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Cyclin-dependent kinase (CDK)-activating kinases (CAKs) carry out essential activating phosphorylations
of CDKs such as Cdc2 and Cdk2. The catalytic subunit of mammalian CAK, MO15/Cdk?7, also functions as a
subunit of the general transcription factor TFIIH. However, these functions are split in budding yeast, where
Kin28p functions as the kinase subunit of TFIIH and Caklp functions as a CAK. We show that Kin28p, which
is itself a CDK, also contains a site of activating phosphorylation on Thr-162. The kinase activity of a T162A
mutant of Kin28p is reduced by ~75 to 80% compared to that of wild-type Kin28p. Moreover, cells containing
kin28"'%** and a conditional allele of TFB3 (the ortholog of the mammalian MAT1 protein, an assembly factor
for MO15 and cyclin H) are severely compromised and display a significant further reduction in Kin28p
activity. This finding provides in vivo support for the previous biochemical observation that MO15-cyclin H
complexes can be activated either by activating phosphorylation of MO15 or by binding to MAT1. Finally, we
show that Kin28p is no longer phosphorylated on Thr-162 following inactivation of Caklp in vivo, that Caklp
can phosphorylate Kin28p on Thr-162 in vitro, and that this phosphorylation stimulates the CTD kinase
activity of Kin28p. Thus, Kin28p joins Cdc28p, the major cell cycle Cdk in budding yeast, as a physiological
Caklp substrate. These findings indicate that although MO15 and Caklp constitute different forms of CAK,
both control the cell cycle and the phosphorylation of the C-terminal domain of the large subunit of RNA

polymerase II by TFIIH.

The eukaryotic cell division cycle is regulated by a series of
kinase activities that increase and diminish with periodicity.
These kinases, which belong to the cyclin-dependent kinase
(CDK) family, are themselves positively regulated by cyclin
binding partners and activating phosphorylations and are neg-
atively regulated by inhibitory binding proteins and inhibitory
phosphorylations (for general reviews, see references 36, 46,
and 59). Full kinase activity of most CDKs requires activating
phosphorylations of a threonine located in a flexible region
termed the T loop. Cdc2 and Cdk2 both require this activating
phosphorylation for functional activity in vivo and in vitro (14,
26, 27, 57, 60). Other CDKs, including Cdk4 (33), Cdk6 (30),
and Cdk7 (23, 35), are also activated by similar phosphoryla-
tions. Crystallographic studies of Cdk2 suggest that this phos-
phorylation may help organize an acidic patch and thereby
enhance protein substrate binding at the Cdk2 active site (52;
reviewed in reference 47). In addition to stimulating substrate
binding, activating phosphorylations may also stabilize interac-
tions between certain CDKs and their cyclin partners (12, 14,
26, 43).

In mammals, activating phosphorylations of Cdc2 (11, 60),
Cdk2 (21, 50, 58), Cdk4 (44), and Cdk6 (30) are mediated by
a CDK-activating kinase (CAK). Purification of CAK activity
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from starfish and Xenopus revealed that CAK contains the
protein kinase MO15 (21, 50, 58), which is also called Cdk7
(23). The activity of MO15 requires binding of its cyclin part-
ner, cyclin H, to form a dimeric complex (23, 41) and either an
activating phosphorylation (on threonine-170 in human MO15)
(23, 35, 43) or binding of the assembly factor MAT1 to form a
trimeric complex (13, 22, 63). In addition to their roles as a CAK,
MO1S5, cyclin H, and MAT1 are subunits of the RNA polymerase
II (Pol II) basal transcription factor TFIIH (1, 51, 54, 55). MO15
contained in TFIIH phosphorylates the heptapeptide repeat lo-
cated in the carboxy-terminal domain (CTD) of the large sub-
unit of RNA Pol II, stimulating transcriptional elongation (2,
40; reviewed in references 9, 42, and 49).

