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ABSTRACT

Weel kinases regulate the cell cycle through inhibitory phosphorylation of cyclin-dependent kinases
(CDKs). Eukaryotic cells express multiple CDKs, each having a kinase subunit (Cdk) and a regulatory
“cyclin” subunit that function at different stages of the cell cycle to regulate distinct processes. The cyclin
imparts specificity to CDK—substrate interactions and also determines whether a particular CDK is subject
to Weel regulation. Saccharomyces Weel (Swel) inhibits Cdc28 (Cdkl) associated with the mitotic cyclin,
Clb2, but not with the G; (Clnl, -2, and -3) or the S-phase (CIb5 and -6) cyclins. Here, we show that this
specificity depends on two amino acids associated with a conserved “hydrophobic patch” (HP) motif on
the cyclin surface, which mediates specificity of CDK-substrate interactions. Mutation of Clb2 residues
N260 and K270 largely abrogates Clb2-Cdc28 regulation by Swel, and reciprocal mutation of the corre-
sponding residues in CIb5 can subject Clb5-Cdc28 to regulation by Swel. Swel phosphorylation by Clb2-
Cdc28, which is thought to activate Swel kinase, depends on N260 and K270, suggesting that specific
regulation of Clb2-Cdc28 by Swel derives from the specific ability of CIb2 to target Swel for activating
phosphorylation. The stable association of Swel with Clb2-Cdc28 also depends on these residues, suggesting
that Swel may competitively inhibit CIb2-Cdc28 interactions with substrates, in addition to its well-known

function as a regulator of CDK activity through tyrosine phosphorylation.

YCLIN-DEPENDENT kinases (CDKs) govern the
execution of crucial events associated with the cell-
division cycle of all eukaryotic cells, including chromo-
some replication and segregation, and cell growth and
division (MorcaAN 1997). CDKs consist of a catalytic
kinase subunit termed Cdk and a regulatory subunit
termed cyclin, which is required for activity of the kinase.
Eukaryotic cells typically express multiple, distinct, but
related cyclins, and metazoans express multiple Cdk
subunits as well. Cyclins are aptly named to describe
their oscillating abundance during the cell-division cycle
resulting from their cell cycle-regulated expression and
proteolysis, which serves to control the level of specific
CDK activities at different cell-cycle stages. Evolutionary
divergence among the cyclins, manifested in their dif-
ferential temporal expression, subcellular localization,
and ability to interact with specific substrates, confers
functional specificity to the different CDKs in gover-
nance of the cell cycle (MILLER and Cross 2001; MURRAY
2004).
CDK:s also are regulated by interaction with proteins
of the p21/p27 family that function as tumor suppres-
sors and/or developmental regulators in metazoans by
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broadly inhibiting CDK activities (MORGAN 1996, 1997;
MEeNDENHALL and HODGE 1998). The crystal structure
of cyclin A-Cdk2 bound to p27 has revealed multiple
facets of this inhibitory mechanism, which include de-
formation of the Cdk2 catalytic domain and occlusion of
the ATP binding pocket, as well as binding a conserved
region of cyclin A that has also been implicated in
mediating interaction with cyclin A-Cdk2 substrates
(Russo et al. 1996; SCHULMAN et al. 1998). This region
of cyclin A contains a number of hydrophobic amino
acids that form a hydrophobic patch motif (HP) on its
surface and conserved glutamate and glutamine, all of
which make contacts with p27. The HP region is con-
served in B-type cyclins of budding yeast where it con-
tributes to the specificity of different CDKs for their
substrates (ARCHAMBAULT et al. 2004, 2005; WILMES et al.
2004; LooG and MorGAN 2005).

Additional regulation of CDK activity occurs through
inhibitory phosphorylation of Cdk on a highly conserved
tyrosine (Y15 in Cdc2) (and the adjacent threonine in
vertebrates) near the catalytic site. Phosphorylation is
carried out by a Weel tyrosine kinase, as well as Mikl (in
fission yeast) or Mytl (in vertebrates) protein kinase
(GouLb and NuURrste 1989; LUNDGREN et al. 1991; Gu
et al. 1992; MUELLER et al. 1995; WATANABE et al. 1995;
BOOHER ¢t al. 1997; L1U et al. 1997). In vertebrates, ty-
rosine (and threonine) phosphorylation negatively reg-
ulates the S phase promoting Cdk2 and the M phase
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promoting Cdc2 (Cdkl) and serves as an important
target of cell-cycle-checkpoint mechanisms in response
to genotoxic agents (GU et al. 1992; JIN et al. 1996; CHOW
et al. 2003). Dephosphorylation of Cdk2 and Cdc2, which
isrequired for progression through S phase and M phase,
respectively, is accomplished by Cdc25 phosphatase(s)
(RussiLL and NURSE 1986). Inhibition of Cdc25 activity
is a critical mechanism of the checkpoints that regulate
CDK function through Y15 phosphorylation.

In yeasts, Cdk tyrosine phosphorylation appears to
impinge primarily on mitosis. In fission yeast, as in ver-
tebrates, Cdk tyrosine phosphorylation by Weel /Mikl
and dephosphorylation by Cdc2b are essential events that
determine the timing of mitosis in relation to other cell-
cycle events and mediate mitotic delay in response to
DNA damage or replication blocks (RHIND and RUSSELL
1998, 2001). In the budding yeast, Saccharomyces cerevisiae,
the cyclin-dependent kinase Cdc28 (analogous to Cdc2)
is also subject to a cycle of tyrosine (Y19) phosphorylation
by Saccharomyces Weel (Swel) and dephosphorylation
by Cdc25 Mitotic inducer homolog I (Mih1), and geno-
toxic stress upregulates tyrosine phosphorylation (RUSSELL
et al. 1989; BOOHER et al. 1993; Liu and WaANG 2006).
However, phosphorylation/dephosphorylation of Cdc28
is not essential for cell-cycle progression and Cdc28 phos-
phorylation is dispensable for mitotic delay in response
to genotoxic stresses (AMON el al. 1992; SORGER and
Murray 1992). Nevertheless, Y19 phosphorylation of
Cdc28 enforces a premitotic delay in response to defects
in cellular morphogenesis, although a recent study has
suggested that cell size rather than morphology is mon-
itored by this checkpoint (LEw and ReED 1995; HARVEY
and Kerroce 2003; McNuLty and LEw 2005). The find-
ing that Cdk tyrosine phosphorylation exclusively regu-
lates mitosis in yeasts suggests specificity in the interaction
of Weel /Swel with different CDKs in these organisms.

