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Ctk1 is a Saccharomyces cerevisiae cyclin-dependent protein kinase (CDK) that assembles with Ctk2 and Ctk3
to form an active protein kinase complex, CTDK-I. CTDK-I phosphorylates Ser2 within the RNA polymerase
II C-terminal domain, an activity that is required for efficient transcriptional elongation and 3’ RNA process-
ing. Ctkl contains a conserved T loop, which undergoes activating phosphorylation in other CDKs. We show
that Ctkl is phosphorylated on Thr-338 within the T loop. Mutation of this residue abolished Ctkl kinase
activity in vitro and resulted in a cold-sensitive phenotype. As with other yeast CDKs undergoing T-loop
phosphorylation, Ctkl phosphorylation on Thr-338 was dependent on the Cakl protein kinase. Ctk1 isolated
from cakIA cells was unphosphorylated and exhibited low protein kinase activity. Moreover, Cakl directly
phosphorylated Ctkl in vitro. Unlike wild-type cells, cells expressing Ctk1™>*%* delayed growth at early
stationary phase, did not show the increase in Ser2 phosphorylation that normally accompanies the transition
from rapid growth to stationary phase, and had compromised transcriptional activation of two stationary-
phase genes, CTTI and SPII. Therefore, Ctkl phosphorylation on Thr-338 is carried out by Cakl and is

required for normal gene transcription during the transition into stationary phase.

Cyclin-dependent protein kinases (CDKs) are best known
for their roles in cell cycle progression. CDK activity is regu-
lated by phosphorylation, cyclin availability, and binding to
inhibitory proteins. Full activation of CDKs requires phos-
phorylation on a conserved threonine residue within the so-
called T loop (or activation segment) that is mediated by Cdk-
activating kinases (CAKs) (23). The CAK in the budding yeast
Saccharomyces cerevisiae is Cakl (11, 22, 41). Cakl phosphor-
ylates the main cell cycle CDK in yeast, Cdc28, on Thr-169.
This phosphorylation stabilizes cyclin binding and is essential
for protein kinase activity (37). Cakl functions as a monomer
and does not require posttranslational modification (21). In
addition to Cdc28, Cakl phosphorylates a number of other
CDKs (see below), including those that regulate transcription
by RNA polymerase II (pol II).

The largest subunit of RNA pol II contains a conserved
C-terminal domain (CTD) composed of tandem repeats of the
consensus heptapeptide sequence YSPTSPS (7, 9). Phosphor-
ylation of Ser2 and Ser5 within the heptapeptide functions
during transcriptional initiation, elongation, and RNA process-
ing (5, 32, 34, 40). Phosphorylations of the two serine residues
have essential nonredundant functions (45). Phosphorylation
of Ser5 regulates the transition from transcriptional initiation
to elongation and is limited to polymerases within the pro-
moter region. In contrast, phosphorylation of Ser2 occurs after
transcriptional initiation and remains high until transcriptional
termination (4, 28). Phosphorylation of Ser2 increases the af-
finity of the polymerase for polyadenylation factors, enabling
efficient processing of the pre-mRNA 3’ end (1, 38). Phosphor-
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ylated Ser5 and Ser2 also provide binding sites for the histone
methyltransferases Setl and Set2, respectively, facilitating pas-
sage of the polymerase through chromatin (25, 33, 43).

Four different cyclin-dependent kinases (CDKs), Kin28,
Srb10, Burl, and Ctk1, phosphorylate the CTD in S. cerevisiae.
Kin28 phosphorylates Ser5, and this phosphorylation is re-
quired for transcription of most RNA pol II genes (6, 13, 18).
Srb10 phosphorylates Ser5 and Ser2, but the effect of this
phosphorylation is inhibitory (3, 17). Ctkl is the major kinase
acting on Ser2; recent findings indicate that it also phosphor-
ylates Ser5 (20, 30, 36). Dephosphorylation of Ser5 and Ser2 is
accomplished by the Ssu72 and Fcpl phosphatases at the end
of the transcription cycle (27, 29).

Phosphorylation of Ser2 by Ctk1 has been implicated in the
control of transcript elongation (4, 19, 31). Recent studies
revealed that it is also required for cotranscriptional recruit-
ment of polyadenylation factors (1). In the absence of Ctkl,
transcription termination and processing of RNA 3’ ends are
compromised. Surprisingly, CTKI is not an essential gene but
its mutation confers a conditional cold-sensitive phenotype
(30). Ctk1 assembles with Ctk2 and Ctk3 into an active protein
kinase complex that phosphorylates RNA pol II on Ser2 (39).
Ctk2 and Ctk3 are unstable proteins degraded through the
ubiquitin-proteasome pathway (15, 16). Ctkl activity and Ser2
phosphorylation of RNA pol II increase under a variety of
stress conditions (35, 36).

Like the cell cycle CDKs, most CDKs functioning during
transcription undergo activating phosphorylation within their
T loops. Thus, previous studies demonstrated that Cak1 phos-
phorylates Kin28 and Bur1l within their T loops on Thr162 and
Thr240, respectively (12, 26, 44). These phosphorylations are
not essential under normal conditions but provide growth ad-
vantages when CDK-cyclin interactions are weakened by ad-
ditional mutations (24, 26). Substitutions within the T loops of
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Kin28 and Burl compromise CTD phosphorylation in vitro
(24, 20, 44).

