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Many protein kinases are regulated by phosphorylation in the activation loop, which is required for
enzymatic activity. Glutamic acid can substitute for phosphothreonine in some proteins activated by phos-
phorylation, but this substitution (T169E) at the site of activation loop phosphorylation in the Saccharomyces
cerevisiae cyclin-dependent kinase (Cdk) Cdc28p blocks biological function and protein kinase activity. Using
cycles of error-prone DNA amplification followed by selection for successively higher levels of function, we
identified mutant versions of Cdc28p-T169E with high biological activity. The enzymatic and biological activity
of the mutant Cdc28p was essentially normally regulated by cyclin, and the mutants supported normal cell
cycle progression and regulation. Therefore, it is not a requirement for control of the yeast cell cycle that
Cdc28p be cyclically phosphorylated and dephosphorylated. These CDC28 mutants allow viability in the
absence of Cak1p, the essential kinase that phosphorylates Cdc28p-T169, demonstrating that T169 phosphor-
ylation is the only essential function of Cak1p. Some growth defects remain in suppressed cak1 cdc28 strains
carrying the mutant CDC28 genes, consistent with additional nonessential roles for CAK1.

Cyclin-dependent kinase (Cdk) activation loop phosphory-
lation is required for Cdk activity (9, 20, 39) and may be an
important part of the kinase activity cycle. A glutamic acid
substitution for the phosphorylated threonine in fission yeast
Cdc2 has partial biological activity consistent with failure to
exit from mitosis (14). In the budding yeast Cdk Cdc28p, the
same mutation (T169E) resulted in a low level of Cdc28p
kinase activity, correlated with a limited ability to complement
the cdc28-1N allele (an allele with a G2-M-phase-specific de-
fect) and no ability to complement the G1-S and G2-M-defec-
tive cdc28-4 allele (27). Although the inactivity of cdc28-T169E
could indicate a requirement for a cycle of T169 phosphoryla-
tion and dephosphorylation for cell cycle control (27), the
glutamic acid substitution might simply be unable to fully sub-
stitute chemically for phosphothreonine in supporting active
kinase architecture (20).

Here, we have used molecular evolution starting with the
inactive cdc28-T169E to address two questions. First, is the
combination of activation loop phosphorylation and dephos-
phorylation in Cdc28p of regulatory significance (as with mi-
togen-activated protein [MAP] kinases, for example [1, 20]), or
is it only a precondition for enzymatic activity that is not
subject to regulatory input? If phosphorylation or dephosphor-
ylation of this site controls Cdc28p activity in some regulatory
context, then a version of Cdc28p not subject to this control
should abrogate this regulation.

Second, the essential gene CAK1/CIV1 encodes a kinase
required for Cdc28p-T169 phosphorylation (12, 21, 47). Does
Cak1p/Civ1p have other essential roles in addition to Cdc28p
activation, such as the activation of other essential Cdk’s such
as Kin28 (2, 47)?

MATERIALS AND METHODS

CDC28 mutagenesis. Plasmid SF19 (CEN-ARS-TRP1-CDC28-HA [10]) and
RD47 (without the hemagglutinin (HA) epitope tag) (from Peter Sorger) con-
tain CDC28 under its own promoter. The T169E and the T169E,E171A muta-
tions were introduced into pSF19 by splice-overlap extension PCR (18). Error-
prone PCR amplification was performed as described previously (23) without
MnCl2, by using 10 to 300 ng of plasmid template, with oligonucleotides priming
40 nucleotides 59 to the CDC28 initiation codon and 39 to the coding sequence
for amino acid 267. Under these conditions, an error rate of about 0.1% is
observed (reference 23 and data not shown). KL050-1 (SF19 with the AflII-ClaI
fragment coding for amino acids 28 to 219 in CDC28 replaced with the chlor-
amphenicol resistance gene) was digested with AflII and ClaI. Strain FC23-8
(cdc28::HIS3 pGAL1::CDC2-hs/URA3 leu2::LEU2::GAL1::CLN2 trp1) was
transformed with this digest mixed with the PCR products. The human CDC2-hs
gene substitutes for the homologous yeast gene CDC28 (51) in order to restrict
recombinational repair of the gapped CDC28 plasmid (34) to the PCR product.
The AflII-ClaI region was deleted in cdc28::HIS3. Transformants on galactose-
tryptophan (ScGal-trp) medium (approximately 5,000/plate, with two or three
plates screened for most experiments) were replica plated to yeast extract-
peptone-dextrose (YEPD) for overnight growth at 30°C to allow depletion of
Cdc2-hs. They were replica-plated to dextrose–fluoro-orotic acid (ScD-FOA) to
select for growth of plasmid-loss segregants that lacked the CDC2-hs plasmid
(42). They were then tested by replica plating for the ability to grow on YEPD
at 30 or 38°C and for the ability to grow on yeast extract-peptone-galactose
(YEPGal) (inducing GAL1::CLN2 expression, which causes a-factor resistance
[33]) containing 0.3 mM a-factor at 30 or 38°C. The number of colonies screened
was sufficient to examine a high proportion of the available single mutants based
on the estimated 0.1% error rate. The CDC28 plasmid from the strongest
positive colonies was isolated by transformation of Escherichia coli and retested.
The complete region of DNA mutagenized by PCR amplification was sequenced
for each mutant with an ABI sequencing machine by using oligonucleotide
primers priming outside of the PCR-mutagenized regions.