In S. cerevisiae, Cdc28 associates with one of nine cy-
clins to control the cell cycle (MENDENHALL and HODGE
1998). Three G cyclins (Cln1-3) regulate Cdc28 activity
in G, phase, and six B-type cyclins (Clb1-6) regulate
Cdc28 activity in S, Gg, and M phases. Clb5 and CIb6 are
expressed in late G; and early S phases and are primarily
responsible for initiating chromosomal DNA replica-
tion; Clb3 and Clb4 are expressed in late S phase and
drive spindle assembly; and Clbl and CIb2 are expressed
in Gy phase and control chromosome segregation.
Individual cyclins have evolved specific functions that
allow them to carry out these distinct roles, and this has
been particularly well studied with Clb5 and CIb2 as
prototype S-phase and M-phase cyclins, respectively
(MiLLER and Cross 2001; Murray 2004). Genetic
studies have shown that these cyclins cannot fully sub-
stitute for each other’s functions, even when expressed
with identical timing (Cross et al. 1999; Cross and
Jacosson 2000; DoNaLDsON 2000). For example, early
expression of Clb2 (or Clb4) from the CLB5 promoter
does not activate S phase on schedule, arguing that Clbb

is inherently better at targeting one or more replication
initiation factors. Subsequent biochemical studies com-
paring Clb2- and Clb5-Cdc28 identified preferred sub-
strates of Clb5-Cdc28, many of which function in S phase,
clearly indicating functional specificity (ARCHAMBAULT
et al. 2004; Looc and MoRrRGAN 2005). This substrate
preference depends on the HP of Clb5 and an RXL (or
Cy) motif in the substrate.

Cyclins also confer specificity to regulation by Swel
(BOOHER et al. 1993; Hu and Apraricio 2005; KEaAToN
et al. 2007). Indeed, most of the delay in S-phase entry
that occurs when C1b2, Clb3, or Clb4 is expressed early
in the cell cycle results from Swel inhibition of these
Clb-Cdc28 complexes, rather than from kinetic differ-
ences in their substrate-targeting (Hu and ApAricio
2005). This previous study shows that Swel inhibits
Clb2-Cdc28, modestly inhibits Clb3- and Clb4-Cdc28,
and does not inhibit Clb5- or Clb6-Cdc28 (or Cln) com-
plexes. In addition, kinase activity of immunoprecipitated
Clb2-Cdc28 (using histone HI as substrate) is enhanced
by SWEI deletion, whereas Clbb5-Cdc28-associated kinase
activity is unaffected by SWEI deletion (Hu and ApAaRrICIO
2005). This specificity is also reflected in more rapid Y19
phosphorylation of Cdc28 associated with Clb2 vs. Clbb
(KeEATON et al. 2007). The structural basis for cyclin-
specific inhibition of Cdc28 by Swel is unknown.

Because the Clbb HP is required for its preferential
interaction with certain substrates, we tested whether
structural differences between the Clb5 and Clb2 HP
regions account for the differential SWEI sensitivity of
the corresponding CDKs. Here we report that two
amino acid positions in the Clb2 HP region are required
for the inhibitory effect of SWEI on DNA replication
stimulated by early expressed CLB2. Stable association
and mutual phosphorylations between Swel and Clb2-
Cdc28 are disrupted by mutations of the HP region that
mimic the Clb5 HP. We also show that mutation of the
corresponding positions in Clb5 (to mimic Clb2) sub-
jects Clb5-Cdc28 to inhibition by overexpressed Swel,
indicating that the HP region imparts specificity in this
interaction. These findings emphasize and extend the
importance of the HP region in determining the spec-
ificity of CDK regulation.

MATERIALS AND METHODS

Plasmid and strain constructions: A QuikChange XL site-
directed mutagenesis kit (Stratagene no.200516) was used
according to the manufacturer’s recommendations. Primer
sequences used for mutagenesis are available upon request.
Plasmids p314-C5p-CLB2 (K270A; K270E; N260M; K270A,
N260M; and K270E, N260M) and p314-C5p-CLB5 (E207K;
M197N; E207K, M197N) were generated by site-directed
mutagenesis using p314-C5p-CLB2 (pC5C2-3NF; Cross et al.
1999) or p314-C5p-CLB5 as template, respectively. The 1.9-kb
fragment including the CLB5 coding sequence (beginning
immediately after the initiator ATG) plus 500 bp of down-
stream sequence (containing an EcoRI site) was amplified by
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TABLE 1