We noticed that Ctkl contains a typical T loop and exam-
ined whether it is phosphorylated. We found that Ctkl was
indeed phosphorylated on a conserved Thr-338 in vivo. Muta-
tion of Thr-338 conferred a cold-sensitive phenotype and com-
promised the protein kinase activity of Ctkl. Several lines of
evidence indicated that this phosphorylation was carried out by
Cakl. We also found that Ctkl phosphorylation and the in-
creased phosphorylation of RNA pol IT on Ser2 are essential to
activate transcription of stationary-phase genes during the di-
auxic shift.

MATERIALS AND METHODS

Yeast strains and growth conditions. Yeast strains were derivatives of W303a
(ade2-1 trpI-1 leu2-3,112 his3-11,15 ura3-1). ctk1A (W303a [ctklA::HIS3]), ctk2A
(W303a [ctk2A::URA3]), and ctk3A (W303a [ctk3A::URA3]) were previously de-
scribed (35). ctk173384 and ctk1P3?*N were generated by QuikChange mutagen-
esis (Stratagene) with a YCplac22-CTKI1-HA plasmid as template. The parental
and mutant plasmids were transformed into ctkIA cells, and TRP* clones cor-
responding to wild type and the ctk1773%4 and ctk1”?*N mutants were collected.
To improve the resolution of Ctkl on two-dimensional gels, a stretch of nega-
tively charged amino acids, DEDEDEDE, was introduced at its C terminus by
PCR amplification, resulting in CTKI-8DE-HA. For analysis of the cold-sensitive
phenotype and of RNA pol II phosphorylation, CTKI and ctk133%" were used
without tags. All PCR products were sequenced to verify that no additional
mutations were introduced. ctkIA deletion strain 1834-2A (cdc28::HIS3 cakl::
LEU2/pCDC28-169-43244B) was described previously (8).

Yeast cultures were grown in YPD medium and in complete minimal medium
as previously described (2). For analysis of cold-sensitive phenotypes, yeast
cultures were serially diluted fivefold and spotted on YPD plates that were then
incubated at 30°C and 17°C for 4 days.

Protein analyses and immunoprecipitation. Cells from 25-ml cultures (optical
density at 600 nm [ODg], ~0.6) were collected, washed with ice-cold TBS (10
mM Tris-Cl [pH 8.0], 150 mM NacCl), and suspended in 0.4 ml lysis buffer (50
mM Tris-Cl [pH 8.0], 10 mM MgCl,, 150 mM NaCl, 10 mM EDTA, 10%
glycerol, 10 wg/ml each of leupeptin, chymostatin, and pepstatin [Chemicon], 1
mM dithiothreitol [DTT]). Cell lysis was achieved by shaking yeast suspensions
with 0.4 g of glass beads (0.5-mm diameter; Sigma) in a bead beater (Biospec
Products) for five 30-s pulses with 30 s on ice between pulses. Glass beads and
cell debris were removed by centrifugation at 14,000 rpm in a Microfuge at 4°C
for 10 min. The supernatant was clarified by centrifugation at 65,000 rpm in a
TLA 100.2 rotor (Beckman) for 10 min at 4°C. Protein concentrations were
determined using the Bradford assay (Bio-Rad) with bovine serum albumin as
the standard. Yeast extracts were aliquoted, frozen in liquid nitrogen, and stored
at —80°C.

For immunoprecipitation of Ctk1-HA, 1 pg of monoclonal antibody 12CAS
(Covance) was bound to 50 pl protein A-agarose (Invitrogen) at 4°C for 2 h. One
hundred fifty microliters of yeast extract containing 10 mg/ml of protein was
incubated with 50 wl of 12CAS beads in 300 pl immunoprecipitation buffer (50
mM Tris-Cl [pH 8.0], 15 mM MgCl,, 10 mM EDTA, 1% NP-40, 1 mM DTT, 10
ng/ml each of leupeptin, chymostatin, and pepstatin [Chemicon], 0.5 mg/ml
ovalbumin) at 4°C for 2 h. The beads were washed three times with 0.5 ml
immunoprecipitation buffer for 5 min each at 4°C and stored at —20°C.

To detect Ctk1-HA by immunoblotting, 20 ug of yeast extract proteins was
separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) and transferred to an Immobilon-P membrane (Millipore). The mem-
brane was incubated with rabbit anti-HA antibodies (100 ng/ml; Santa Cruz).
Cak1 was detected using monoclonal anti-Cak1 antibody as described previously
(21). Phosphorylated and unphosphorylated forms of RNA pol II were detected
with HS5 and 8WG16 antibodies (Covance) as described previously (35, 36).
Proteins were visualized by chemiluminescence (SuperSignal; Pierce).

