DNA
replication defect in a clb5 clb6 strain during mitotic pro-
liferation, the asynchronous clb5::PCLB5-CLB3 clb6 strain
displayed a higher proportion of 4C cells than the clb5
clb6 strain but less than the CLB5 clb6 strain in agreement
with previous studies demonstrating that CLB3 expression
from the CLB5 locus is not fully effective in replacing CLB5
(Hu and Aparicio 2005). Interestingly, the majority of the
strains displayed similar asynchronous DNA replication pro-
files to the clb5::PCLB5-CLB3 clb6 strain, with slightly larger
G1 peaks in comparison to their G2 peaks. Thus, the major-
ity of the chimeric cyclins were similarly effective at pro-
moting DNA replication during mitotic proliferation.

The amino terminus of Clb5 confers upon Clb3 the
ability to induce premeiotic DNA replication

Clb5 can effectively induce premeiotic DNA replication
while Clb3 cannot. If a specific region of Clb5 were respon-
sible for its meiosis-specific function, we reasoned that
replacing part of Clb3 with the appropriate region of Clb5
might confer meiosis-specific activity to the chimera. When
diploid cells expressing the chimeric cyclins were induced to
initiate meiotic differentiation, a subset of the strains could
complete the program and form spores. Fusion of the Clb5

amino terminus to the Clb3 carboxyl terminus generated
a chimera (C53) that promoted premeiotic DNA replication
and sporulation with frequency and timing similar to Clb5
(Table 2, Figure 5, A and B). SPS1 and SPS2 were induced
with similar timing in cells expressing CLB5 or the CLB5–
CLB5 chimera, suggesting that Clb5 amino terminus con-
ferred CLB3 with the ability to effectively eliminate Sum1-
mediated repression of the middle sporulation genes. We
did not directly measure DNA double strand break forma-
tion or recombination; however, the high viability of the
clb5::PCLB5-CLB-CLB3 clb6 spore progeny implies that the
chimeric cyclin is also capable of performing the meiotic
recombination functions and assembly of synaptonemal
complex functions attributed to CLB5 (Table 2).

To determine whether a smaller Clb5 amino-terminal do-
main conferring meiosis-specific activity could be localized,
further domain exchanges were performed. Fusion of 198
amino acids from Clb5 to the Clb3 HP and Cdk binding
domain produced a fusion protein (C53D) that was capable
of promoting premeiotic DNA replication but displayed a re-
duced sporulation frequency (45% in contrast to 80% for
C53) (Table 2, Figure 5A). Thus, although exchanging the
Clb5 HP with the Clb3 HP in the native Clb5 and Clb3
proteins was not associated with any significant changes in
the ability to promote premeiotic DNA replication, the Clb5
HP region appeared to play a more important role in the
context of the chimeric cyclins.

Addition of an even smaller fragment of the Clb5 amino
terminus (amino acids 1–95) to Clb3 resulted in a fusion
protein (C53A) that still displayed the ability to promote
premeiotic S phase, with 60% of the cells displaying a 4C
DNA content after 8 hr (Figure 5C). However, clb5::PCLB5-
C53A clb6 diploid cells displayed a reduced ability to spor-
ulate and only 18% of the cells formed asci (Table 2).
Replacing Clb3 sequences between amino acids 96 and
198 or 96 and 211 (which included the HP region) with
the corresponding sequences from Clb5 yielded fusion pro-
teins (C53C and C53B) with associated histone H1 kinase
activity (Figure 4C and Table 2). However, these fusions
were unable to rescue premeiotic DNA replication or sporu-
lation in a clb5 clb6 mutant (Figure 5C, Table 2).

Since the amino-terminal region of Clb5 was sufficient to
confer upon Clb3 the ability to promote premeiotic S phase,
it was anticipated that deleting these residues would reduce
the ability of these cyclins to trigger premeiotic DNA repli-
cation. Deletion of amino acids 1–50 from the Clb5–Clb3
fusion (C53DT1) resulted in a relatively small reduction in
the ability to induce premeiotic DNA replication (Figure 5C)
but displayed significantly reduced asci formation, with only
19% forming asci after 24 hr (Table 2). In contrast, when
amino acids 1–50 were deleted from the full-length Clb5
(C5T1), there was little effect on either premeiotic DNA
replication or sporulation efficiency (Figure 5C, Table 2).
Thus, the first 50 amino acids appear to make a minor con-
tribution to the ability to promote premeiotic DNA replica-
tion within the context of the full-length Clb5 but are more
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significant in the context of the chimeric cyclins that carry
a smaller portion of the Clb5 amino terminus.