To remove the HA epitope tag, the same gap repair procedure was used,
except that an AflII-ClaI-gapped RD47 (untagged) derivative and a KpnI frag-
ment (from 59 polylinker to a CDC28 site downstream of all mutations but
upstream of the HA epitope tag) from the mutant genes were cotransformed.
The untagged mutants were confirmed to have similar biological activity to the
tagged versions in the GAL1::CLN2 cdc28::HIS3 strain FC23-8 (described
above). These untagged constructs were not sequenced, but two of each were
tested in parallel in all experiments.

The b strand 4 (b4) mutant pool was constructed by splice-overlap extension
PCR with high-fidelity thermostable DNA polymerase (Vent; NEB) in which the
first amplification product was primed with an antisense oligonucleotide span-
ning the predicted b4 coding sequence (residues 72 to 79), in which each position
that could change the coding sequence was synthesized with 91% wild-type
nucleotide and 3% each of the other three nucleotides. This oligonucleotide had
20 nucleotides of exact complementarity at its 59 end to the coding sequence 39
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to b4, allowing splice-overlap extension to a 39 fragment containing T169E,
T169A, or T169E,E171A DNA.

T169T revertants of -4324 and -5331 were constructed by SOE with a 59
fragment containing the -4324 and -5331 mutations and a 39 fragment containing
T169T. Because of the method of construction, the final T169T version derived
from -4324 had lost the A234V mutation (because mutations C terminal to 169
in -4324 were lost in recombination) so -4325 (identical to -4324, except for the
absence of A234V) was used as a control for this derivative. The -4324 and -4325
mutants have similar biological activity (Table 1).

Yeast strain construction. Yeast strains were constructed by standard methods
(16). Strain FC23-8 was congenic with BF264-15D (37). The cdc28::HIS3 con-
struct was made by substituting the HIS3-kanr cassette in JA50-delP (6) for the
AflII-ClaI region of CDC28 and was introduced into yeast cells carrying pURA3-
CDC28 plasmid by one-step gene disruption (38). HA-tagged Clb2p was ex-
pressed from plasmid p143 (GAL1 promoter driving HA-CLB2) provided by R.
Deshaies. HA-tagged Cln2p (also from the GAL1 promoter) was described
previously (48) and was crossed into the BF264-15D background and then com-
bined with the CDC28-csr1 mutation (25) that eliminates detectable interaction
of Cdc28p-csr1 with Cln2p (see Fig. 3; compare lanes 2 and 3).

Strains used for the analysis of the CAK1 requirement were isogenic with
W303 (provided by Ann Sutton [21]). The ability of CDC28-T169E-4321, -4324,
and -5331, -4325, and the T169T versions of -4325 and -5331 to rescue cak1,
cdc28, and cak1 cdc28 strains was determined by tetrad analysis as described in
the legend to Table 2. For analysis of the cak1-22 temperature-sensitive allele,
strains SY132 (cak1::HIS3 pLEU2-cak1-22) or SY227-1 (cak1::HIS3 clb2::LEU2
pURA3-cak1-22) (from Ann Sutton) were used.

Protein analysis. Extraction, immunoprecipitation, protein kinase assays, and
immunoblotting for protein analysis were performed as described previously (24,
25). Immunoprecipitation was done with the 12CA5 anti-HA monoclonal anti-
body (Babco), and immunoblots used the polyclonal anti-HA.11 antibody
(Babco). To analyze G1 cyclin dependence of mutant Cdc28p kinase activity,
strain 1607-2D (MATa cln1D cln2D cln3D leu2::LEU2::GAL1::CLN3) was trans-
formed with vector or with CDC28 plasmids containing wild-type CDC28, T169E,
or CDC28-169-4321, -4324, or -5331 (all C-terminally tagged with the 12CA5 HA
epitope tag). All transformants were completely dependent on galactose for
viability, and upon switch to glucose medium, they arrested as large unbudded
cells as described previously (4, 37); thus the mutants do not bypass the G1 cyclin
requirement. Transformants were grown at 30°C in ScGal-trp medium and
shifted for 3.5 h into ScDex-trp medium to shut off GAL1::CLN3, or were left in
ScGal-trp medium. Cultures were extracted, extracts were immunoprecipitated
with 12CA5, and immunoprecipitates were assayed for histone H1 kinase activity
and for Cdc28p protein by immunoblotting. Cell cycle arrest by CLN deprivation
(4, 37) was monitored by accumulation of unbudded cells; in galactose cultures,
this value ranged from 56 to 66%, and in the dextrose cultures, this value ranged
from 94 to 98%.

RESULTS

Mutations in b strand 4 are second-site suppressors of the
cdc28-T169E defect. Although negatively charged residues sub-
stitute effectively for phosphorylated residues in some proteins
(for example, in the Cdk7 activation loop [29]) the substitution
of glutamic acid for the site of activation loop phosphorylation
(T169) in the Cdk Cdc28p results in very low protein kinase
and biological activity (24). Previous studies with this mutant
(27) were limited by the inability of the mutant to function as
the sole CDC28 gene in the cell. We therefore performed
error-prone PCR amplification of cdc28-T169E, and identified
CDC28 plasmids that retained the T169E mutation but rescued
viability in a cdc28::HIS3 deletion strain (Fig. 1 and Table 1).
Three of these mutant genes were sequenced: CDC28-169-2
(L44P,D75G,T169E), -4 (H78R,K96E,T169E); and -5 (V77D,
T169E). D75G, H78R and V77D are predicted to alter b
strand 4, based on alignment of Cdc28p to the crystal structure
of Cdk2 (8, 16).