To fractionate Ctk1-containing complexes, yeast extracts were prepared from
400 ml of cells (ODg, ~0.6), as described above. Yeast extracts (1 ml, 10 mg/ml
protein) were fractionated on a Superdex-200 gel filtration column (Amersham
Biosciences) in 25 mM HEPES (pH 7.5)-350 mM NaCl-1 mM DTT-10 pg/ml
each of leupeptin, chymostatin, and pepstatin (Chemicon). A 10-pl aliquot of
each 1-ml fraction was resolved by SDS-PAGE, and Ctk1-HA was detected by
immunoblotting with rabbit anti-HA antibodies as described above.
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Two-dimensional gel electrophoresis. Ctk1-8DE-HA was resolved by nonequi-
librium pH gel electrophoresis. One hundred microliters of yeast extract con-
taining 1 mg of protein was treated with 2 pl DNase and 2 pl RNase (10 U/ul
each; Roche) in 80 mM B-glycerophosphate—-60 mM NaCl-10 mM MgSO,-10
mM EDTA-10% NP-40-10 pg/ml each of leupeptin, chymostatin, and pepstatin
(Chemicon) for 30 min on ice. The proteins were precipitated with 9 volumes of
cold acetone for 1 h at —20°C, centrifuged at 7,000 rpm for 10 min in a Microfuge
at 4°C, and air dried. The protein pellets were dissolved in 200 wl 9.5 M urea—2%
Triton X-100-1% ampholyte 3/10-1% ampholyte 7/9 (Bio-Rad)-100 mM DTT.
Ten-microliter samples were loaded onto 8-mm tube gels (Bio-Rad) containing
9.8 M urea, 2% Triton, 4% acrylamide-bisacrylamide (19:1), 1% ampholyte 3/10,
and 1% ampholyte 7/9 (Bio-Rad). Proteins were focused for 1,900 V-h with 10
mM phosphoric acid and 20 mM NaOH in the upper and lower buffer chambers,
respectively. Following separation in the first dimension, gels were equilibrated
in 62 mM Tris-Cl (pH 8.0)-2% SDS-10% glycerol, and proteins were separated
by SDS-PAGE. Ctk1-8DE-HA was detected by immunoblotting using rabbit
anti-HA antibodies as described above.

Protein kinase assays. (i) CTD kinase assay. Immunoprecipitated Ctk1-HA
complexes (8 wl; see above) were incubated with 4 pg CTD peptide (YSPTSPS),
in the presence of 5 p.Ci [y->*P]ATP and 10 uM ATP in 20 pl KB buffer (50 mM
Tris-CI [pH 8.0], 15 mM MgCl,, 150 mM NaCl, 0.1% Tween, 10 mM DTT, 0.1
mg/ml ovalbumin, 10 pg/ml each of leupeptin, chymostatin, and pepstatin
[Chemicon]) for 60 min at 23°C. The reaction products were separated by
SDS-PAGE and analyzed by PhosphorImaging (Molecular Dynamics) and by
autoradiography.

(ii) Phosphorylation of Ctkl. Ctk1-HA was expressed in the Coupled Tran-
scription/Translation System (Promega) according to the manufacturer’s proto-
col. Synthesized Ctk1-HA was immunoprecipitated (see above). GST-Cak1 was
purified from insect cells as described previously (42). Ctk1-HA beads (8 pl)
were incubated with 0.4 pg recombinant GST-Cakl in the presence of 5 pnCi
[y->*P]ATP and 10 uM ATP in 20 ul KB buffer for 90 min at 23°C. The reaction
products were separated by SDS-PAGE and analyzed by PhosphorImaging (Mo-
lecular Dynamics) and autoradiography.

RNA isolation and analysis. Total RNA was isolated from 100-ml cultures
(ODggg, ~0.6) by an acid lysis protocol. Briefly, cells were pelleted, resuspended
in 1.5 ml lysis buffer (10 mM Tris-Cl [pH 7.5], 10 mM EDTA, 0.5% SDS), and
incubated with 1.5 ml acidic phenol, pH ~4.5 (Gibco BRL) for 1 h at 65°C with
brief vortexing every 10 min. Aqueous phases were extracted with phenol-chlo-
roform-isoamyl alcohol (25:24:1) and chloroform-isoamyl alcohol (24:1). The
RNA was ethanol precipitated for 3 h at —20°C, centrifuged at 10,000 rpm for 15
min at 4°C, washed with 70% ethanol, and resuspended in 300 .l diethyl pyro-
carbonate-treated H,O. RNA concentrations were determined spectrophoto-
metrically. For hybridization analysis, 20 ug of RNA was electrophoresed in 1%
formaldehyde-agarose gels and transferred to GeneScreen membranes (NEN
Life Science Products). DNA probes were labeled with [a-*?P]dCTP using a
random priming kit (Roche). Hybridizations were carried out for 10 h at 42°C
according to the manufacturer’s protocol. Signals were detected by PhosphorIm-
aging (Molecular Dynamics) and by autoradiography.

Microarray hybridization and analysis. For microarray hybridization, nRNA
was isolated using an Oligotex column (QIAGEN). cDNA probes were synthe-
sized using Superscript II reverse transcriptase (Life Technologies) in the pres-
ence of Cy3- and Cy5-conjugated dCTP (Amersham). Cy3- and Cy5-labeled
probes corresponding to wild-type and mutant samples were combined and
hybridized with custom-made yeast whole-genome microarrays (Yale Microarray
Facility). The microarrays were read on a laser scanner GenePix4000A (Axon
Instruments Inc.). The fold change for every gene was calculated as an average
of pixel-by-pixel ratios using the GenePix Pro software (Axon Instruments Inc.).