The Saccharomyces cerevisiae ortholog of MO15, Kin28p
(56), is a subunit of yeast TFIIH but does not display CAK
activity (7). Originally identified because of its homology with
Cdc28p, Kin28p is essential (56), and mutants show diminished
CTD phosphorylation and impaired RNA Pol II transcription
(7, 66). In addition to Kin28p (20), the yeast orthologs of cyclin
H and MAT1, Ccllp (67) and Tfb3p (19) respectively, are both
subunits of yeast TFITH. Consistent with these observations,
kin28 (7, 66), ccll (65), and #b3 (17) mutant strains fail to
display cell cycle arrest morphologies, and are all severely
deficient in RNA Pol II transcription.

Biochemical purification and characterization of Caklp, the
CAK enzyme from yeast (15, 32, 64), showed that it is active as
a monomer, inactive toward the CTD of RNA Pol IT (31), the
physiological CAK of Cdc28p (32, 64), and not a subunit of
TFIIH. In contrast with kin28 mutants, cakl mutants are
blocked in cell cycle progression (32, 64). The genetically sim-
pler yeast, therefore, has two separate gene products for CAK



VoL. 19, 1999

TABLE 1. Plasmids
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TABLE 2. Strains

Plasmid Relevant characteristics Source or reference
pAF21 lacZ in YEplacl12GAL A. Fluegge
pGK11 KIN28 in YCplac22 This work
pGK12 KIN28 in YEplac112 This work
pGK13 KIN28(HA) in YCplac22 7
pGK14 KIN28(HA) in YEplac112 This work
pGK21 KIN28 TRPI (pSf19) 7
pGK22 kin28-ts16 in YCplac22 7
pGK33 kin28(HA)-ts16 in Y Cplac22 This work
pGK36 KIN28(HA)™%** in YCplac22 This work
pGK37 KIN28(HA)™%** in YEplac112 This work
pGK39 KIN28(HAY'" in YCplac22 This work
pGK40 KIN28(HAY'* in YEplac112 This work
pGK41 KIN28(HAY'*/™1524 in 'YCplac22 This work
pGK42 KIN28(HAY'¥/™%21 in YEplacl12 This work
pGK44 KIN28(HA)""%*S in YEplac112 This work
pGK45 KIN28(HA)™ %% in YEplac112 This work
pGK47 KIN28(HA)™%P in YEplac112 This work
pJK1 KIN28(HA) in YCplac33 This work
pJK12 KIN28(HA)™%*" in YCplac33 This work
pJK25 kin28(HA)-ts16"%** in YCplac22 This work
pMS454 KIN28(HA)P"*”N in YCplac22 This work
pMS455 KIN28(HA)™ %% in YCplac22 This work
pMS456 KIN28(HA)P"*”N in YEplac112 This work
pMS457 KIN28(HA)™ %% in YEplac112 This work
YCplac22 TRP1 CEN 25
YCplac33 URA3 CEN 25
YEplacl12  TRPI 2um 25
SB74 cakl-22 CEN LEU2 32
SB76 CAKI CEN LEU2 32

and TFIIH functions, whereas higher eukaryotes use MO15
and cyclin H for both.

Like MO15, Kin28p contains a potential site of activating
phosphorylation. In order to characterize the function and
regulation of Kin28p, we examined the properties of kin28
strains lacking this activating threonine in vivo. Kin28p™'624
has significantly reduced kinase activity and displays a very
strong phenotype in a #fb3-ts strain background, thus support-
ing the dual regulation of MO15 by activating phosphorylation
and MAT1 binding suggested by experiments in vitro. In con-
trast to a recent report (16), activating phosphorylation of
Kin28p is not essential for Kin28p function or cell viability in
the presence of wild-type TFB3. Finally, we provide evidence
that Cakl1p regulates the activating phosphorylation of Kin28p
in vivo, phosphorylates Kin28p on this site in vitro, and thereby
activates Kin28p. Together, these experiments link the func-
tions of Caklp and Kin28p.

MATERIALS AND METHODS

Plasmids and strains. Unless otherwise noted, all yeast strains were derived
from YMW1 (MAT« ade2-1 ade3-22 his3-11,15 leu2-3,112 trpl-1 ura3-1 canl-
100). Specific plasmids and genotypes of strains in this study are listed in Tables
1 and 2. Temperature-sensitive ¢fb3 strains (rig2-ts [17]) were crossed with
YJK1744, transformed with pGK13 or pGK36, and grown on 5-fluoro-orotic acid
(FOA) to derive YJK1844, YJK1845, YJK1848, and YJK1849.