These results collectively indicate that the Clb5 amino
terminus confers the specificity to promote premeiotic
DNA replication on the Clb3 protein. Although the specific-
ity conferred by the individual regions of the Clb5 amino
terminus and the Clb5 HP region appears to be dispensable
when removed individually from the full-length Clb5 pro-
tein, the cumulative contributions of each of these regions
becomes apparent when examined in the context of the
chimeric cyclins.

The Clb5 amino-terminal region containing the D box
confers a limited ability to promote premeiotic DNA
replication and is important for maintaining
genetic stability

Since the Clb5 amino terminus could confer meiosis-specific
function on Clb3, we anticipated that deletion of the amino
terminus would reduce Clb5 function. We attempted to test
the meiotic function of Clb5 lacking its amino-terminal
96 amino acids (which includes the destruction box se-
quence); however, despite repeated attempts, we were un-
able to recover viable strains that had correctly installed
this truncation at the CLB5 locus. Clb5 lacking amino acids
1–95 was previously found to be lethal to mitotically pro-
liferating cells (Sullivan et al. 2008), and we interpret our
inability to construct this strain to reflect the toxicity
imposed by stabilized Clb5. We were able to construct
strains harboring a Clb5–Clb3 fusion lacking amino acid
residues 1–96 (C53DT2, see Figure 4A). Compared to the
full-length Clb5–Clb3 fusion (C53), truncation of the
amino terminus yielded a chimeric cyclin with a limited
ability to promote premeiotic S phase, and this strain
formed no asci (Table 2). Thus in the context of the
Clb5–Clb3 fusion the Clb5 amino-terminal 96 residues
are required to promote premeiotic DNA replication.

The observation that replacement of Clb3 amino-terminal
sequences with the analogous sequences from Clb5 created
a chimeric cyclin that was capable of supporting premeiotic
S phase, meiosis, and sporulation suggests that the Clb5
amino terminus conferred function to Clb3 (Figure 5A).
However, it was also possible that the Clb3 amino terminus
prevented Clb3 from triggering premeiotic DNA replication
and the chimeric cyclins were active due to loss of an in-
hibitory domain. To test this possibility, sequence encoding
the amino-terminal 101 residues (including the destruction
box) was deleted from CLB3 (C53AT2, see Figure 4A). This
truncated cyclin accumulated to high levels and had asso-
ciated histone H1 kinase activity (Table 2); however, its
expression caused a mild growth defect as indicated by
a small reduction in plating efficiency (Figure 4B). In con-
trast to full-length Clb3, the truncated Clb3 was capable of
inducing a modest degree of premeiotic DNA replication in
clb5 clb6 diploids (Table 2). Three independent clb5::
PCLB5-C53AT2 clb6 diploids were tested and they dis-
played variability in the percentage of cells that could form
asci, 3–8%, but all three displayed a similar degree of DNA
replication. The low frequency of sporulation may reflect
chromosomal abnormalities induced by the stabilized
cyclin during mitotic proliferation since clb5::PCLB5-
C53AT2 clb6 diploids displayed a significant elevation in
the frequency of illegal mating, an assay in which the dip-
loid clb5::PCLB5-C53AT2 clb6 was challenged to mate with
a haploid tester strain (3.4 · 1025 6 2.3 · 1025 compared
to 5.1 · 1028 6 1.9 · 1028 for clb5 clb6 diploids, P = 0.025
based on Student’s t test). The ability of the diploids to
mate implies loss of or damage to one copy of chromosome
III. Thus, although the Clb5 amino terminus is normally
required to provide the specificity required to promote pre-
meiotic DNA replication this requirement can be overcome
when destruction-box–mediated regulation is disrupted
with consequent hyperaccumulation of the cyclin. This

Table 2 The ability of cyclins and chimeric cyclins to promote meiosis and sporulation

Cyclin Protein (4 hr) H1 kinase (4 hr) % S phase (8 hr) % MI + MII (24 hr) % Asci (24 hr) % Viable spores