Yeast strains
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Strain Genotype (all are MATo unless otherwise indicated) Source
DGy221  barlA::hisG, clb6A::LEU2 GIBSON et al. (2004)
FHyl116  barlA::URA3, clb5A::CLB2, clb6A::LEU2 Hu et al. (2005)
FHy134  barIA::URA3, clb5A::CLB2, clb6A::LEU2, swelA::HIS5 Hu et al. (2005)
FHyl136  barlA::hisG, clb6A::LEU2, swelA::HIS5 Hu et al. (2005)
FHy259  barlA::hisG, clb2A::CLB2-3HA(TRPI) Hu et al. (2005)
FHy284  barlA::hisG, clb6A::LEU2, clb5A::CLB2 (A270) This study
FHy285  barlA::hisG, clb6A::LEU2, clb5A::CLB2 (E270) This study
FHy302  barlA::hisG, clb6A::LEU2, clb5A::CLB2 (M260, E270) This study
FHy303  barlA::hisG, clb6A::LEU2, clb5A::CLB2 (M260, E270), swelA::URA3 This study
FHy336  barlA::hisG, clb6A::LEU2, sld2A::SLD2-9MYC(TRPI) Hu et al. (2005)
FHy340  barlA::URA3, clb6A::LEU2, clb5A::CLB2, sld2A::SLD2-9MYC(TRPI) Hu et al. (2005)
FHy341 barlA::URA3, clb6A ::LEU2, clb5A::CLB2, swelA::HIS5, sld2A::SLD2-9MYC(TRPI) Hu et al. (2005)
FHy363  barlA::hisG, clb6A::LEU2, clb5A::CLB2 (M260) This study
FHy364  barlA::hisG, clb6A::LEU2, clb5A::CLB2 (M260, A270) This study
FHy366  barIA::hisG, clb6A::LEU2, clb5A::CLB2 (M260, A270), swelA::URA3 This study
FHy374  barlA::hisG, clb6A::LEU2, clb5A::CLB5 (N197, K207) This study
FHy375  barlA::hisG, swelA::SWEI-6MYC (URA3) This study
YGy24 barlA::hisG, clb6A :: LEU2, clb5A::CLB5(N197, K207), swelA::URA3 This study
YGy29 barlA :: hisG, swelA :: KanMX-GALI-SWE1-6MYC (URA3) This study
YGyb4 barlA::hisG, clb6A::LEU2, swelA ::URA3,clb5A :: KanMX-GALI-CLB2 (M260, E270)-3HA (TRP1)  This study
YGy65 barlA :: hisG, clb6A :: LEU2, clb5A :: KanMX-GALI-CLB2-3HA (TRP1), swelA ::URA3 This study
YGy69 barlA :: hisG, clb2A :: CLB2(M260, E270), swelA :: KanMX-GAL1-SWEI-6MYC(LEU2) This study
YGy72 barlA:: hisG, swelA :: KanMX-GAL1-SWEI-6MYC(LEU2) This study
YGy73 barlA::hisG, clb6A::LEU2, clb5A::CLB2 (M260, E270), swelA::URA3, sld2A::SLD2-9MYC(TRPI) This study
YGy74 barlA:: hisG, clb6A :: LEU2, clb5A ::CLB2 (M260, E270), sld2A ::SLD2-9MYC(TRP1) This study
YGy78 barlA :: hisG, clb2A ::CLB2 (M260, E270)-3HA(TRPI) This study
YGy80 barlA::hisG, clb2A:: CLB2(M260, E270), swelA::SWEI-6MYC (LEU2) This study
YGy81 barlA :: hisG, clb6A :: LEU2, swelA :: KanMX-GALI-SWE1 This study
YGy82 barlA::hisG, clb6A :: LEU2, clb5A::CLB5 (N197,K207), swelA :: KanMX-GALI-SWEI This study

PCR, digested with Noil, and partially digested with EcoRI to
generate a 1.3-kb fragment; this 1.3-kb NofI-EcoRI fragment of
CLB5 was ligated with the 6.5-kb fragment from p314-Cbp-
CLB2 digested with the same enzymes, yielding p314-Cbp-
CLB5. p316-C5p-CLB5 was constructed by inserting the 3.1-kb
Kpnl-Sacl fragment of p314-C5p-CLB5 into Kpnl-Sacl-di-
gested pRS316. p415-C5p-CLB5 was constructed by ligating
the 2-kb Sall-Noil fragment of p314-C5p-CLB5 with the 7-kb
Sall-Noil fragment of p415-C5p-CLB2. To create p415-Chp-
CLB2, the 3.3-kb Apal-Sacll fragment of pC5C2-3NF was
inserted into Apal-Sacdl-digested pRS415. p415-C5p-CLB2
(N260M, K270A) and p415-C5p-CLB2 (N260M, K270E) were
constructed by inserting the 3.3-kb Apal-Sac fragment from
p314-C5p-CLB2 (N260M, K270A) and p314-C5p-CLB2 (N260M,
K270E), respectively, into Apal-Sac-digested pRS415. The 2.5-
kb Nofl-Psfl fragment containing the CLB2 ORF plus 600-bp
upstream and 400-bp downstream sequences was amplified by
PCR and cloned into Nod-Psd-digested pRS415, yielding p415-
C2p-CLB2. The 637-bp Xbal-Bglll C-terminal fragment of CLB2
from p314-C5p-CLB2 (N260M, K270A) and p314-C5p-CLB2
(N260M, K270E) was ligated with the 7.8-kb Xbal-BgllI-digested
p415-C2p-CLB2, yielding pRS415-C2p-CLB2 (N260M, K270A)
and p415-C2p-CLB2 (N260M, K270E), respectively. p306-SWE1-
MYC6 was constructed by inserting a 1.3-kb SadI-Noil-digested,
PCR-produced C-terminal fragment of SWEI into Sacl-Nod-
digested p306-ORCI-MYC6 (our unpublished data). Plasmid
PAcIb2-URA3 was constructed by four-way ligation of a 560-bp
PCR-amplified Xbal-Xhol 5’ CLB2 fragment, a 560-bp PCR-
amplified BamHI-EcoRI 3" CLB2fragment, a 1.2-kb Xhol-BamHI

URA3 fragment, and Xbal-EcoRI-digested pBluescript-KS+. The
1.6-kb Xhol-Sacll fragment from p306-SWE1-MYC6 was inserted
into Xhol-Sacll-digested pRS405, yielding p405-SWE1-MYC6. All
DNA sequences produced through PCR (including PCR muta-
genesis) were sequenced to confirm that only desired mutations
were introduced.

All strains are derived from W303-1a and are described in
Table 1. Epitope-tagging, promoter replacement, and gene
deletions were constructed as described (LONGTINE et al.
1998), with the following exceptions: SWEI was deleted using
pAswel-URA3 digested with Nofl and EcoRI (Hu and APARICIO
2005); CLB2 was HA-tagged with plasmid pDK82B (TRPI)
digested with Xeml (from D. R. Kellogg); SLD2was MYC-tagged
with plasmid p404-SLD2-MYC9 digested with Mscd (Hu and
Araricio 2005); SWEI was MYC-tagged with Clal-digested
p306-SWE1-MYC6 or SnaBl-digested p405-SWE1-MYC6; CLB2
was deleted using pAclb2-URA3 digested with Xbal and
HindIlIl. For introducing point mutations into the CLB5 or
CLB2 locus, Xhol-digested p415-C5p-CLB2 (N260M; K270A;
K270E; N260M, K270A; and N260M, K270E), or p415-C5p-
CLB5 (E207K; M197N; and E207K, M197N), or p415-C2p-
CLB2 (N260M, K270E) was cotransformed with pRS414 into a
clb5A::URA3 or clb2A::URA3 host. Transformants were se-
lected on —Trp plates and replica-plated onto FOA plates;
FOA-resistant transformants were confirmed by PCR. We con-
structed other strains by standard mating and spore dissec-
tions. Strain genotypes are listed in Table 1.