KIN28 disruption and constructs were derived from plasmids described pre-
viously (7). All non-temperature-sensitive point mutants were generated by PCR
of a KIN28-HA plasmid (pGK13) by using oligonucleotides that introduce re-
striction sites for diagnostic purposes. For the ts/T162A allele, kin28-ts16
(pGK33) was used as a template for amplification. Sense primers for point
mutants are as follows (altered codons are underlined, and diagnostic restriction
sites are in parentheses): T162A, CCCACATGAGATACTGGCAAGTAACG
TCGTAACAA (Bsrl); AF, GTTGGTGAGGGTGCTTTTGCGGTTGTTTAC
TTGGG (eliminates Rsal); D147N, CTGATGGCCAGATAAAAGTCGCGAA
TTTCGGTCTAGCAAGGG (Nrul); T162S, CCCCACATGAGATACTCTIC
GAGTAACGTCGTAACAAG (Xhol); and T162D and T162E, GCCCCACA
TGAGATACTCGAG/TTCGAACGTCGTAACAAGATG (BstBI and Xhol, re-

. Source or
Strain Relevant genotype reference

YGLI16 kin28A::LEU2 [pGK12] This work
YGL17 kin28A::LEU2 [pGK14] This work
YGL20 kin28A::LEU2 [pGK11] This work
YGL24 kin28A::LEU2 [pGK21] This work
YGL26 kin28A::LEU2 [pGK13] This work
YGLA42 kin28A::LEU2 [pGK36] This work
YGLA3 kin28A::LEU2 [pGK37] This work
YGL44 kin28A::LEU2 [pGK40] This work
YGLAS5 kin28A::LEU2 [pGK40] This work
YGLA47 kin28A::LEU2 [pGK41] This work
YGLA48 kin28A::LEU2 [pGK42] This work
YGLo62 kin28A::LEU2 [pMS457] This work
YGL68 kin28A::LEU2 [pGK47] This work
YGL66 kin28A::LEU2 [pGK45] This work
YIK1599  caklA:HIS3 kin28::LEU2 [pGK22-1, SB74]  This work
YIJK1600  caklA:HIS3 kin28::LEU2 [pGK22-1, SB74]  This work
YJK1610  caklA:HIS3 [pGK13, SB74] This work
YJK1614  caklA:HIS3 [pGK13, SB76] This work
YJK1624  caklA:HIS3 [pGK14, SB76] This work
YIJK1625  caklA:HIS3 [pGK14, SB74] This work
YJK1744  kin28A::LEU2 [pJK1] This work
YIK1747  kin28A:LEU2 [pGK13, pAF21] This work
YJK1749  kin28A::LEU2 [pGK36, pAF21] This work
YIK1755  kin28A::LEU2 [pJK12, pMS454] This work
YIK1756  kin28A:LEU2 [pJK12, pMS456] This work
YIK1767  kin28A::LEU2 [pJK13, pMS454] This work
YIJK1768  kin28A::LEU2 [pJK1, pMS456] This work
YIK1773  MATa barl A kin28A::LEU2 [pGK13] This work
YJK1828  rig2-ts14 (GF2214 strain background) 17

YJK1829  rig2-ts23 (GF2217 strain background) 17

YJIK1844  kin28A::LEU?2 rig2-ts14 [pGK13] This work
YIK1845  kin28A::LEU2 rig2-ts14 [pGK36] This work
YIK1848  kin28A::LEU?2 rig2-ts23 [pGK13] This work
YIK1849  kin28A::LEU2 rig2-ts23 [pGK36] This work
YJK1869  kin28A::LEU2 [pJK1, YCplac22] This work
YJK1870  kin28A:LEU2 [pJK12, YCplac22] This work
SY143 cakl::HIS3 [SB74] 32

SY162 cakl::HIS3 [SB76] 62

spectively). All mutants were sequenced in their entirety and cloned into vector
plasmids (25) by using PstI and HindIII restriction sites.

CAKI constructs were described previously (32).