CLB5 1.2 0.43 90 92.5 80.5 98.3
CLB3 0.85 0.54 0 23 0 0a

C5H3 1.0 0.38 80 87 76 97.5
C3H5 0.86 0.40 0 18.5 0 0a

C35 — — 0 16.5 0 ND
C53 1.3 1.0 87 91 75.5 87.5
C53D 1.3 1.2 85 75 48 83.3
C53A 0.81 1.2 60 40 18 49a

C53B 0.89 0.15 0 25.5 0 0a

C53C 0.94 0.12 0 10 0 0a

C5T1 0.85 0.71 85 84 80.5 89.2
C53DT1 0.94 0.92 70 40 19 23.6a

C53AT1 0.74 0.95 20 35 5 18a

C53DT2 2.8 0.80 23 40 0 0a

C53AT2 — — 30 28 5 ,1a

All the cyclins and chimeric cyclins were installed at the clb5 locus in clb5 clb6 strains. Protein indicates the relative abundance of the cyclin protein as determined by Western
blot. The protein and kinase values are expressed relative to a CLB5 clb6 strain that was used for comparison. See Material and Methods for a detailed explanation of the
quantitation procedures. ND, not done. Protein and kinase data for C53AT2 are not included because of instability of the strain and lack of reproducibility.
a Spore viability was determined by tetrad dissection (n = 120 spores) or random spores analysis based upon plating for 500 spores.
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modest gain of function comes at the cost of inducing ge-
netic instability.

The ability of chimeric Clb5–Clb3 cyclins to promote
premeiotic S phase is not related to overall levels of
associated kinase activity

To investigate the possibility that the differences in effec-
tiveness of the various chimeric cyclins was due to increased
or decreased levels of associated kinase activity, the protein
abundance and kinase activity were quantitated during the
early stages of the meiotic program. The Clb5-associated
kinase activity measured from 2 to 6 hr subsequent to the
induction of sporulation likely represents the optimal level
of kinase activity for activation of premeiotic DNA replica-
tion (Stuart and Wittenberg 1998). The cyclins most effec-
tive at promoting premeiotic S phase (Clb5 and C5H3) have
equal or less associated kinase activity than cyclins with re-
duced physiological effectiveness for this function (CLB3,
C53, C53D, and C53A) (Figure 5D, and Table 2). Thus, with
regard to promoting progression through the meiotic pro-
gram, the overall kinase activity associated with a cyclin
may be less relevant than a specific function that is con-
ferred by the Clb5 amino-terminal region.

Discussion

The results of this investigation suggest that Clb5 endows
Cdk1 with the specificity required for it to promote premei-
otic DNA replication and that other cyclins, at least Clb1 and
Clb3, lack this ability. The idea that premeiotic DNA replica-
tion requires a highly specific cyclin activity is in contrast
with suggestions that any B-type cyclin has the ability to
initiate DNA replication if expressed at the correct time
and if Cdk1 is not inhibited by Swe1 (Hu and Aparicio
2005). CLB1 alone, if sufficiently overexpressed, can drive
complete mitotic cell cycles in clb2 clb3 clb4 clb5 clb6 cells;
however, the morphology of the cells suggests that progres-
sion through the cell cycle is significantly perturbed by this
manipulation (Haase et al. 2001). An even more striking
demonstration of the ability of a single cyclin to drive mitotic
proliferation is that a Cdc13–Cdc2 fusion protein can drive
a relatively normal cell cycle in S. pombe in the absence of
the other cyclins cig1+, cig2+, and puc1+ (Coudreuse and
Nurse 2010). However, it is notable that in contrast to cells
expressing the Cdc13–Cdc2 fusion, cig1 cig2 mutants ex-
pressing a native Cdc13 protein display a delayed S phase
(Fisher and Nurse 1996). The observation that all eukaryotic
cells express multiple cyclins suggests that no single cyclin is
capable of promoting optimal cell cycle progression under
all conditions. Multiple cyclins with different substrate pref-
erences may be advantageous to allow responsiveness to