Yeast methods: o-Factor block-and-release experiments
were performed as described previously (APArIiCIO et al.
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Clbl 239 QNRDILVNWIIKIHNKFGLLPETLYLAINIMDRFLCEEVVQLNRLQLV 286
Clb2 259 QNRDILVNWLVKIHNKFGLLPETLYLAINIMDRFLGKELVQLDKLQLV 306 Ficure 1.—Sequence alignment of Clb1-CIb6.
Clb3 199 SFRSTLIDWIVQVHEKFQLLPETLYLCINIIDRYLCKEVVPVNKFQLV 246  Numbers to the left of the sequences refer to
Clb4 239 PFRRTMIDWLVQLHFRFQLLPETLYLTINIVDRFLSKKTVILNRFQLV 285  amino acid positions. Amino acid positions indi-
C1b5 196 SMRTILVDWLVEVHEKFQCYPETLFLSINLMDRELAKNKVIMNKLQLL 243 cated in boldface type are numbered 1-5 for de-
Clb6 154 SMRALLIDWLVEVHEKFHCLPETLFLAINLLDRFLSQNVVKLNKLQLL 201

scription in the text.

1 2 3 4

2004). YEP medium was used for all experiments, with 2%
glucose unless otherwise indicated. DNA content analysis
(FACS analysis) has been described previously (Aparicio
et al. 2004). Budding analysis was determined by microscopic
analysis of 100 or 200 formaldehyde-fixed cells at each time
point.

Protein analysis: Gel electrophoresis was carried out at
constant current, 8 mA in stacking gel and 18 mA in resolving
mini-gel. Proteins were separated on 10% (75:1) SDS poly-
acrylamide gels. Antibodies for Western blot analysis were used
as follows: anti-Myc (9E10) antibody (Covance-BAbCo, 1:2000);
anti-Clb2 (Santa Cruz SG9071, 1:500); anti-Cdc2 phosphotyro-
sine (Cell Signaling Technology, 1:1000); anti-PSTAIRE (Santa
Cruz SC-53, 1:500). Chemiluminescent signal was captured using
Bio-Rad ChemiDoc XRS 170-8070 system and QuantityOne
Analysis software after treatment with SuperSignal Elisa Femto
maximum-sensitivity substrate (Pierce). For examination of Sld2
phosphorylation, protein extracts were prepared by trichloro-
acetic acid (TCA) precipitation as described (Fo1ant et al. 1995).

Co-immunoprecipitation (Figure 5) of Clb2-Ha3-Cdc28
and Swel-Myc6 from whole-cell extracts was carried out as
described in (MORTENSEN et al. 2002; HARVEY et al. 2005) with
some modifications. Cells were broken by bead beating in
lysis buffer containing protease inhibitor cocktail (Roche).
Four milligrams of total protein was incubated with 9E10
(1:100) in 500 pl volume for 1 hr at 4° 30 ul of protein
G-sepharose beads (50:50 slurry) was added and incubated
with gentle rotation for 1 hr at 4°. The beads were washed and
suspended in 45 ul of protein sample buffer and heated at 95°
for 5 min. Fifteen microliters of supernatant was loaded onto
gels. One percent of the whole-cell extract was loaded in the
“extract” lanes. Cdc28-Clb2-Ha3 was immunoprecipitated with
anti-Ha antibody (16B12, 1:250) for examination of Cdc28-Y19
phosphorylation.

Immunoaffinity isolation of Clb2-Ha3-Cdc28 was carried
outas described with some modifications (HARVEY et al. 2005).
Five hundred milliliters of cells expressing Clb2-Ha3 or Clb2-
N260M, K270E-Ha3 from the GALI promoter were harvested
after 3 hr of growth in YEP + 2% galactose at 30°. The cells
were washed and resuspended in 5 ml lysis buffer containing
phosphatase inhibitors (25 mm B-glycerophosphate, 50 mm
NaF, 100 pm sodium orthovanadate) and protease inhibitors
[1 mm PMSF, 50 wg/ml TPCK and protease inhibitor cocktail
(Roche)] at 4°. The cell suspension was distributed into 10 2-
ml tubes for cell lysis by bead beating in a Fastprep instrument
(MP Biomedicals). The extracts were pooled (~5 ml) and
incubated with anti-Ha antibody mixture (16B12, 1:500 and
12CAb, 1:250) overnightat 4°, followed by 1 hr incubation with
300 pl of protein G-sepharose beads with gentle rotation. The
beads were washed and incubated at 23° for 15 min with 300 pl
of elution buffer containing 0.5 mg/ml Ha dipeptide
(YPYDVPDYASLYPYDVPDYA, University of Southern Califor-
nia Norris Cancer Center) with occasional agitation. The
beads were precipitated by centrifugation and the eluate was
collected. This step was repeated once at 23° and three
additional times at 30°. The eluates were pooled and concen-
trated to ~120 pl using an Amicon Ultra-4 (Millipore).

Kinase reactions: Swel-Myc6 immunoprecipitate beads
were prepared freshly for each experiment as described for

5

isolation of Clb2-Ha3-Cdc28 above. Swel-Myc6 beads were
suspended in 400 pl of kinase buffer (50 mm Hepes-KOH, pH
7.6, 2 mMm MgCly, 10% glycerol, 1 mM DTT, 0.05% Tween-20).
Three microliters of purified Clb2-Ha3-Cdc28 or Clb2-ME-
Ha3-Cdc28 was incubated with 0, 3, or 6 pl of freshly prepared
Swel-Myc6 immunoprecipitate beads on ice. Eleven micro-
liters of kinase buffer containing 10 wm ATP and 0.5 pl
[y*#P]JATP (6000 Ci/mmol) was added to each reaction.
Samples were incubated for 20 min at 30° with occasional
agitation and reactions were terminated by the addition of 4 ul
of 6 X SDS-PAGE sample buffer. The samples were boiled for 3
min and separated by SDS-PAGE. The gels were exposed to
the imaging screen K-HD (Bio-Rad) for 2—4 hr; the radioactive
signal of *P incorporation was captured on an FX Scanner
(Bio-Rad) and analyzed by QuantityOne Analysis software.