The B-galactosidase reporter plasmid contained lacZ after a GAL1/GALIO
promoter. The cloning strategy for the GALI/GALI10 promoter-containing vec-
tor was described previously (34); lacZ was cloned by using BamHI and HindIII
cloning sites in the vector.

Recombinant baculoviruses expressing FLAG-Kin28p and FLAG-Ccllp were
prepared and purified via the FLAG tags as described previously (28). FLAG-
Kin28pT1%2A was produced by site-directed in vitro mutagenesis with oligonu-
cleotidle CCACATGAGATACTGGCAAGTAACGTCGTAACA. The muta-
tion was verified by DNA sequencing. Staining of protein gels indicated that the
preparations of FLAG-Kin28p and FLAG-Ccllp were homogeneous (28) and
that the preparations of monomeric FLAG-Kin28p were ~1 to 5% pure. As
indicated below, despite these differences in purity, approximately equal
amounts of Kin28p were used as substrates for Caklp.

Buffers. The 1X protease inhibitor mix (PI) contained 10 ug each of leupeptin,
chymostatin, and pepstatin (Chemicon) per ml. EB is 80 mM B-glycerophosphate
(pH 7.3)-20 mM EGTA-15 mM MgCl,-10 mM dithiothreitol (DTT)-1 mg of
ovalbumin per ml-1X PI; 5X sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) sample buffer is 0.5 M Tris (pH 8.0)-10% SDS-20 mM
EDTA-250 mM DTT-50% glycerol. Plates and media were made as described
previously (5).

Preparation of lysates. Nondenaturing lysates were prepared by using a mod-
ified protocol previously applied for extracting TFITH from yeast (18). Exponen-
tially growing cultures were harvested by filtration, washed with deionized water,
and transferred into 1.5-ml Microfuge tubes (0.2 to 0.4 g of pellets per tube), with
addition of 0.8 g of acid-washed glass beads (0.5-mm diameter; Sigma) and lysis
buffer [150 mM Tris acetate (pH 7.5), 300 mM (NH,),SO,, 1 mM EDTA, 1 mM
spermidine, 1 mM DTT, 10% glycerol, and 1X PI] to fill the remaining volume.
Samples were lysed by seven 1-min pulses on a bead beater (Mini-Beadbeater-8;
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Biospec Products) followed by 1-min incubations in a —10°C ice-NaCl slurry.
Glass beads and debris were removed by centrifugation at 15,000 rpm in a
Microfuge at 4°C for 10 min. The supernatant was clarified by centrifugation at
70,000 rpm for 30 min at 4°C in the TLA 100.2 rotor in a Beckman Optima
ultracentrifuge. Crude extracts were aliquoted, frozen in liquid nitrogen, and
stored at —80°C. Typical extract concentrations were 4 to 7 mg/ml.

Denaturing lysates for Fig. 1B were prepared as follows: 100 to 200 pl of cell
pellets was homogenized as described above in a bead beater for 7 min in an
equal volume of SDS-PAGE sample buffer and acid-washed glass beads, boiled
for 5 min, and clarified at 15,000 rpm in a Microfuge.

Immunoblotting. SDS-12.5% polyacrylamide gels were transferred to polyvi-
nylidene difluoride membranes (Millipore) by using either a tank or semidry
blotting transfer system. Membranes were blocked for at least 1 h with TBST
Blotto (10 mM Tris [pH 8.0], 150 mM NaCl, 0.1% Tween, 5% milk powder),
incubated with primary antibodies for at least 1 h, washed with TBST (TBST
Blotto without milk powder) five times for 5 min each, incubated for 1 to 2 h with
secondary antibodies, washed with TBST five times for 5 min each, washed with
TBS (TBST without Tween 20), incubated with chemiluminescence reagents
(Pierce), and exposed to film.

One-dimensional (1-D) antihemagglutinin (anti-HA) blots were probed with
either 12CAS antibody (10 pg/ml) or rabbit anti-HA antibodies (80 ng/ml)
(Santa Cruz). 2-D blots were probed with rabbit anti-HA antibodies (50 ng/ml).
FLAG immunoblotting was conducted with 40 ng of polyclonal rabbit anti-
FLAG (Santa Cruz) per ml followed by 160 ng of horseradish peroxidase-
conjugated goat anti-rabbit secondary antibody (Pierce) per ml.