RESULTS

Ctklp is phosphorylated on Thr-338 in vivo. A comparison
of the T-loop regions of yeast CDKs suggested that Ctk1 might
be phosphorylated on Thr-338 (Fig. 1A). To assess this possi-
bility, we mutated Thr-338 to the nonphosphorylatable alanine
and examined the phenotype of the resulting ctk1”7*5* strain.
CTK]I is not essential for viability, but its deletion causes cells
to grow slowly at normal temperatures and to die when incu-
bated at low temperatures. ctkl77%* cells grew as well as
wild-type cells at 30°C. The growth of ctk17>7% cells decreased
at 17°C, but they were still able to form colonies, unlike the
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FIG. 1. Ctkl is phosphorylated on Thr-338. (A) Protein sequence
alignment of T-loop regions in four S. cerevisiae CDKs. Grey shading
denotes conserved residues. Numbers indicate positions of the T loops
within the individual CDKs. The alignment was done using the Clustal
algorithm. The site of activating phosphorylation is indicated at the top.
(B) Serial dilutions of wild-type (WT) and ctkl1™* and ctklA mutant
cultures were spotted onto YPD plates. The plates were incubated at 30°C
and at 17°C and photographed after 4 days. (C) Two-dimensional gel
analysis of Ctk1. Yeast proteins were separated by nonequilibrium pH gel
electrophoresis according to their charges and molecular weights. Ctk1-
8DE-HA contained eight negatively charged amino acids to compensate
for the large positive charge of the protein. Ctk1-8DE-HA was detected
by immunoblotting with rabbit anti-HA antibodies. In wild-type yeast
extracts, Ctk1-8DE-HA migrated as a doublet (spots 1 and 2, top). Yeast
extracts were treated with X phosphatase (PPase) in the absence (second
panel) or presence (third panel) of phosphatase inhibitors (Inh).
Ctk1™*A_8DE-HA is shown in the lower panel. A yeast extract contain-
ing Ctk1-HA with no added acidic residues was included in the loading
mixtures to provide a reference (Ref) mark to monitor the positions of the
Ctk1-8DE-HA spots. Ctk1-HA is more positively charged and smaller
than Ctk1-8DE-HA. Ctk1-HA was not treated with phosphatase, and its
position remained constant in the various experiments.
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ctkIA strain, which was inviable (Fig. 1B). We also noticed that
ctk173%4 cells had a specific growth delay during the diauxic
shift, when yeast cells prepare to enter stationary phase (see
below). Taken together, the phenotypes of ctk177%1 cells sug-
gested that Thr-338 was essential for Ctk1 activity under sub-
optimal conditions.

We next determined whether Ctkl is phosphorylated on
Thr-338 in vivo. Protein phosphorylation is often detectable by
mobility shift during migration of a protein through polyacryl-
amide gels. To this end, a tagged version of Ctk1 was expressed
in ctkIA cells and analyzed on high-resolution gels by immu-
noblotting. Unfortunately, Ctkl-HA migrated through one-
dimensional gels as a single band, which was consistent with
previous reports. We then attempted to resolve Ctkl on two-
dimensional gels, separating proteins according to their charge
in the first dimension and by their molecular weight in the
second dimension. We found in preliminary experiments that
the extremely basic isoelectric point of Ctkl-HA (pI = 9.4)
significantly reduced resolution in the first dimension. To com-
pensate for this effect, we appended eight negatively charged
amino acids to the C terminus of Ctkl. The resulting protein,
Ctk1-8DE-HA, was judged functional based on its ability to
complement the cold-sensitive phenotype of ctkIA cells. Ctk1-
8DE-HA could be resolved into two distinct spots, suggestive
of posttranslational modification (Fig. 1C, top). A reference
protein (Ctk1-HA without the introduced acidic residues) was
added from a parallel extract to allow comparison of Ctkl-
8DE-HA mobilities on different gels. Yeast extract containing
Ctk1-8DE-HA was then treated with N\ phosphatase in the
absence or presence of phosphatase inhibitors. The acidic spot
disappeared after phosphatase treatment, indicating that it
corresponded to phosphorylated Ctk1-8DE-HA (Fig. 1C, spot
1, middle panel). The reference protein was mock treated, so
that its mobility was unaltered. Conversely, Ctk17***8DE-HA
migrated as a single spot with the same mobility as phos-
phatase-treated wild-type Ctkl (Fig. 1C, spot 2, lower panel
and second panel). More of the Ctk1-S8DE-HA was present in
the acidic spot after phosphatase inhibitor treatment (Fig. 1C,
third panel) than in the untreated sample (Fig. 1C, first panel),
suggesting that the inhibitors also prevented dephosphoryla-
tion by endogenous phosphatases (see also Fig. 3A). We con-
cluded that spots 1 and 2 correspond to phosphorylated and
unphosphorylated forms of Ctk1-8DE-HA, respectively. Taken
together, these experiments indicated that Ctk1 is phosphory-
lated in vivo at a unique site corresponding to Thr-338. A
recent proteomic study also identified Thr-338 as a site of Ctk1
phosphorylation (14).