RESULTS

Identification of Clb2 residues required for its
regulation by Swel: To examine the structural basis
for specificity in Swel inhibition of different Clb-Cdc28
complexes, we aligned the sequences of Clbl to -6
encompassing the conserved region implicated in Clbb
interactions with substrates and in cyclin A interaction
with p27 inhibitor and substrates (Russo et al. 1996;
SCHULMAN et al. 1998; Cross and JacossoN 2000). This
region contains the HP motif (consisting of M197, 1201,
and W204 in Clb5) and two additional residues (E207
and Q241 in CIb5) that make contacts in the cyclin
A-p27 structure and have also been implicated in Clb5—
substrate interactions (Figure 1) (Russo et al. 1996;
Cross and JacossoN 2000). Among these five residues,
positions 2, 3, and 5 are invariant among the six Clbs,
with a single exception (Figure 1, amino acids in bold-
face type). However, positions 1 and 4 exhibit significant
variability, with the respective residues being N and Kin
Clbl and Clb2, F and Q in Clb3 and Clb4, and M and E
in Clbb and CIlb6. Interestingly, these amino acid
differences correspond to these cyclin pairs’ relative
susceptibilities to inhibition by Swel (Hu and ApAricio
2005), leading to the hypothesis that N and K at HP-
region positions 1 and 4 mediate Swel interaction, while
M and E at these positions do not.

Expression of wild-type CLB2 from the CLB5 pro-
moter does not stimulate replication initiation on
schedule due to inhibition of early expressed CIb2 by
Swel (Figure 2A) (Hu and Aparicio 2005). Hence, we
reasoned that mutation of CIb2 residues that are re-
quired for regulation by Swel should allow CIb2 to
trigger earlier S-phase entry in the presence of Swel. To
determine the importance of the N and K residues of
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Clb2 for regulation of Clb2-Cdc28 by Swel, we mutated
these residues to the corresponding residues of Clb5 (M
and E, respectively), which does notappear to be subject
to Swel regulation i vivo (Hu and Aparicio 2005). We
also constructed CLB2 alleles with K mutated to A
instead of E. The resulting single-mutant alleles, CLB2-
N260M, CLB2-K270E, and CLB2-K270A, and double-
mutant alleles, CLB2-N260M, K270E and CLB2-N260M,
K270A, are referred to as CLB2-M, CLB2-E, CLB2-A,
CLB2-ME, and CLB2-MA, respectively (the presence of a
letter designating the allele or protein always indicating
the mutation at position 1 and/or 4). A wild-type or
mutated CLB2 allele was introduced into clb5A clb6A
yeast cells under control of the CLB5 promoter at the
endogenous locus, resulting in CLB2 expression in late
G, and early S phase. We monitored S-phase kinetics of
these cells by DNA content analysis after release from G,
arrest with a-factor.

Analysis of the timing of S-phase entry shows that the
M and E mutations of Clb2 enhance its ability to

stimulate S phase in the presence of Swel. CIb5-
expressing cells enter S phase 12-24 min after a-factor
release, whereas Clb2-expressing cells enter S phase at
least 36 min later (Figure 2A). Expression of Clb2-M,
CIb2-E, or Clb2-A advances S-phase entry by at least 12
min compared with Clb2; however, S-phase entry
remains ~24 min behind Clb5-expressing cells. The
effect of each mutation is additive, as the double mu-
tants Clb2-ME and Clb2-MA advance S phase by an addi-
tional 12 min, entering S phase with almost identical
timing as Clb2-expressing cells lacking Swel. These
results suggest that the ME and MA mutations disrupt
the interaction between the early expressed Clb2 pro-
tein and Swel. The similar effects of the E and A muta-
tions (singly or in combination with the M mutation)
suggest that the positive charge of K at position 4 con-
tributes to Swel interaction.

Consistent with the idea that the ME and MA muta-
tions disrupt Clb2 interaction with Swel, SWEI deletion
only slightly advances S-phase entry (<12 min) of Clb2-
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F1GURE 3.—CIb2-ME alters Sld2 phosphorylation kinetics.
Each strain expresses the indicated CLB5 or CLB2 allele from
the endogenous CLB5 promoter, lacks CLB6, and expresses
SLD2-MYC9. Strains FHy336 (CLB5), FHy340 (CLB2), YGy74
(CLB2-ME), FHy341 (CLB2 swelA), and YGy73 (CLB2-ME
swelA) were synchronized in G; with a-factor and released
at 23°; samples were collected every 12 min. Protein extracts
were prepared by TCA precipitation and examined by immu-
noblotting with anti-Myc antibody. The arrow indicates phos-
phorylated Sld2.

ME- and Clb2-MA-expressing cells (Figure 2A). Further-
more, swelA cells expressing Clb2-ME or CIb2-MA enter
S phase ~12 min earlier than swelA cells expressing
wild-type CIb2, although still delayed compared with
Clb5-expressing cells. This result suggests that Clb2-ME
and Clb2-MA have enhanced ability to target replication
substrates than Clb2, although still weaker than CIbb.
The differential effects on the timing of DNA replica-
tion of these CLB2 mutations are not due to indirect
effects on progression through G; or release from
pheromone arrest as all strains initiate budding with
similar timing (Figure 2B).

To examine directly CDK activity associated with Clbb,
Clb2, and CIb2-ME, we analyzed phosphorylation of
Sld2, a normal CIb5-Cdc28 substrate, phosphorylation
of which is essential for replication initiation and can be
monitored by its reduced gel mobility (MASUMOTO et al.
2002). The timing of Sld2 phosphorylation closely corre-
sponds with the timing of S-phase entry in these strains
(Figure 3, compare with Figure 2A). For example, ex-
pression of Clbb results in partial SId2 phosphorylation
by 12 min and virtually complete phosphorylation by 24
min, corresponding to early and mid-S phase, respec-
tively. In contrast, ClIb2 expression results in partial Sld2
phosphorylation at 60 min, which corresponds to early S
phase in these cells. As shown previously, deletion of
SWEI in Clb2-expressing cells significantly advances the
timing and level of Sld2 phosphorylation (Figure 3),
whereas deletion of SWEI has no effect on timing of S1d2
phosphorylation (or S phase) in Clbb-expressing cells

(data not shown; Hu and Aparicio 2005). In accordance
with the effect of the CIb2 mutations on the timing of S-
phase entry, expression of Clb2-ME significantly advances
the timing of Sld2 phosphorylation compared with Clb2
in cells expressing SWEI. Furthermore, the effect of
Clb2-ME is comparable to deletion of SWEI in the Clb2-
expressing cells, consistent with the idea that the CIb2
mutations disrupt interaction with Swel.