To confirm that b4 mutations were sufficient to suppress the
T169E defect, we constructed an oligonucleotide designed to
yield all single-nucleotide substitutions that change the b4 cod-
ing sequence (3% substitution for each change). This oligonu-
cleotide was recombined with the remainder of the coding
sequence, containing T169E CDC28, T169A CDC28, or T169E,
E171A CDC28, to test the requirement for negative charges at
169 and 171. (In the unphosphorylated Cdk2-cyclin A complex,
the E171 side chain occupies the positively charged binding
pocket occupied by phosphorylated T169 [19, 39].) The b4

mutant pool yielded biologically active CDC28 (at a frequency
of approximately 10%) when recombined with T169E DNA
(data not shown). The b4 regions of five of these mutants
contained multiple mutations, including the three b4 muta-
tions recovered in the initial random mutagenesis (Table 1).
When the b4 mutant pool was recombined with T169E,E171A
or T169A DNA, no active clones were recovered (all apparent
positives contained reversions of T169A back to T or of E171A
back to E). Thus suppression of the T169E defect by the b4
mutation may require carboxylate groups at both nucleotides
169 and 171.

Evolving better suppressors of cdc28-T169E. The initial
cdc28-T169E pseudorevertants had significant defects (Fig. 1).
We used these mutants as templates for additional rounds of
random mutagenesis. We screened for better growth at 30 or
38°C or for mating factor resistance when the G1 cyclin CLN2
was overexpressed (mating factor resistance in this assay re-
quires CDC28 function in addition to CLN2 overexpression
[25, 33]). After four cycles of mutation and selection, we iso-
lated mutants with high (although still less than wild-type)
biological activity (Fig. 1 and Table 1).

Multiple mutation may be required for high activity. In the
course of sequential mutagenesis, some amino acid residues
were mutated independently in different contexts (T18, L44,
D75, V77, H78, K83, K96, I124, and I172 [Table 1]), suggesting
that mutations of these residues may act semi-independently to
improve function of Cdc28p-T169E. The K96E mutation (in a
helix 2) was one of two mutations in 169-4 (in addition to the
H78R b4 mutation) and also was the sole mutation responsible
for the improvement of 169-5 to 169-53 (Table 1 and Fig. 1).
Therefore, we asked if it had the ability to suppress the T169E
mutation by itself. A cdc28::HIS3 GAL1::CDC2-hs strain trans-
formed by gap repair of CDC28 with amplified CDC28 DNA
containing this mutation and T169E was essentially negative
for viability on glucose (CDC2 off) (Table 1); rare transfor-
mants that were viable on glucose had additional mutations
(Table 1) probably generated during amplification. Two mu-
tants had picked up a b4 mutation (V77A) in addition to
K96E; two weaker ones had picked up mutations N terminal to
b4 (K9T or L44P) (Table 1). b4 mutations are thus confirmed
to be an efficient route to T169E suppression without being
absolutely required, at least in the presence of the indepen-
dently activating K96E mutation.

Close examination of the data in Table 1 suggests that mul-
tiple mutations accumulated in successive rounds of mutagen-
esis are in many cases all important for the final phenotype. In
one test of the idea that the mutations identified in these
experiments can have semiadditive effects on rescue (see Dis-
cussion), we introduced the T18S mutation (recovered inde-
pendently twice in the 24 lineage [Table 1]) into the CDC28-
T169-4324 and 25331 genes. We found that this additional
mutation significantly improved rescue of the T169E defect
according to the assays in Fig. 1 (data not shown).

Phosphorylation-dephosphorylation cycles on T169 are not
required for cell cycle regulation. Three of the 4th generation
mutants (Fig. 1B) were chosen for further characterization.
These mutants supported doubling times of 1.1 to 1.2 times
that of the wild type, with cell volumes 1.5 times that of the
wild type (Fig. 2). Increased cell size is a sensitive indicator of
slowing cell cycle progression (3). Thus, this result suggests
only minor defects in the speed of completion of some cell
cycle event(s). Cell morphology was fairly normal, though
some cells had misshapen buds (data not shown). The percent-
age of unbudded cells in log-phase cultures was 30 to 40%
(wild-type value, 35%); thus the duration of the budded phase
of the cell cycle, which is regulated by cyclin-Cdc28p activity
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(26, 36), was similar to that of the wild type. DNA flow cyto-
metric analysis (Fig. 2) showed only minor changes in the
proportions of 1n and 2n cells in log phase compared to those
of the wild type, with no accumulation of aneuploids. Station-
ary-phase cultures of mutant and wild-type cells accumulated
greater than 90% unbudded cells with high cell viability, indi-
cating normal regulation of the cell cycle by nutrient depriva-
tion. The mutant strains were sensitive to mating factor, pro-
vided CLN2 was not overexpressed (Fig. 1B, YEPD1a-
factor). To test the sensitivity of the CDC28 mutants to the
Sic1 inhibitor of B-type cyclin-Cdc28p kinase (11, 30, 32, 40),
the mutants were introduced (in addition to resident wild-type
CDC28) into a strain containing multiple copies of a GAL-
SIC1 construct (7) and also introduced into a cln1 cln2 CLN3
CDC28 strain containing a single copy of GAL1::SIC1 (increas-
ing SIC1 expression is highly lethal in a cln1 cln2 background

[49]). The mutant CDC28 genes did not prevent SIC1-induced
arrest (data not shown). Thus the CDC28 mutants did not
significantly alter cell cycle regulation by extrinsic (mating fac-
tor, nutrient deprivation) or intrinsic (Sic1, S/M alternation)
factors. The CDC28 mutants should abrogate any form of
regulation that requires Cdc28p-T169 phosphorylation or de-
phosphorylation. Therefore, cyclic phosphorylation of the
Cdc28p activation loop may not be required for cell cycle
regulation.