T-loop phosphorylation is required for Ctkl activity. We
next asked whether this phosphorylation is essential for Ctk1’s
protein kinase activity. To this end, wild-type and mutant
forms of Ctkl were immunoprecipitated from yeast extracts
and their kinase activities were examined. We found that wild-
type Ctkl efficiently phosphorylated a CTD peptide in vitro,
whereas Ctk1™%%* displayed background activity (Fig. 2A,
lanes 2 and 3) comparable to that of Ctk1”*2*N (Fig. 2A, lane
4). The D324N mutation alters a key catalytic residue and
interferes with ATP binding, giving rise to cold-sensitive and
slow-growth phenotypes as severe as those found in ctkIA cells.
The three Ctkl proteins were expressed at comparable levels
(Fig. 2A, top; data not shown).
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FIG. 2. Thr-338 phosphorylation is required for Ctkl activity.
(A) Ctk1-HA was immunoprecipitated from yeast strains expressing
vector (—HA), wild-type (WT) Ctkl, Ctk1™33¥4 and Ctk1®3*** (lanes
1 to 4). The expression levels and efficiencies of immunoprecipitation
were verified by immunoblotting with rabbit anti-HA antibodies (top).
Immunoprecipitated Ctkl complexes were assayed for their CTD ki-
nase activity using a CTD, peptide as the substrate in the presence of
[y-**P]ATP (bottom). The reaction products were resolved by SDS-
PAGE and visualized by autoradiography. (B) Yeast strains corre-
sponding to CTK1, ctk1">%* (lanes 1 and 2) and the wild type and
ctkIA, ctk2A, and ctk3A mutants (lanes 3 to 6) were examined for their
levels of RNA pol II phosphorylation. Proteins were resolved by SDS-
PAGE and immunoblotted for the presence of phosphorylated serine
2 (Ser2-P) using H5 antibodies; unphosphorylated RNA pol II was
detected using 8WG16 antibodies (bottom). (C) Yeast extracts from
CTK1, ctk1™3%4 and ctk3A strains were fractionated on a Sephadex-
200 gel filtration column and resolved by SDS-PAGE. The distribution
of Ctkl-HA among the fractions was determined by immunoblotting
with rabbit anti-HA antibodies. The positions of molecular weight
markers are indicated at the top.

Since T-loop phosphorylation was important in vitro, we
next examined whether it is also essential for Ctkl activity in
living cells. We used monoclonal antibodies that recognize
different forms of RNA pol II to compare the extents of Ser2
phosphorylation in wild-type and ctk17735* cells. In contrast to
the absence of detectable activity in vitro, Ctk17>** retained
the ability to phosphorylate Ser2 in vivo, albeit at a reduced
level (Fig. 2B, lanes 1 and 2). Deletion of CTKI or of any of its
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cyclin subunits eliminated Ser2 phosphorylation (Fig. 2B, lanes
4 to 6). These results are consistent with the reduction in
growth of ctk1733%4 cells and the inability of czk1A cells to grow
at low temperatures.

Because phosphorylation of the T loop increases cyclin bind-
ing to some CDKs, we wondered whether Ctk2 and Ctk3 could
associate stably with unphosphorylated Ctkl. To address this
question, we fractionated yeast extracts from wild-type and
ctk173%51 mutant cells on gel filtration columns and compared
the sizes of Ctkl-containing complexes. We found that Ctkl
eluted as a complex of ~160 kDa (Fig. 2C) that probably
contained Ctk2 and Ctk3. Ctk1"3**4 showed the same elution
pattern. In contrast, Ctk1 isolated from ctk3A cells appeared in
fractions of lower molecular weight, indicating that Ctk3 was a
component of the 160-kDa complex and that binding of Ctk3
was not affected by the absence of T-loop phosphorylation in
cells expressing Ctk173%4, Therefore, it is unlikely that loss of
Ctk1"3384 activity in vitro resulted from dissociation of its
cyclin subunits. It is worth noting that the level of Ctk1 in ctk2A
and ctk3A mutant cells was significantly lower than that in
wild-type cells, suggesting that binding to Ctk2 and Ctk3 sta-
bilized Ctk1 (Fig. 2C and data not shown).

Cakl phosphorylates Ctkl within the T loop. The primary
candidate for Ctkl phosphorylation was Cakl, as it phosphor-
ylates other yeast CDKs within their T loops. Therefore, we
first examined whether Ctkl phosphorylation is Cakl depen-
dent. Although CAKI is normally an essential gene, it can be
rendered nonessential in the presence of a form of Cdc28
(Cdc28-169-43244B) containing a number of mutations, in-
cluding a T169E mutation of its site of activating phosphory-
lation, making its activation by cyclins independent of Cakl
(8). In this experiment, Ctk1-8DE-HA was expressed in wild-
type and caklA mutant cells and analyzed by two-dimensional
gel electrophoresis. As demonstrated earlier, Ctk1-SDE-HA
isolated from wild-type cells migrated as a doublet (Fig. 1C and
3A, spots 1 and 2). In contrast, Ctk1-8DE-HA expressed in
caklA cells migrated as a single spot corresponding to the
unphosphorylated form of Ctk1-8DE-HA (Fig. 3A, bottom).