Analysis of SId2 phosphorylation also provides evi-
dence that Clb2-ME has enhanced ability to interact
with Sld2. In cells lacking Swel, Clb2-ME expression
leads to slightly earlier SId2 phosphorylation than wild-
type Clb2 expression (Figure 3). Furthermore, the pro-
portion of phosphorylated SId2 is greater in cells
expressing Clb2-ME than CIb2. Nevertheless, Sld2 phos-
phorylation is not as rapid or complete as in Clbb-
expressing cells. These results indicate that the Mand E
mutations enhance Clb2’s ability to target replication
substrates, but Clb2-ME still does not match Clbb’s
targeting ability. Taken together, these findings show
that Clb2-ME largely escapes regulation by Swel while
also interacting more avidly with replication substrates
than Clb2.

Clb2-ME diminishes inhibitory Y19 phosphorylation
of Cdc28 in vive: Reduced interaction between Swel
and Clb2-ME should reduce the level of phosphoryla-
tion of Cdc28-Y19. We examined phosphorylation of
Clb2-associated Cdc28-Y19 by immunoprecipitation of
Clb2-Ha3 or Clb2-ME-Ha3 from cell extracts after G;
block and release. These strains expressed CLB2-HA3 or
CLB2-ME-HA3 from the CLBZ2 locus. Total coprecipi-
tated Cdc28 was analyzed by immunoblotting with anti-
PSTAIRE antibody, while Y19-phosphorylated Cdc28
was detected with Cdc2-phosphotyrosine-specific anti-
body. Phosphorylated Cdc28-Y19 is first detected ~48
min after release from G; and peaked at ~72-84 min in
wild-type cells (Figure 4A). Cells expressing Clb2-ME
show similar timing of phosphorylation of Cdc28-Y19;
however, the level is markedly reduced. We quantified
the level of phosphotyrosine-Cdc28 relative to the total
Clb2-associated Cdc28 by quantitative chemilumines-
cence (Figure 4B). The quantified data show three- to
fourfold decrease of phosphorylated Cdc28-Y19 associ-
ated with Clb2-ME. These results indicate that the HP
region N and K residues are required for inhibitory
phosphorylation of Clb2-associated Cdc28 by Swel, and
suggest that these Clb2 residues mediate physical in-
teraction with Swel.

Swel interaction with Clb2-Cdc28 requires HP
region N and K residues: To provide direct evidence
that Swel interaction with Clb2-Cdc28 depends on the
HP region N and K residues of Clb2, we examined the
physical interaction between Swel and Clb2 in whole-
cell extracts. Swel-Myc6 was overexpressed from the
GALI promoter in logarithmically growing cells express-
ing CIb2 or CIb2-ME from the endogenous CLBZ2 pro-
moter. Whole-cell extracts were prepared and subject to
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immunoprecipitation with anti-Myc antibody; copreci-
pitation of Clb2 was determined by immunoblotting
with anti-Clb2 antibody. Wild-type Clb2 coprecipitates
robustly with Swel-Myc6, whereas CIb2-ME coprecipi-
tates much less efficiently (Figure bA, compare lanes 2
and 4). Quantification of two independent experiments
shows an ~12-fold reduction in the amount of Clb2-ME
associated with Swel relative to wild-type Clb2 (Figure
5B). This result demonstrates that the HP region N and
K residues of Clb2 are required for stable association
with Swel and is consistent with the reduced phosphor-
ylation of Clb2-ME-associated Cdc28-Y19 (Figure 4) and
the enhanced ability of early expressed Clb2-ME to drive
S-phase entry in the presence of Swel (Figure 2A).

Clb2-ME disrupts mutual phosphorylations between
Swel and Cdc28 in vitro: Recent studies have elucidated
additional details of the interaction between Swel and
Clb2-Cdc28, showing that Clb2-Cdc28 first phosphor-
ylates Swel, thereby promoting a more stable associa-
tion and activating Swel tyrosine kinase activity toward
Cdc28-Y19, which ultimately results in inhibition of
Clb2-Cdc28 (Asano et al. 2005; HARVEY et al. 2005).
Thus, the defective regulation of Clb2-ME-Cdc28 by Swel
may reflect initial failure of Clb2-ME-Cdc28 to phosphor-
ylate Swel due to weakened physical interaction between
the two. Considering that the HP region has been im-
plicated in substrate targeting, it seems likely that N and
K mediate phosphorylation of Swel by CIb2-Cdc28 and
that Clb2-ME is defective in this activity.

To determine the effects of the Clb2 mutations on
phosphorylation of Swel, we immunoaffinity-isolated

< Cdc28

< Cdc28-Y19-P

<« Cdc28

<+ Cdc28-Y19-P

FiGure 4.—CIb2-ME diminishes Cdc28-Y19
phosphorylation in vive. Strains expressing CLB2-
HA3 (FHy259) or CLB2-ME-HA3(YGy78) from the
endogenous CLB2 promoter were synchronized
in Gy with a-factor and released at 23°. Soluble
protein extracts were prepared at the indicated
intervals and immunoprecipitated with anti-Ha
antibody. (A) Precipitates were analyzed by immu-
noblotting with anti-PSTAIRE antibody to detect
Cdc28 (Cdc28), and anti-phosphotyrosine-Cdc2
antibody to detect specifically Y19-phosphorylated
Cdc28 (Cdc28-Y19-P). CLB2and CLB2-ME samples
were run on the same blots for accurate quantifi-
cation. (B) Quantification of the chemilumines-
cent signal of Cdc28-Y19-P relative to Cdc28. The
values are dimensionless and a value of 1 was as-
signed for the maximum proportion achieved in
the CLB2-ME mutant cells.

epitope-tagged Clb2-Cdc28 and Clb2-ME-Cdc28 from
swelA cells (Figure 6A), which ensured that the associ-
ated Cdc28-Y19 was unphosphorylated. Separately, we
overexpressed and isolated Swel-Myc6 on immunoaf-
finity beads. We incubated the isolated proteins alone or
in combination, in the presence of [y**PJATP, and
detected the products by gel autoradiography. Swel
beads alone show no significant protein kinase activity,
while Clb2-Cdc28 alone and Clb2-ME-Cdc28 alone show
robust autophosphorylation of Clb2 and Clb2-ME,
respectively (Figure 6B). Clb2-Cdc28 and Clb2-ME-
Cdc28 also show indistinguishable levels of kinase
activity toward histone H1 (data notshown). The similar
levels of autophosphorylation and phosphorylation of
H1 indicate that the Clb2 mutations have little or no
effect on Clb2’s ability to target itself or on the inherent
kinase activity of the associated Cdc28.