Cyclin requirements for genetic function of CDC28-T169E
suppressor mutants. The CDC28 mutants do not bypass the
requirement for a G1 cyclin (4, 37), because they were unable
to rescue a cln1D cln2D cln3D GAL1::CLN3 strain on glucose
medium (in the absence of CLN G1 cyclin expression) (data
not shown) (Fig. 3). Deletion of the major G1 CLN1 and CLN2
(5) cyclins or the major mitotic CLB2 (15, 31, 44) cyclin almost

FIG. 1. Functional CDC28 containing the T169E mutation. (A) Strain FC23-8 (cdc28::HIS3 pGAL1::CDC2-hs/URA3 leu2::LEU2::GAL1::CLN2) was transformed
with vector, with the wild-type (wt) CDC28-containing plasmid, or with mutated CDC28 plasmids: CDC28-T169E: T169E; see Table 1 for other sequences. Twenty to
50 pooled transformants were tested for complementation of cdc28::HIS3 by selecting for growth of segregants that had lost the CDC2-hs/URA3 plasmid by using FOA
(42). The plasmids transformed in each patch are indicated in the key at the bottom of the figure. (B) Stationary-phase cultures of FOA-resistant strains shown in panel
A were suspended in water to an optical density at 660 nm of 0.7 to 1.2 and diluted 1:100, 1:1,000, and 1:10,000, and then 4 ml of each dilution was spotted on YEPD
or YEPGal, with or without 0.3 mM a-factor (medium, temperature, and presence or absence of a-factor are indicated). Plates were incubated for 3 days at 30°C or
for 4 days at 38°C. The plasmids transformed in each patch are indicated in the key at the bottom of the figure. The strains are arranged in two columns (three 10-fold
serial dilutions per column) with the wild type given at the top in each column. The left column contains members of the lineages leading to the 4th generation 24321
and 24324 mutants; the right column contains the -5331 lineage. See Table 1 for sequences.
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eliminated the ability of the CDC28 mutants to rescue a
cdc28::HIS3 strain, while wild-type CDC28 was unaffected
(data not shown); thus the CDC28 mutants are cyclin depen-
dent in vivo.

Cyclin dependence of Cdc28p kinase activity in the absence
of the ability to dephosphorylate the activation loop. Cdk7
phosphorylated in its activation loop is partially active in the
absence of cyclin H (29). Although Cdc28p can be phosphor-
ylated on T169 by Cak1p without activating its kinase activity,
this does not address the question of what happens if phos-

phorylated and cyclin-bound active Cdc28p undergoes cyclin
degradation in the absence of dephosphorylation. “Protein
memory” (41) could then allow persistence of the active con-
formation. Since the T169E substitution is presumably acting
as a phosphothreonine mimic that cannot be dephosphory-
lated, it was thus possible that the Cdc28p-T169E mutants
might retain kinase activity after cyclin degradation. To test
this, we wanted to prepare cyclin-free Cdc28p and measure its
associated kinase activity.

cln1 cln2 cln3 GAL1::CLN3 cells incubated in glucose me-

TABLE 1. Sequence changes and biological activity of CDC28 mutantsa

CDC28 gene assayed Mutation

Result for growth on:

YEPD YEPGal 1 a-factor

30°C 38°C 30°C 38°C

CDC28 parents
CDC28 (wild type) None 111 111 111 111
CDC28-T169E T169E 2 2 2 2

PCR-generated mutants (generation)
-2 (1st) T169E, L44P, D75G 1/2 2 2 2
-21 (2nd) -2 1 K83E, R97G, I172V 1 1/2 1/2 2
-4 (1st) T169E, H78R, K96E 1/2 2 2 2
-41 (2nd) -4 1 K83R 1 1/2 1/2 2
-43 (2nd) -4 1 A125E 1 1 1/2 2
-432 (3rd) -43 1 K83R 11 1 11 2
-4321 (4th) -432 1 D238E 11 11 11 1
-4323 (4th) -432 1 T18S 11 11 NDb 1/2
-4324 (4th) -432 1 L61I, A234V 11 11 11 1
-4325 (4th) -432 1 L61I 11 11 ND 1
-433 (3rd) -43 1 T18S 11 1 1 2
-434 (3rd) -43 1 F88L 1 1 1 1
-44 (2nd) -4 1 N69S, S216C 1 1 11 2
-443 (3rd) -44 1 V77A, I124V 11 11 11 1/2
-444 (3rd) -44 1 K83E, K146R 11 11 11 2
-5 (1st) T169E, V77D 1/2 2 2 2
-52 (2nd) -5 1 T18A 1 2 1/2 2
-53 (2nd) -5 1 K96E 1 2 1 2
-531 (3rd) -53 1 I124V 11 1/2 11 2
-5311 (4th) -531 1 K83E 11 11 ND 1/2
-5313 (4th) -531 1 I172V 11 11 ND 1/2
-5315 (4th) -531 1 S213C 11 11 ND 1/2
-532 (3rd) -53 1 I124V 11 1/2 11 2
-533 (3rd) -53 1 K83E 11 1/2 11 2
-5331 (4th) -533 1 I124V 11 11 ND 1/2
-5333 (4th) -533 1 I124V 11 11 ND 1/2
-5335 (4th) -533 1 L93M 11 11 ND 1/2

b4 mutant pool
3a1, 3a2 T169E, I76F, V77D 1/2 ND ND ND
3a3 T169E, D75G, V77A, H78R 1/2 ND ND ND
3a4 T169E, L73I, I76T 1/2 ND ND ND
3a5 T169E, R72K, I76S, V77A 1/2 ND ND ND