Using a similar approach, we then assessed whether Cakl is
required for Ctk1 activity. To this end, Ctkl was immunopre-
cipitated from cakIA cells and assayed for its CTD kinase
activity in vitro. We also immunoblotted cell extracts to deter-
mine their levels of Cakl and Ctkl. As expected, Cakl was
absent from cakIA cells, whereas expression of Ctkl-HA was
comparable in CAKI and cakIA cells (Fig. 3B, lanes 2 and 3).
Deletion of CAKI eliminated detectable Ctk1 activity (Fig. 3B,
bottom, compare lanes 2 and 3), and reintroduction of CAKI
restored Ctkl activity (Fig. 3B, lane 4). Similar results were
obtained using a conditional cakl-23 mutant at the nonpermis-
sive temperature (data not shown). We conclude that Ctkl
activity depends strictly on the integrity of its T loop and the
presence of Cakl.

Because Cakl also phosphorylates Kin28 and Burl, two
CDKs that interact with RNA pol II transcription complexes
and function in close proximity to Ctk1, it was formally possible
that the Cakl-dependent phosphorylation of Ctkl was medi-
ated by Kin28 or Burl. To rule out these possibilities, we asked
whether Ctkl activity requires the integrity of the Kin28 and
Burl pathways. Ctk1 activity was examined after isolation from
conditional kin28-ts and burl-1 mutant strains, each of which
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FIG. 3. Caklp phosphorylates Ctkl on Thr-338. (A) Ctkl-
8DE-HA was expressed in wild-type (WT) and cakIA cells and re-
solved on two-dimensional gels as described in the legend to Fig. 1C.
Spots 1 and 2 correspond to phosphorylated and unphosphorylated
forms of Ctk1-8DE-HA, respectively. Ctk1-HA was included as a ref-
erence (Ref) protein. (B) Yeast extracts were prepared from wild-type,
caklA, and caklA/CAKI cells also containing an empty plasmid (—HA,
lane 1) or a plasmid expressing Ctk1-HA (lanes 2 to 4). The presence
of Caklp was determined by immunoblotting with an anti-Caklp
monoclonal antibody (middle). Ctk1-HA-containing complexes were
immunoprecipitated. The level of precipitated Ctkl-HA was deter-
mined by immunoblotting using rabbit anti-HA antibodies (top). The
immunoprecipitated Ctk1 was also used to phosphorylate CTD, in the
presence of [y-**P]JATP (bottom). (C) Coupled transcription/transla-
tion reactions were programmed with an empty vector (—), ctk1777%1-
HA, and CTKI-HA. The expressed proteins were immunoprecipitated
with 12CAS5 antibodies and incubated with [y-**P]JATP in the absence
(lanes 1, 3, and 5) or presence (lanes 2, 4, and 6) of recombinant
GST-Caklp (bottom). The abundance of synthesized Ctkl-HA was
verified by immunoblotting with rabbit anti-HA antibodies (top). Note
that we used GST-Caklp in this experiment, which has a molecular
mass of 67 kDa and runs close to Ctkl-HA (63 kDa).

MoL. CELL. BIOL.

lacks the corresponding protein kinase activity. Ctkl retained
its full activity in both strains (data not shown), suggesting that
neither of these kinases is responsible for Ctkl phosphoryla-
tion and that Cakl phosphorylates Ctk1 directly.

We tested whether Cakl could phosphorylate Ctkl in vitro.
In spite of numerous attempts, we were unable to detect Cak1-
mediated phosphorylation or activation of Ctkl isolated from
cakIA cells (data not shown). Because Cakl preferentially
phosphorylates CDKs unbound to cyclin subunits (37), we sus-
pected that Ctk1 isolated from yeast cells might be inaccessible
for Cakl-mediated phosphorylation. To test whether a Ctkl
monomer might be a better substrate for Cakl, we expressed
Ctk1-HA by translation in a reticulocyte lysate, immunopre-
cipitated it, and incubated it with recombinant Cakl in the
presence of radioactive ATP (Fig. 3C). In addition to Cakl
autophosphorylation (Fig. 3C, lane 2, bottom), we detected
phosphorylation of wild-type Ctk1 (Fig. 3C, lane 6) but not of
Ctk1"3*%4 (Fig. 3C, lane 4). Thus, Cakl can phosphorylate
Ctk1 directly but its accessibility to the T loop appears to be
restricted in the presence of Ctk2 and Ctk3.