Incubation of Swel beads with Clb2-Cdc28 results in
phosphorylation of Swel (Figure 6B). However, phos-
phorylation of Swel is reduced about threefold when
incubated with Clb2-ME-Cdc28 (Figure 6, B and C).
These data are consistent with Clb2-Cdc28 targeting
Swel as a substrate and strongly suggest that N and K
mediate this reaction. Further examination of the re-
action products shows that phosphorylation of Cdc28
results from incubation of Clb2-Cdc28 with Swel and is
reduced about threefold in the incubation of Clb2-ME-
Cdc28 with Swel (Figure 6, B and C). This reduced
phosphorylation of Cdc28 likely stems from the reduced
phosphorylation of Swel by Clb2-ME-Cdc28, which is
required to activate Swel and stabilize its association with
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FIGURE 5.—Clb2 requires N and K for interaction with
Swel. Unsynchronized GAL-SWEI-MYC6 cells expressing
CLB2 (YGy72) or CLB2-ME (YGy69) from the endogenous
CLB2 promoter were incubated in YEP/2% raffinose (Raf)
or YEP/2% galactose (Gal) for 2 hr at 30°. (A) Equal amounts
of soluble proteins (Extract) were subjected to immunopre-
cipitation (IP) with anti-Myc antibody, followed by immuno-
blot analysis of the precipitated proteins with anti-Myc and
anti-Clb2 antibodies. (B) Quantification of the amounts of
Clb2 and ClIb2-ME relative to the amounts of precipitated
Swel. The values are based on chemiluminescent signal inten-
sities and are dimensionless; error bars indicate standard de-
viation (n = 2).

Clb2-Cdc28, both of which contribute to inhibition of
Cdc28 (BOOHER et al. 1993; McMILLAN et al. 1999;
HARVEY et al. 2005). Finally, inhibition of Clb2-Cdc28 is
indicated by the reduced autophosphorylation of Clb2,
while similar inhibition of Clb2-ME autophosphorylation
is not observed (Figure 6, B and C). Together with the
increased S-phase activity of ClIb2-ME (Figures 2 and 3),
and its reduced interaction with Swel (Figures 4 and 5),
these findings support the conclusion that residues N
and K are essential for functional interaction between
Clb2-Cdc28 and Swel.

Clb5-NK is subject to regulation by Swel: Mutating N
and K of CIb2 to the corresponding residues of Clb5, M

and E, disrupts interaction of Clb2 with Swel. We
wondered whether introduction of N and K at positions
1 and 4 of Clb5 would place Clb5 under regulation by
Swel. To test this, we created CLB5-MI197N, E207K
(CLB5-NK) and expressed it from its native promoter.
We analyzed the time of S-phase entry in ¢/b6A and clb6A
swelA cells expressing Clb5 or CIb5-NK with the
expectation that S phase would be delayed in a SWEI-
dependent manner if the CLB5 mutations result in
novel regulation by Swel. However, S-phase entry is not
significantly delayed in SWEI cells expressing Clb5-NK
compared with Clb5 (Figure 7A, compare CLB5 with
CLB5-NK). This result suggests that these mutations of
Clb5 are insufficient to confer interaction with Swel.
We considered the possibility that Swel abundance in
the early cell cycle is insufficient to inhibit Clb5-NK.
CLB5 and SWE1 are expressed with similar timing in late
G; (MeEnDENHALL and Hobpce 1998). Clearly, Swel
abundance is sufficient to inhibit Clb2 expressed from
the CLB5 promoter (Figure 2A). However, as Clbb stim-
ulates S phase earlier than Clb2 (even in the absence of
Swel) (Figure 2A), Clbb may act before Swel has suf-
ficiently accumulated. Therefore, we overexpressed
Swel in Gj-arrested Clbb- or Clb5-NK-expressing cells
prior to their release into S phase. In Clb5-expressing
cells, induction of Swel expression with galactose does
not alter the timing of S phase (Figure 7B, compare
galactose with raffinose). However, in Clb5-NK-express-
ing cells, Swel overexpression delays S-phase entry by at
least 24 min (Figure 7B). Thus, N and K at positions 1
and 4 are sufficient to establish a functional interaction
between CIbb and Swel, albeit dependent on Swel
overexpression. These results further support the con-
clusion that these residues are key determinants of Swel
regulation of different Clb-Cdc28 complexes.

DISCUSSION

HP-associated residues determine specificity of
Swel regulation: We have identified HP-associated
residues N260 and K270 of Clb2 as critical to its regu-
lation by Swel. Mutation of these residues largely
abrogates Swel inhibition of early expressed Clb2 in
stimulation of DNA replication, reduces inhibitory
phosphorylation of Clb2-associated Cdc28-Y19 in vivo,
and disrupts stable association of Clb2-Cdc28 with Swel
in extracts. In vitro, the mutual phosphorylations be-
tween C]b2-Cdc28 and Swel also depend on N and K.
Although our analysis does not allow us to determine
the order of these phosphorylation events, it seems most
likely, and consistent with our data, that activating
phosphorylation of Swel by Clb2-Cdc28 precedes in-
hibitory tyrosine phosphorylation of Cdc28 by Swel
(HARVEY et al. 2005). In the converse relationship,
initial phosphorylation of Cdc28-Y19 should be associ-
ated with reduced phosphorylation of Swel, which is not
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observed (Figure 6, B and C). It seems likely that N and
K mediate both of the mutual phosphorylation events
between Swel and Clb2-Cdc28. However, given the avail-
able knowledge, the defect in phosphorylation of Swel
by Clb2-ME-Cdc28 may be sufficient to account for the
loss of inhibitory regulation by Swel.