K96E, T169E derivatives
K96E, T169E K96E, T169E 2 ND ND ND
96/169-1, 4 K96E, T169E, V77A 1 2 1/2 2
96/169-2 K96E, T169E L44P 1/2 2 1/2 2
96/169-3 K96E, T169E K9T 1/2 2 ND ND

a Strain FC23-8 (cdc28::HIS3 pGAL1::CDC2-hs/URA3 leu2::LEU2::GAL1::CLN2 trp1) was transformed with wild-type CDC28 on a TRP1/CEN-ARS plasmid, with
the same plasmid containing the T169E mutation, or with the same plasmid containing the T169E mutation as well as additional suppressor mutation(s). Transformants
on ScGal-trp medium were pooled (20 to 50/pool, 4 pools/mutant) and assayed as described in Materials and Methods. The table presents a qualitative scoring of activity
in the replica-plating assays, compiled from different experiments; see Fig. 1 for results of serial dilution plating assays with selected mutants. The altered amino acids
caused by the mutations are indicated. All mutants contained the mutations found in their parents plus the new mutations indicated. All amino acid positions mutated
in more than one independent lineage are underlined (“independent” here means that the parents differed in at least one position, not that the lineages are completely
independent from the starting T169E mutant cdc28). All mutations that were single-additional mutations that improved function in some context are indicated in
boldface type. See Materials and Methods for construction of the b4 mutant pool and the K96E mutant derivatives.

b ND, not determined.

2926 CROSS AND LEVINE MOL. CELL. BIOL.



dium are cyclin deficient: the G1 CLN cyclins have been re-
moved genetically, and a combination of transcriptional con-
trol and proteolytic control effectively eliminates B-type cyclins
(reviewed in references 5 and 31). The CDC28 mutants
(epitope tagged) were introduced into a cln1 cln2 cln3
GAL1::CLN3 CDC28 strain. Essentially normal levels of his-
tone H1 kinase activity were observed in immunoprecipitates
of epitope-tagged Cdc28p-4321, -4324, and -5331 from extracts
made from galactose-grown (asynchronous) cultures, while
Cdc28p-T169E without additional mutations had very low pro-
tein kinase activity (Fig. 3A). Protein kinase activity associated
with mutant Cdc28p decreased 10- to 80-fold in cln1 cln2 cln3
GAL1::CLN3 strains upon inactivation of GAL1::CLN3 tran-
scription (the wild-type value decreased 100-fold), suggesting
that kinase activity associated with the mutant Cdc28p is
largely cyclin dependent (Fig. 3A). (This does not imply that
the CLN3-dependent kinase activity observed is directly due to
Cln3p-Cdc28p complexes; it is much more likely to be due to
complexes of Cdc28p with various B-type cyclins that are ac-
tivated by Cln3p-Cdc28p [5, 15, 31].)

To show that the low recovery of kinase activity of Cdc28p
immunoprecipitated from these cyclin-deficient cells was spe-
cifically due to the lack of cyclin, we supplemented these kinase

reactions with 300 ng of recombinant cyclin A (a gift from A.
Koff). Kinase activity of wild-type Cdc28p extracted from cy-
clin-deficient cells was stimulated over 200-fold by cyclin A,
and kinase activities of Cdc28p-4324 and Cdc28p-5331 were
stimulated 40- and 20-fold respectively. Cdc28p-4321 was
poorly (fivefold) activated by cyclin A (data not shown). The
comparison between the mutant and wild type is somewhat
difficult in that no exogenous Cak1p (12, 18, 47) was included
in the assay. The wild-type but not the mutant Cdc28p may
have a significant requirement for in vitro Cak1p phosphory-
lation of T169, and this could improve recovery of activity in
the mutants. On the other hand, Cak1p copurifies with Cdc28p
from yeast extracts (47), so its exogenous addition may not be
necessary. Despite these concerns, it is clear that these Cdc28p
preparations from the blocked cultures are defective at least in
large part because of the lack of cyclin, for both mutant and
wild-type Cdc28p.

Coimmunoprecipitation of the mutant Cdc28p with epitope-
tagged Clb2p (the major mitotic B-type cyclin [15, 44]) and the
kinase activity of Clb2p-associated mutant Cdc28p were close
to those of the wild type (Fig. 3B). Taken together with the low
level of kinase activity associated with wild-type and mutant
Cdc28p from cyclin-deficient cells, this result indicates that the

FIG. 2. Characterization of 4th generation CDC28 mutants. Strain FC23-8 (cdc28::HIS3 leu2::LEU2::GAL1::CLN2 trp1) carrying the indicated CDC28 genes on
plasmids was grown to log phase in YEPD medium at 30°C. Samples were prepared for analysis of cell volume with a Coulter Channelyzer (left) and for DNA flow
cytometry (right). wt, wild type.
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kinase activity of the mutant Cdc28p is stimulated by Clb2p
binding almost as well as the kinase activity of wild-type
Cdc28p.

Thus, the T169E-suppressing mutations bypass the require-
ment for T169 phosphorylation for kinase activity, but still
show strong cyclin dependence for function in vivo and in vitro.
The moderate decrease in regulation of kinase activity by cy-
clin deprivation of the mutants compared to that of the wild

type (Fig. 3A) could suggest decreased cyclin dependence for
either activation or maintenance of kinase activity of these
mutants. Further work and additional mutational analysis will
be required to clarify this possibility.