Figure 5 The Clb5 amino terminus confers the ability to induce premei-
otic DNA replication on Clb3. (A, top) Accumulation of C53 in clb5::
PCLB5-C53 clb6 (lanes 2–8) and C53D in clb5::PCLB5-C53D clb6 (lanes
9–16) was monitored by Western blot at the indicated times subsequent
to the induction of sporulation. A CLB5 clb6 strain (+, lane 1) and an
untagged CLB5 clb6 (NT, lane 16) were included for reference. The abun-
dance of Cdk1 (PSTAIR) was monitored as a loading control. The histone
H1 kinase associated with each cyclin and the control is displayed in an
autoradiogram (kinase). RNA harvested at each time point was assayed by
Northern blot to monitor expression of the indicated meiosis-specific
genes. The ACT1 transcript served as a loading control. (B) DNA content
of the strains at each time point was monitored by flow cytometry. Peaks
representing 2C and 4C DNA contents are indicated. (C) Flow cytometry

plots for diploid clb5 clb6 strains expressing the indicated chimeric cyclins.
Samples were taken at 2-hr intervals subsequent to inducing the cells to
initiate sporulation. (D) Relative cyclin protein abundance (open bars) and
associated histone H1 kinase (solid bars) at the indicated times (hr) fol-
lowing the induction of sporulation in the indicated strains.
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changing environmental conditions and the demands of cel-
lular differentiation and development. Thus, while a single
cyclin can drive mitotic proliferation, the cell cycle it pro-
motes is perturbed relative to that which is driven by the full
complement of endogenous cyclins. Additionally, overex-
pression of either CLB1 or CLB5 or inactivation of SWE1
can promote DNA rereplication during meiosis also sug-
gested that cyclin specificity may be a secondary issue in
meiosis (Strich et al. 2004; Rice et al. 2005). However, rere-
plication is not a normal aspect of meiosis and may be reg-
ulated significantly differently from normal premeiotic DNA
replication. Additionally, there is no evidence to suggest that
CLB1 can promote any other aspects of meiosis beyond its
normal function in the meiotic chromosome divisions.

One explanation for the inability of CLB1 or CLB3 to pro-
mote premeiotic DNA replication when expressed under reg-
ulation of the CLB5 promoter, even when combined with swe1
deletion, is that they may be less effective than Clb5 at
interacting with substrates required for premeiotic DNA rep-
lication. While some Cdk1 substrates are effectively phos-
phorylated by either Clb3–Cdk1 or Clb5–Cdk1, a subset of
protein substrates displays very strong preference for either
Clb3 or Clb5 (Koivomagi et al. 2011). Additionally, both two-
hybrid and proteomic screens have identified distinct arrays
of interacting proteins for Clb3 and Clb5 with surprisingly
little overlap (Ito et al. 2001; Archambault et al. 2004). This
strong substrate preference is likely determined by docking
domains within both the cyclins and the substrates (Bhaduri
and Pryciak 2011; Koivomagi et al. 2011). Alternatively it is
possible that subcellular localization influences the effective-
ness of cyclins in activating premeiotic S phase. We think this
is unlikely since both Clb5 and Clb3 localize to the nucleus
but we cannot formally exclude the possibility that these two
cyclins experience differential localization within the nucleus
that excludes Clb3 from the DNA replication machinery. Our
results are consistent with the notion that the failure of Clb1
and Clb3 to promote premeiotic DNA replication can be
accounted for by the different substrate specificities they con-
fer upon Cdk1. It is possible that if sufficiently overexpressed,
these cyclins might be able to activate premeiotic S phase.
Indeed, it may be the combined accumulation of Clb1–Clb4
activity is what drives S phase in mitotically proliferating clb5
clb6mutants. This idea is congruent with the observation that
neither Clb2 nor Clb3 is able to fully rescue the S-phase delay
displayed by mitotically proliferating clb5 clb6 mutants (Hu
and Aparicio 2005).

Premature accumulation of Clb3–Cdk1 is not sufficient to
promote premeiotic S phase; however, it does interfere with
homolog disjunction leading to sister chromatid segregation
in MI (Carlile and Amon 2008). Additionally, in clb5 clb6
cells harboring PCLB5–CLB3, not only did CLB3 fail to in-
duce premeiotic S phase, but meiotic recombination, chro-
mosome divisions, and induction of middle sporulation
genes were delayed and reduced beyond what was observed
in clb5 clb6 strains. Both meiotic recombination and many
events associated with the middle phase of meiosis such as