Phosphorylation of Ctkl promotes the transition into sta-
tionary phase. Phosphorylation of Ser2 of RNA pol II by Ctk1
increases during the diauxic shift, when nutrients become lim-
iting and cells prepare to enter stationary phase (36). We
wondered whether the role of T-loop phosphorylation might
become more prominent under these conditions. To examine
this possibility, we compared the growth of wild-type and
ctk1™351 cells. The two strains grew at nearly identical rates
during exponential phase, but their growth started to diverge
as nutrients became limited (Fig. 4A). The ctkl”*75* cells de-
layed growth and reached stationary phase later than wild-type
cells. This small but reproducible difference in growth rates
suggested that the activity of Ctk173*¥* was limiting for cell
growth during this period. We then examined the level of RNA
pol II phosphorylation during the diauxic shift. In agreement
with previous reports, we found that phosphorylation of Ser2
in wild-type cells increased and remained elevated during the
transition from rapid growth to stationary phase (Fig. 4B, lanes
1 to 4). This effect was specific for Ser2 phosphorylation, as the
amount of unphosphorylated RNA pol II changed little. The
level of Ser2 phosphorylation and the total amount of RNA pol
IT declined at later times (data not shown). In contrast,
ctk173384 cells showed little change in Ser2 phosphorylation
during the diauxic shift (Fig. 4B, lanes 5 to 8). The difference
between wild-type and ctk1735* cells was most apparent at the
beginning of this interval (Fig. 4B, compare lanes 2 and 6),
which just preceded the growth delay of ctk1™>7%* cells (Fig.
4A). Acakl cells also showed no change in RNA pol II phos-
phorylation at the diauxic shift (Fig. 4C). Thus, Cakl-mediated
phosphorylation of Ctkl on Thr-338 is essential for the ele-
vated Ser2 phosphorylation and rapid cell growth during the
transition into stationary phase.

Transcriptional activation of diauxic-shift genes requires
Ctkl phosphorylation. The diauxic shift marks a major transi-
tion in transcription by RNA pol II, where multiple genes
involved in active growth are repressed and those required for
survival in stationary phase are activated. We asked whether
the deficiency in Ser2 phosphorylation in ctk1737%* cells com-
promises activation of stationary-phase-specific genes. To this
end, mRNA was isolated from wild-type and ctk1733%1 cells at
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FIG. 4. Thr-338 phosphorylation is important for entry into station-
ary phase. (A) Growth rates of CTK! and ctk1733* cells. Yeast cul-
tures were grown in YPD medium at 30°C, and cell density was mea-
sured during the transition from exponential to early stationary phase.
The average of three independent experiments is presented. Similar
results were obtained by direct counting of yeast cells. The time course
started when cells reached an ODy, of 0.1. (B) Yeast extracts were
prepared from CTKI and ctk133%1 cells at different times during late
exponential growth and early stationary phase. The indicated times are
the same as in panel A. The proteins were resolved by SDS-PAGE and
immunoblotted for the presence of Ser2-phosphorylated RNA pol 11
(Ser2-P) using HS antibodies and for unphosphorylated RNA pol II
(CTD) using 8WG16 antibodies. (C) Acakl cells were grown into early
stationary phase and analyzed for the presence of RNA pol II isoforms
as for panel B. WT, wild type.

Cakl PHOSPHORYLATES Ctkl 3911

wT T338A
H ) 1
(1;:':)19 678 91011126 7 8 9 1011 12
TPK1 ug.qgg'.v'vwgﬂ
cm | % RERN il
SPI1 -.Q...'- R L
ADH! |ERET ~EEEEs

12345678 910111213 14

FIG. 5. Phosphorylation of Ctkl is required for normal transcrip-
tion of diauxic-shift genes. Total RNA was isolated from CTKI (lanes
1 to 7) and ctk17>3% cells (lanes 8 to 14) during late exponential phase
and early stationary phase (same time points as in Fig. 4A and B).
Equal amounts of RNA were separated on a formaldehyde-agarose gel
and probed for the presence of specific transcripts by Northern blot
hybridization. TPKI, CTTI1, and SPII transcripts were selected for
analysis due to their differential expression in CTKI and ctk173%4 cells
in preliminary microarray hybridization experiments. ADH1 is a house-
keeping gene and was used as a loading control. Its level is known to
decline during stationary-phase growth. WT, wild type.

the beginning of stationary phase, when the differences be-
tween the two strains became apparent (Fig. 4A). Using mi-
croarray hybridization, we compared the levels of individual
transcripts in the two mRNA pools and found that transcrip-
tion of 24 genes was altered at least threefold in ctk173%%4 cells
and that the expression of an additional 371 genes was altered
by at least twofold. From these genes, we selected a few that
were highly induced at the diauxic shift (10) and examined
them in more detail by Northern blot hybridization. For this
experiment, wild-type and ctk177%¥* mutant cells were grown
into early stationary phase and mRNA levels of TPK1, CTT1,
and SPI1 were compared at different times. 7PK1 is a catalytic
subunit of protein kinase A, which is expressed during both
exponential and stationary phases. CTTI and SPI1, both of
which are specific for stationary phase, encode catalase and a
protein of unknown function, respectively. In contrast, ADH1
is a housekeeping gene; its transcription ceases when nutrients
become limited. In wild-type cells, we found that activation of
TPKI, CTTI, and SPII proceeded in two phases (Fig. 5, lanes
1 to 7). The initial phase of gene activation (peaking in lanes 2
to 3) was followed by a short repression period (lane 4) and a
second stronger wave of induction (peaking in lane 6). This
pattern of gene transcription was altered in ctk177%%4 cells (Fig.
5, lanes 8 to 14), which lacked the initial phase of CTT! and
SPII induction (Fig. 5, compare lanes 2 and 9) and had a
reduced level of expression in the second phase (Fig. 5, com-
pare lanes 6 and 13). Note that the decline in ADH1 expression
and the second wave of gene induction occurred at the same
times in both strains. This transcription deficiency was not
limited to these genes, as we examined only a few of the genes
that were most prominent in microarray hybridization per-
formed at a single time point. It is likely that the inefficient
activation of these and other genes resulted in the growth delay
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of ctk173354 cells. Therefore, phosphorylation of Ctk1 on Thr-
338 is essential for the rapid and timely transcriptional activa-
tion of stationary-phase-specific genes.