The Cdc28p-T169E mutants retain a strong defect in Cln2p-
associated kinase activity. Despite CLN2-dependent genetic
function of the 4th generation Cdc28p mutants (Fig. 2), they
were surprisingly defective in Cln2p-associated kinase. Cdc28p-
4324 bound to Cln2p with about 50% wild-type efficiency, but
gave only 2 to 3% of wild-type Cln2p-associated kinase activity;
24321 and 25331 were about as defective as Cdc28p-T169E
(27) at Cln2p binding and Cln2p-associated kinase (Fig. 3C).
Nevertheless, these mutants complemented the viability of a
cln1 CLN2 cln3 cdc28-13 (temperature sensitive) strain at
38°C, indicating effective CDC28 function with CLN2 as the
sole G1 cyclin (data not shown). We lack an easy explanation of
this discrepancy. It may be that the in vitro Cln2p-associated
kinase activity is a poor guide to the in vivo activity, especially
since these mutants are all significantly temperature sensitive
for Cln2p-dependent mating factor resistance (Fig. 1B). Tem-
perature-sensitive mutants are commonly unconditionally de-
fective in vitro. We also recently observed a lack of correlation
between Cln2p-dependent biological activity and Cln2p-asso-
ciated histone H1 kinase activity among Cdc28p mutants, so it
is possible that this assay is not completely informative for all
aspects of Cln2p-Cdc28p biological function (25).

The CDC28-T169E mutants bypass the requirement for
CAK1 for viability: T169 phosphorylation is the only essential
role for Cak1p. The essential Cak1p/Civ1p kinase carries out
activation loop phosphorylation of Cdc28p (12, 18, 45, 47). It
has been suggested that Cak1p has other essential roles, in-
cluding, possibly, activation of the essential Kin28 Cdk (2, 47).

These CDC28 mutants should relieve the requirement for
Cak1p for Cdc28p activation, since T169, the sole known
Cak1p site in Cdc28p (12, 18, 47), is removed by the T169E
mutation. They therefore allow a direct test of the idea that
Cak1p has other essential roles in addition to Cdc28p activa-
tion. By tetrad analysis, we determined that the 4th generation
CDC28 mutants on plasmids rescued viability in cdc28D,
cak1D, and cdc28D cak1D strains with essentially complete
recovery of the expected singly or doubly mutant spores as
viable colonies (Table 2), while a wild-type CDC28 plasmid
rescued only cdc28D and a CAK1 plasmid rescued only cak1D
(Table 2 and data not shown). cdc28-T169E did not rescue
either cdc28D or cak1D (Fig. 1 and data not shown). Thus, the
mutant CDC28 genes bypass the Cak1p requirement. The res-
cued cak1D CDC28 strains grew significantly more slowly than
the rescued cak1D cdc28D strains (Fig. 4, compare third and
fourth columns), suggesting that unphosphorylated wild-type
Cdc28p may interfere with function of the mutant Cdc28p.

Other nonessential roles for Cak1p are suggested by the
slow growth of the rescued cak1D cdc28D strains compared to
that of the rescued CAK1 cdc28D strains (Fig. 4, compare
second and fourth columns). (Note that this is the correct
comparison for determining the role of Cak1p, since only this
comparison eliminates the competitive effect of unphosphory-
lated Cdc28p discussed in the last paragraph.) The doubling
time in rich medium of CAK1 cdc28::HIS3 pCDC28-T169-4325
strains was about 90 min, which increased to 120 min for
cak1::LEU2 cdc28::HIS3 pCDC28-T169-4325 strains. The cor-
responding numbers for -5331 were about 120 and 225 min
respectively (data not shown).

Still further improvement of rescue of cdc28D cak1D invia-
bility was attained by introduction of the T18S mutation (Table
1) into the CDC28-T169-4324 and -5331 genes. This additional
mutation improved rescue of both the cdc28D and cdc28D

FIG. 3. Kinase activity of mutant Cdc28p. (A) Protein kinase activity associ-
ated with mutant Cdc28p is dependent on G1 cyclin function. A cln1D cln2D
cln3D leu2::LEU2::GAL1::CLN3 strain transformed with epitope-tagged CDC28
genes was grown to log phase in galactose medium, and a portion was blocked by
cln deprivation by growth in glucose medium to shut off GAL1::CLN3 (4, 37).
Cdc28p immunoprecipitates from cycling and blocked cultures were assayed for
histone H1 kinase activity and for Cdc28p protein by immunoblotting. G, galac-
tose medium (GAL1::CLN3 on; cycling cells); D, dextrose medium (GAL1::
CLN3 off; blocked cells). (B and C) Cyclin binding and cyclin-associated kinase
activity of mutant Cdc28p. Wild-type and mutant CDC28 genes lacking the
epitope tag (two clones each) were introduced into strains expressing HA-tagged
Clb2p or Cln2p. Immunoprecipitated cyclin, cyclin-associated Cdc28p, and his-
tone H1 kinase activity were assayed. (B) Clb2p-bound Cdc28p. The first lane
contains vector rather than the GAL-HA-CLB2 plasmid. (C) Cln2p-bound
Cdc28p. The first lane is a strain lacking the integrated GAL-CLN2-HA con-
struct. The second lane lacks exogenous introduced CDC28. In panel C, the
endogenous CDC28 is defective for Cln2p binding (25). Phos., phosphorylated.
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cak1D backgrounds. Doubling times in rich medium for
cdc28D CAK1 and cdc28D cak1D strains for these two plasmids
were 78 and 110 min for -4324/T18S and 90 and 118 min for
-5331/T18S. Thus, the growth defect due to deletion of CAK1
can be significantly reduced but probably not eliminated by
improving the rescuing CDC28 mutant.

These results indicate that Cak1p has other nonessential
roles in addition to Cdc28p-T169 phosphorylation and that
even highly active Cdc28p cannot compensate fully for the
absence of Cak1p.

Reversion of T169E to T169T in the CDC28-169-4325 and
-5331 mutants prevented rescue of the cdc28D cak1D and
CDC28 cak1D strains (Table 2). In contrast, the reverted mu-
tants rescued cdc28D CAK1 strains better than the T169E
versions (data not shown). Thus, the suppressor mutations did
not bypass the requirement for a negative charge at position
169.