middle gene expression and the MI, MII chromosome divi-
sions require or are regulated by B-type cyclin–Cdk1 activity
(Hepworth et al. 1998; Henderson et al. 2006; Shin et al.
2010). Thus it is somewhat surprising that prematurely ac-
cumulating Clb3–Cdk1 seems to interfere with rather than
accelerate these processes in clb5 clb6 strains. It may be that
prematurely accumulating Clb3–Cdk1 triggers the induction
of a checkpoint that is usually bypassed in clb5 clb6 cells
owing to the lack of early Cdk activity (Stuart and Witten-
berg 1998). Activation of a checkpoint such as the S/M
checkpoint could potentially occur through direct phosphor-
ylation of an inappropriate target or by Clb3–Cdk1 perform-
ing its normal function too early, leading to a premature
attempt at some aspect of MII. Alternatively, it may be that
progression through the meiotic program is dependent upon
temporally regulated periods where Cdk1 activity is low
followed by periods where it is high. Premature accumula-
tion of Clb3–Cdk1 may disrupt that normal pattern and
force the meiotic program into disarray preventing further
progression and completion of the process.

The substrate specificity of some B-type cyclins is in part
provided by the conserved hydrophobic patch motif (Brown
et al. 1999; Cross et al. 1999; Koivomagi et al. 2011). Our
results indicate that the hydrophobic patch alone is not the
primary determinant of functional specificity in the context of
premeiotic DNA replication. Exchanging the HP sequences
between the Clb5 and Clb3 did not confer upon Clb3 the
ability to effectively induce premeiotic DNA replication or
reduce the ability of Clb5 to perform this function. These
observations imply that Clb5 can recognize substrates
through more than one specific mechanism although the HP
clearly contributes to this function. This idea is further sup-
ported by the observation that overproduction of Clb5hpm,
lacking an HP motif, confers the ability to promote premei-
otic DNA replication, again arguing that other portions of
the Clb5 protein contribute to its functional specificity.

The results we obtained from expressing chimeric cyclins
suggest that the Clb5 amino terminus also plays a role in
determining its functional specificity. This result is surprising
as cyclin amino-terminal domains had previously been
considered only in the context of conferring regulated pro-
tein instability and in some cases subcellular localization.
Interestingly, the Clb5 amino-terminal domain does not in-
dependently confer an increased ability to promote DNA
replication during mitotic proliferation, implying that its role
is particularly important during meiotic differentiation.

Analysis of truncation mutants indicates that the entire
Clb5 amino terminus is specialized for this role rather than
simply containing a discrete targeting sequence. A graded
loss of function in the ability to promote premeiotic S phase
is observed when comparing a spectrum consisting of the
native Clb5, C53, C53D, C53A, and Clb3, each of which
contains a progressively smaller portion of the Clb5 amino
terminus. The gradual decline in ability to promote premei-
otic S phase among these cyclins is not, however, associated
with a decline in kinase activity during early meiosis. In fact,
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the chimeric cyclins generally have associated kinase activity
at least as great as native Clb5 and Clb3 during early mei-
osis. This suggests that overall kinase activity associated
with the cyclin is less important than the specific activity
conferred to the cyclin–CDK complex by the Clb5 amino ter-
minus. This reinforces the observation that Clb5 has a higher
specificity toward particular substrates, while Clb2 has
a greater associated kinase activity per cyclin–CDK molecule
(Loog and Morgan 2005). Thus, high, untargeted CDK activ-
ity is generally insufficient to promote premeiotic DNA repli-
cation, underscoring the importance of specific substrate
targeting.

In silico structure modeling predicts that the amino-
terminal regions of the B-type cyclins are disordered, which
may explain their exclusion from all the reported crystal
structures. Intrinsically disordered regions of proteins fre-
quently serve functions for molecular recognition and in
some cases disordered regions can assume a more stably
folded structure upon binding to their targets (Tompa
et al. 2009). This mechanism can allow an uncoupling of
substrate recognition and binding affinity that could be im-
portant to allow proteins like cyclins to recognize and bind
substrates with high affinity but then release the target once
the disordered region assumes a folded structure. In addi-
tion to the apparently high degree of structural disorder,
there is little sequence conservation among the amino-
terminal regions of B-type cyclins. This sequence variability
may support unique interactions with dramatically different
arrays of substrates, thus conferring different specific func-
tions to different cyclins.