DISCUSSION

Although it has been known for some time that Ctkl phos-
phorylates Ser2 of RNA pol II and that this phosphorylation is
required for efficient transcriptional elongation and RNA pro-
cessing, relatively little is known about the regulation of Ctkl
activity. In this work, we found that Ctk1 is phosphorylated on
a conserved Thr-338 within its T loop and that this phosphor-
ylation greatly stimulates its protein kinase activity. We de-
tected the phosphorylated form of Ctk1 using two-dimensional
gel electrophoresis in which we shifted the isoelectric point of
the very basic Ctk1 toward neutrality by appending a stretch of
acidic residues to its C terminus. This shift greatly improved
the resolution of phosphorylated and unphosphorylated forms
of Ctkl from each other. This approach might be useful for the
analysis of other highly basic proteins. The phosphorylated
form of Ctkl was eliminated upon phosphatase treatment and
upon mutation of Thr-338 to Ala, indicating that Thr-338 is the
only site of Ctkl phosphorylation. Ctkl phosphorylation on
Thr-338 was also recently identified in a proteomic study of
yeast phosphoproteins (14).

Is Thr-338 phosphorylation essential for Ctkl activity? We
demonstrated that mutation of Thr-338 compromised Ctkl
activity in vitro, which is similar to the effect of the equivalent
mutations in Kin28 and Burl, two other CDKs regulating CTD
phosphorylation (26, 44). Surprisingly, the lack of T-loop phos-
phorylation in Ctkl or Kin28 had little effect on cell growth.
However, T-loop phosphorylation became essential when ad-
ditional mutations were introduced into Kin28 or its cyclin
subunit, indicating that activating phosphorylation was re-
quired for stability of the kinase complex (24, 26). In contrast,
examination of Ctk1™%%*_containing complexes by gel filtra-
tion chromatography indicated that mutation did not affect
binding of Ctk2 and Ctk3. Ctk1 function was more sensitive to
mutation of Thr-338 in vitro than in vivo. It is possible that the
increased requirement for Ctk1 phosphorylation in vitro is due
to substrate differences, as the CTD peptide used in vitro
contained fewer repeats than the natural RNA pol II CTD and
may not adopt its normal conformation. Alternatively, un-
stressed cells may require very little Ctk1 activity to phosphor-
ylate the CTD to sufficient levels for normal growth. Regarding
the need for Thr-338 phosphorylation for activity in vitro,
Hautbergue and Goguel reported the reconstitution of a func-
tional Ctk1-Ctk2-Ctk3 complex from recombinant proteins,
suggesting that T-loop phosphorylation might not be required
for activity (15). However, a comparison of their results and
ours is difficult without knowing the specific activities of the
respective complexes. It seems likely that a high concentration
of unphosphorylated Ctk1 could display detectable activity in
vitro but that its kinase activity could still be increased signif-
icantly upon T-loop phosphorylation.

Several lines of evidence indicate that Cakl is responsible
for Ctk1 phosphorylation. First, Ctk1 isolated from caklA cells
is unphosphorylated. Second, like Ctk1™**** from wild-type
cells, Ctkl isolated from caklIA cells was catalytically inactive
in vitro. Third, Cak1 directly phosphorylated monomeric Ctkl
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on Thr-338. Because Cakl has a strong preference for cyclin-
free CDKs, and because gel filtration experiments did not
reveal the presence of any Ctkl monomer, we suspect that our
inability to phosphorylate Ctkl isolated from yeast cells was
due to its incorporation into Ctk1-Ctk2-Ctk3 complexes.
Ctkl1 joins a growing list of Cak1 substrates. Phosphorylation
by Cakl is clearly essential for Cdc28 activity and cell cycle
progression (11, 22). However, phosphorylation by Cakl has
more modest effects on the functioning of three other CDKs,
Kin28, Burl, and Ctk1. An intriguing possibility is that activat-
ing phosphorylation of these kinases becomes important under
specific growth conditions. For example, Yao and Prelich dem-
onstrated that caklA cells are sensitive to caffeine, sharing this
phenotype with a conditional burl mutant (44). Presumably,
Cakl-mediated phosphorylation of Burl is important for the
transcriptional activation of genes required for cell growth in
the presence of caffeine. We found that ctk1777%4 cells delayed
growth during the diauxic shift. At a molecular level, ctk17351
was unable to stimulate RNA pol II phosphorylation on Ser2
and displayed aberrant activation of diauxic-shift genes. Thus,
a lack of activating phosphorylation resulted in diverse condi-
tional phenotypes. Cakl-mediated phosphorylation of Burl,
Ctkl, and Kin28 may have been preserved to support tran-
scriptional adaptation to variable growth conditions.
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