The cak1-22 temperature-sensitive allele (18) is also rescued
by these mutant CDC28 genes, as expected (data not shown).
The cak1-22 temperature sensitivity is strongly enhanced by
deletion of CLB2, encoding the major mitotic B-type cyclin
(18). Deletion of CLB2 eliminated rescue of cak1-22 by the
mutant CDC28 genes, even at 30°C (data not shown). This
result confirms that the mutants are strongly dependent on
Clb2p, as described above.

DISCUSSION

Molecular evolution: multiple mutants are a necessary evil.
The cycles of mutagenesis and selection carried out here
yielded multiply mutant CDC28-T169E derivatives with high
biological activity. It may be impossible to isolate single mu-
tants with activity close to that detected in the final products, at
least by PCR mutagenesis, since a large proportion of the

available single mutants were screened at each step (see Ma-
terials and Methods). In one case examined in detail, the K96E
mutation clearly enhances function of the -5 V77D mutant (-53
mutant) (Table 1 and Fig. 1B), but the K96E mutation by itself
lacks T169E-suppressing activity (Table 1). Also, the -531
(V77D, K96E, I124V) and -533 (V77D, K83E, K96E) triple
mutants derived from the -53 mutant are significantly less
active than the -5331 (V77D, K83E, K96E, I124V) quadruple
mutant (Table 1 and Fig. 1B). Thus, the full set of four sup-
pressor mutations is clearly required for the efficient suppres-
sion of the T169E defect in mutant -5331. Therefore, the use of
the molecular evolution method may be a requirement for
generation of highly active mutants, since such a quadruple
mutant would be impossible to isolate in a single step of mu-
tagenesis and screening.

It appears likely that the multiple mutations in our T169E
suppressors have positive effects in a semi-context-indepen-
dent fashion, since the same mutations were isolated multiple
times in different backgrounds of other suppressor mutations
(see Results). The idea that mutants with independent weakly
positive effects can interact positively may explain the success
of the DNA shuffling method, in which weak mutants are
recombined with each other to yield highly active products
(43). This idea was confirmed directly by the observation that
recombining the T18S mutation (Table 1) with the already
highly active 4th generation -4324 and -5331 mutants resulted
in significant improvement in biological activity (described
above).

In most cases, the mutations alter residues that are not close
to the location of the phosphorylated threonine in the cognate
Cdk2 structure (39), so an overall conformational alteration
may be responsible rather than a precise remodeling of the

FIG. 4. Mutant CDC28 genes bypass the CAK1 requirement. Stationary-
phase YEPD cultures of segregants from the crosses described in Table 2 were
suspended in water at an optical density of 660 nm of 1.2 to 1.4. A 1:200 dilution
of this suspension was made in water, and 5 ml of this suspension, or a 1:10 or a
1:100 dilution (as indicated), was spotted on a YEPD plate. The plate was
incubated at 30°C for 3 days. Two segregants of each genotype were tested. 11,
wild-type strains (one cak1::LEU2 CDC28 strain carrying the pCAK1 plasmid
and one CAK1 cdc28::HIS3 strain carrying the wild-type CDC28 plasmid; D1,
CAK1 cdc28::HIS3 strains carrying the indicated mutant CDC28 plasmids; 1D,
cak1::LEU2 CDC28 strains carrying the indicated mutant CDC28 plasmids; DD,
cak1::LEU2 cdc28::HIS3 strains carrying the indicated mutant CDC28 plasmids.

TABLE 2. Rescue of inviability due to cak1 deletiona

CDC28 gene on
plasmid

No. of segregants containing CDC28 plasmid and
lacking CAK1 plasmid

CAK1
CDC28

CAK1
cdc28D

cak1D
CDC28

cak1D
cdc28D

CDC28 (wild
type)

21 19 0 0

CDC28-4321 9 14 13 8
CDC28-4324 10 9 10 10
CDC28-4325 12 17 18 11
CDC28-4325-169T 8 12 0 0
CDC28-5331 28 17 17 25
CDC28-5331-169T 14 13 0 0

a Strains of genotype cak1::LEU2 pURA3-CAK1 were mated to isogenic
(W303 background) strains of genotype cdc28::HIS3 pTRP1-CDC28 (either wild-
type, or 4th generation CDC28 mutant strain). In two cases (CDC28-4325-169T
and CDC28-5331-169T), the 4th generation CDC28 mutant had been reverted to
contain the wild-type T169T sequence instead of T169E. Following tetrad dis-
section, viable spores were replica plated to determine auxotrophy for Leu, His,
Trp, and Ura. The estimated spore viability of CAK1 CDC28 segregants was
greater than 90% in most crosses (the lowest was 83% for CDC28-4324-169T
crosses) (determined by comparing the recovery of Leu2 His2 spores to the
expected average of 1 per tetrad dissected). Trp1 Ura2 segregants from the
crosses (containing the CDC28 plasmid and lacking the CAK1 plasmid) were
scored for cak1D and cdc28D by the Leu1 and His1 phenotypes, respectively.
Replicate crosses gave similar results, so data from up to three isogenic crosses
were pooled. The numbers are the total recovered spores of each genotype. Only
spores from tetrads in which genotypes of all inviable spores could be deduced,
assuming 2:2 segregation of all markers (excluding plasmids), are included in the
tabulation. A 2:2 segregation of nonplasmid markers was observed in all four-
viable-spore tetrads. Due to 3:1 and 1:3 segregation of the plasmid observable in
some four-viable-spore tetrads, the plasmid content of inviable spores could not
be determined reliably.
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phosphothreonine binding pocket. The mammalian Cdk7-cy-
clin H complex requires activation loop phosphorylation, but
this requirement can be bypassed by the presence of the Mat1
protein, which forms a heterotrimeric complex with Cdk7 and
cyclin H (13, 46). Presumably Mat1 induces folding in a Cdk7-
cyclin H complex that compensates for the absence of phos-
phorylation. We may have induced similar folding alterations
by mutagenesis of Cdc28p to allow acceptance of the glutamic
acid substitution for phosphothreonine.