Analogous to the function of N and K in mediating
the physical interaction and phosphorylations between
Clb2-Cdc28 and Swel, and according to the model that
Swel activation depends on its phosphorylation by
Cdc28, we infer that introduction of N and K residues
at positions 1 and 4 of CIb5 allows Clb5-NK-Cdc28 to
interact with and phosphorylate Swel, which triggers
Swel phosphorylation of Clb5-NK-associated Cdc28 on
Y19. The need to overexpress Swel to inhibit Clb5-NK
likely reflects relatively weak interaction between Swel
and CIb5-NK-Cdc28, suggesting that the unique fea-
ture(s) of Clb2 in addition to N and K contributes to its
robust interaction with Swel. Although overexpression
of Swel inhibits Clb5-NK- but not Clb5-associated Cdc28,
we have been unable to detect a differential interac-
tion(s) between Swel and CIbb or Clb5-NK. Instead, we
found that overexpression of Swel results in phosphor-

ylation of Clb5- and Clb5-NK-associated Cdc28-Y19 (data
not shown). We speculate that more avid interaction
between Clb5-NK and Swel results in CIb5-NK targeting
overexpressed Swel preferentially over its normal repli-
cation substrates. Another possibility we discuss below is
that interaction of Clbb5 with Sicl is altered in Clb5-NK,
facilitating its inhibition by Swel.

Interestingly, the N and K mutations in Clb5 do not
significantly delay S-phase entry in the absence of SWEI,
suggesting that the native M and E residues are not
essential for effective interaction of Clbb with essential
replication targets such as Sld2 (Figure 7A, compare
CLB5 swelA with CLB5-NK swelA). Previous studies have
shown that mutation of all three HP residues (Figure 1,
positions 1-3) to alanines significantly reduces Clb5
interaction with specific substrates and its ability to
complement the lethality of ¢lb3-6A cells (Cross and
Jacosson 2000). Thus, the remaining two, highly con-
served HP residues (positions 2 and 3, L and W) appear
to be sufficient to maintain Clbb interaction with critical
substrates. Similarly, mutation of all three HP residues
to alanines reduces Clb2’s biological activity and ability
to complement the lethality of ¢lb(1, 3, 4)A, clb2" cells
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(Cross and JacossonN 2000). However, Clb2-ME com-
plements clb(1, 3, 4)A, clb2" cells at the nonpermissive
temperature (data not shown), indicating that the
remaining two HP residues are sufficient to maintain
Clb2’s interactions with essential substrates. Together,
these findings support the idea that N and K of CIb2 and
M and E of CIbb are crucial for their differential
interaction with Swel, while having a more limited role
in targeting essential Clb2- or Clb5-specific substrates.
Role of the HP in CDK regulation: The role of the
HP region in mediating interactions with CDK sub-
strates and CDK inhibitors, such as Swel, potentially
provides for strict control over CDK activation and deac-
tivation, as well as substrate phosphorylations. Thus, in
addition to inhibition of Clb2-Cdc28 function by tyro-
sine phosphorylation, Swel binding the HP may actas a
competitive inhibitor of Clb2-Cdc28 activity on mitotic
substrates. These controls might act redundantly to en-
sure tight control over Clb2-Cdc28. This is consistent
with the finding that Swel partially inhibits Cdc28-Y19F,
which cannotbe phosphorylated (MCMILLAN et al. 1999).
The HP region also may mediate CDK inhibition by
Sicl, which is functionally and structurally related to
mammalian p27 (BARBERIS ef al. 2005); p27 binds the
HP of cyclin A, and when expressed in S. cerevisiae can
bind and inhibit Clb5-Cdc28 (Cross and JACOBSON

2000). Sicl overexpression prevents Swel phosphor-
ylation of Clbb-associated Cdc28-Y19, suggesting that
Sicl and Swel bind overlapping sites on Clb5-Cdc28
(KEATON et al. 2007). However, the triple alanine muta-
tion of the HP only slightly reduces the ability of Sicl to
bind and inhibit CIb5-Cdc28, indicating that other
determinants are involved (Cross and JACOBSON
2000). This previous study did not determine the signif-
icance of E at position 4 in the interaction between
Sicl and Clb5-Cdc28. However, we note that Clb5-NK-
expressing cells show no evidence of loss of Sicl in-
hibition, such as precocious S-phase entry (Figure 7).
This result is consistent with the ability of Sicl to inhibit
both Clb5- and Clb2-Cdc28 (ScHwOB et al. 1994).
Therefore, with regard to Sicl inhibition, these data
suggest that the HP region does not discriminate CIb5-
from CIb2-Cdc28, although we cannot rule out that the
HP region contributes nonspecifically to Sicl interac-
tions with Clb-Cdc28 complexes. Indeed, it is possible
that the ability of Swel overexpression to inhibit Clbb-
NK reflects decreased interaction with Sicl, which may
normally sequester CIbb from Swel.

Evolutionary conservation of the HP region from
yeast to humans has been attributed to its role in me-
diating CDK interactions with substrates as well as in-
hibitors of the p27 family (ARCHAMBAULT et al. 2005).
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Given the evolutionary conservation of Weel regulation
and the HP regions of many cyclins, it would appear
likely that Weel tyrosine kinases in other organisms
bind their cognate CDKs through the cyclin HP region
as well. Consistent with this notion, SWEI and human
WEEI complement an Schizosaccharomyces pombe weel
mutant (BOOHER et al. 1993; WATANABE et al. 1995).
However, it is notable that the Clb5 HP region shares
significantly greater similarity with the HP region of
human cyclins A, E, and B and S. pombe cyclins Cdcl3
and Cig2 than does the Clb2 HP, suggesting that Clb2
has diverged (data not shown) (ARCHAMBAULT et al.
2005). Interaction with Swel probably contributed to
divergence between Clbb and Clb2 in their respective
HP regions and, indirectly, to the evolution of distinct
sets of substrates. This is because the acquisition (or
loss) of Swel interaction through mutation of specific
HP region residues would immediately create a dis-
tinctly regulated CDK, thereby providing a foundation
for the selection of CDK-specific substrates. Swel itself
may have diverged to gain interaction with Clb2 (or lose
interaction with CIbb), as Swel shares little sequence
homology with human Weel and Mytl, which are more
closely related to S. pombe Mik1, which S. cerevisiae lacks
(WATANABE et al. 1995). Because S. cerevisiae expresses
only a single relevant Cdk (Cdc28), Swel must exploit
differences between cyclins to regulate CDKs differen-
tially. However, the presence of multiple Cdk subunits in
multicellular organisms provides an alternative (or addi-
tional) basis for CDK regulation by Weel and Mytl. Thus,
it remains to be determined whether Weel in other
organisms will bind their CDKs via the HP region, as
suggested by the functional conservation across species,
and whether the HP will impart specificity to Weel-CDK
interactions in other organisms.
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