Several distinct regions of Clb5 contribute to its meiosis-
specific function. The replacement of the Clb5 HP region
with that of Clb3 does not independently have any signifi-
cant effect on the ability of Clb5 to promote premeiotic DNA
replication nor does truncation of amino acids 1–50. How-
ever, within the context of a Clb5–Clb3 fusion protein, the
chimera shows reduced function when the Clb5 HP is
replaced with the Clb3 HP and when a 50-amino-acid trun-
cation is introduced. Thus the full-length Clb5 protein has
multiple specificity determinants in the amino terminus and
HP region, each cumulatively contributing to the overall
function of the protein without individually being essential.
Thus it appears likely that cyclins may need to be extensively
dissected to reveal the multiple determinants that may cu-
mulatively contribute to their specific functions.

The importance of the Clb5 amino-terminal region as
a specificity determinant may reflect a type of specialization
unique to Clb5 or it may be a more widely used mechanism.
Domain exchanges between human cyclins E and A2 indi-
cate that the carboxyl-terminal regions of these two cyclins
confer their substrate specificities (Horton and Templeton
1997). Nonetheless, it is intriguing to consider that there
may be a higher potential for substrate specificity to develop
among cyclin amino termini due to their extensive sequence
variation. Since the amino-terminal regions of B-type cyclins
are highly divergent and not required for interaction with

the Cdk partner, any mutations occurring in this region that
increased specificity for particular substrates could allow in-
creased specialization of function. An increase in specializa-
tion has the advantage of making a cyclin more effective in
its function; however, this would also demand an increase in
the number of cyclins as observed in the cyclin gene dupli-
cations in budding yeast and the increased number of cyclins
observed in metazoan cells.

Understanding how cyclins identify specific substrates is
important to allow a complete understanding of how cell
proliferation is regulated. This is of considerable interest
when these concepts are extended to higher organisms. In
particular, parallels have emerged between Clb5 and cyclin
E, a mammalian cyclin that is involved in promoting the G1/
S transition. Deletion of mouse cyclins E1 and E2 does not
prevent cell cycle progression in most cell types but abnor-
malities are seen in spermatogenesis, trophoblast giant cells,
and megakaryocytes (Geng et al. 2003). The reduced levels
of spermatogenesis imply a meiosis-specific role for cyclin E,
directly paralleling the meiosis-specific requirement ob-
served with Clb5 in S. cerevisiae. Several types of amino
terminally truncated cyclins have been identified as contrib-
uting factors in cancers (Van Dross et al. 2006). In many
cases the effect of the mutations has been attributed to the
increased stability of the cyclin. However, these mutations
may also be altering the cyclin’s substrate specificity, leading
to deregulation of the cyclin–Cdk complex function. Indeed,
spliced variants of cyclin E with deletions in the amino ter-
minus have been identified that alter substrate specificity
without increasing stability of the protein (Porter and Key-
omarsi 2000). Additionally, the inappropriate expression or
activity of a single or a subset of cyclins contributes to the
deregulated proliferation of some cancers, and identifying
the domains used by those cyclins to direct Cdk activity to
target proteins could allow the development of small mole-
cule inhibitors to disrupt the interaction between the cyclin
and the substrate.
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Figure	  S1	  	  	  Meiotic	  recombination	  at	  the	  Arg4	  and	  His4	  loci.	  The	  yeast	  strains:	  clb5::PCLB5-‐CLB5	  clb6	  (square	  symbols),	  clb5	  clb6	  
(circles),	  and	  clb5::PCLB5-‐CLB3	  clb6	  (diamonds)	  were	  inoculated	  into	  SPM	  and	  at	  the	  indicated	  times	  1x107	  cells	  were	  withdrawn	  
and	  plated	  to	  –his	  and	  –arg	  medium	  to	  determine	  the	  number	  of	  cells	  that	  had	  undergone	  recombination	  at	  the	  Arg4	  (open	  
symbols)	  and	  His4	  (filled	  symbols)	  loci.	  An	  additional	  1x102	  cells	  were	  plated	  to	  YEPD	  medium	  to	  determine	  the	  number	  of	  
viable	  cell	  in	  each	  culture.	  The	  values	  shown	  are	  the	  means	  from	  triplicate	  platings,	  and	  the	  error	  bars	  reflect	  standard	  
deviations.	  	  	  
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