Cdc28p mutants that cannot be regulated by activation loop
phosphorylation and dephosphorylation remain cyclin depen-
dent in vivo and in vitro. The CDC28-T169E mutants are
dependent on cyclin binding for enzymatic activity. Correlated
to this, they are genetically dependent on both G1 cyclins and
on mitotic cyclins. These observations suggest that Cdc28p-
T169-phosphate complexed to cyclin requires cyclin for main-
tenance of the active conformation and enzymatic activity. The
observation that Cdc28p can be phosphorylated by Cak1p in
the absence of cyclin, without activating its kinase activity (12,
18, 47), is consistent with this conclusion. The Cdc28p-T169E
suppressor mutants are not fully wild type for function, how-
ever, and this may generate a requirement for cyclin binding
for maintenance of activity that might not be present in au-
thentic Cdc28p-T169-phosphate. There is a suggestion in the
data that some of these mutants may be less cyclin dependent
than the wild type. (The -5331 mutant reproducibly shows a
higher background signal in the cln-blocked culture [Fig. 3],
and all of the mutants are significantly less well activated by
cyclin A than the wild type.) It is possible that selection for the
ability to tolerate the T169E substitution entails coselection of
reduced cyclin dependence.

Why is there CAK? These experiments demonstrate that
cyclical phosphorylation and dephosphorylation of T169 are
not required for effective cyclin-dependent cell cycle control.
Cyclic phosphorylation of T169 might be involved in cell cycle
regulation, but redundant with other controls. If T169 dephos-
phorylation were regulated during exit from mitosis (28), the
effect of blocking this control could be masked by the redun-
dant controls on mitotic exit due to control of cyclin proteolysis
(22, 31) or the inhibitor Sic1 (9, 30, 32, 40). The 4th generation
CDC28-4324 and -5331 mutants were able to rescue a sic1::
LEU2 cdc28::HIS3 strain, however, (data not shown), suggest-
ing that T169 phosphorylation-dephosphorylation cycles are not
required, even in the absence of negative control of Cdc28p by
Sic1 inhibition.

The observation that the Cak1p kinase exhibits no cell cycle
variation in its in vitro activity (12, 45) is consistent with the
idea that activation loop phosphorylation may be constitutive,
but does not in itself prove it: Cak1p could be regulated in vivo,
or else a phosphatase that dephosphorylates Cdc28p could be
regulated. The mammalian Kap1 phosphatase dephosphory-
lates the Cdk2 activation loop only upon cyclin degradation
(35). The present results suggest, though, that activation loop
dephosphorylation is not obligatory for any cell cycle regula-
tory event.

The reduced growth rate of cak1D cdc28D strains rescued by
the CDC28-T169 mutants (Fig. 4) is evidence of nonessential
roles for Cak1p that are independent of T169 phosphorylation.
Although a role for Cak1p in spore wall morphogenesis was
reported (50), we do not have clues to the nature of the non-
essential roles of Cak1p in vegetative growth. In metazoans,
Cdk activation is most likely carried out by the Cdk7-cyclin H
complex, which is also required for transcription (reviewed in
reference 17). Cdk7 is not at all homologous to Cak1; the
transcriptional role carried out by Cdk7 in metazoans may be

carried out in budding yeast by the essential Cdk7 homolog
Kin28 (2, 17).

There are at least three ways to explain the evolutionary
persistence of the Cak1p-Cdc28p activation loop phosphoryla-
tion system in the face of its apparent dispensability. One
possibility is that Cak1p phosphorylation of Cdc28p may be
required for some form of regulation that we have not tested
for, or it may be an important but redundant aspect of control
of mitotic exit. Another possibility is that activation loop phos-
phorylation may stabilize and reinforce cyclin activation of the
Cdk, especially in case phosphorylation is dependent on cyclin
binding (as for Cdc2-cyclin B [9]) or in case dephosphorylation
is dependent on cyclin removal (35). A final possibility is that
CAK phosphorylation fulfills a simple structural requirement
for the Cdk: the role of Cdk activation loop phosphorylation
may be solely to provide a dianionic group (not available in the
genetic code) for nucleating conformational changes leading to
maximal catalytic activity (1, 20, 39). While the present results
show that there are evolutionary alternatives to phosphory-
lated threonine for Cdc28p, these alternatives require multiple
amino acid substitutions, and even so, the resulting Cdc28p is
not fully wild type for function. The persistence of a require-
ment for Cdk activation loop phosphorylation by CAK may be
a consequence of the difficulty of achieving these alternatives
by natural evolution: if the T169E substitution occurred first,
this would be lethal, while in the presence of T169, there is no
evident selection for the suppressor mutations. If the sugges-
tion of incomplete cyclin regulation of the mutant Cdc28p (see
Fig. 3A and Results) is correct, then this could imply that
mutations that effectively bypass the Cak1p requirement might
partially disable cyclin regulation of the kinase activity, thus
imposing a cost on accumulation of the T169E suppressor
mutations. The simultaneous presence of Cak1p and a phos-
phorylatable activation loop residue may therefore represent a
stable adaptive peak, especially given that Cak1p has other
nonessential roles that should select for its continued mainte-
nance.
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