Immunoprecipitation. Twenty microliters of protein A-agarose beads (Gibco
BRL) was used per immunoprecipitation. The beads were washed seven times
with 800 wl of EB containing 1% Nonidet P-40 (NP-40), incubated for a mini-
mum of 1 h at 4°C with 10 ug of 12CAS5 antibody per immunoprecipitation,
washed seven times with 800 wl of EB containing 1% NP-40, incubated for at
least 1 h with 400 pg of yeast lysate diluted into 4 volumes of EB containing 1%
NP-40, washed three times with 300 pl of EB containing 1% NP-40, and then
washed three times with 300 pl of EB. Final pellets were resuspended to a total
volume of 100 pl and either used in experiments or stored at —80°C following
freezing in liquid nitrogen.

Phosphatase treatments. Kin28p immunoprecipitates were prepared as de-
scribed above, with EB replaced by HB (EB containing 20 mM HEPES [pH 7.3]
instead of B-glycerophosphate). Immunoprecipitates were incubated at 37°C for
45 min in 1X lambda phosphatase buffer (New England Biolabs)-1X PI-1 mM
phenylmethylsulfonyl fluoride with various combinations of 800 U of lambda
phosphatase (New England Biolabs) and 20 mM sodium pyrophosphate.

2-D electrophoresis. Nondenaturing yeast lysates were made by using yeast
extract buffer (100 mM NaCl, 20 mM Tris [pH 7.5], 10 mM EDTA, 2 mM EGTA,
5% glycerol, 1X PI) according to the procedure described above. Fifty microli-
ters of nondenaturing yeast lysate was treated with 10 U of protease-free DNase
and 25 pg of protease-free RNase A (both from Worthington Biochemical
Corp.) and 5 mM MgCl, on ice for 30 min, followed by incubation at 4°C for 15
min. Proteins were precipitated overnight with 9 volumes of acetone at —20°C,
pelleted at 8,000 rpm for 15 min in a Microfuge, and air dried to translucence.
The dried pellets were dissolved in 100 pl of IEF sample buffer (9 M urea
[American Bioanalytical], 65 mM CHAPS {3-[(3-cholamidopropyl)-dimethylam-
monio]-1-propanesulfonate}, 65 mM DTT, 5% Resolyte 4-8 [BDH Biochemi-
cals]), and 10 pl was loaded into 8-mm tube gels containing 5% acrylamide
premix (derived from a 37.5:1 acrylamide-bisacrylamide mix), 9.25 M deionized
urea solution, 27 mM CHAPS, 2.8% Resolyte 4-8, and 2.8% Resolyte 5-7 (BDH
Biochemicals). Gels were focused for 4.5 h at 400 V with 20 mM NaOH catholyte
and 10 mM phosphoric acid anolyte. The gels were extruded into equilibration
buffer (77 mM Tris buffer [pH 6.8], 3.1% SDS, 32 mM DTT), incubated for 5
min, and subjected to SDS-PAGE and immunoblotting as described above.

Kinase assays. (i) CTD kinase assay. CTD kinase assays were performed
essentially as described previously (7). Briefly, 10 pl of immunoprecipitate was
incubated in the presence of 3.0 uCi of [y-*?P]ATP, 0.375 pM ATP, and 4 pg of
CTD peptide [(YSPTSPS),] in a total volume of 16 wl (filled with EB) at room
temperature. Assays were terminated after 15 min by adding 4 pl of 5X sample
buffer, and the mixtures were loaded onto SDS-12.5% polyacrylamide gels. The
gels were Coomassie blue stained, dried, and visualized by using phosphorimag-
ing (Molecular Imager GS-250; Bio-Rad) and autoradiography.

(ii) Phosphorylation of CDKs. Purified glutathione S-transferase-Caklp (7.5
ng) was incubated with 10 ng of Cdk2, ~30 ng of FLAG-Kin28p-Ccllp, or ~50
ng of FLAG-Kin28p"'?A in the presence of 5 wCi of [y->*P]ATP, 10 uM ATP,
and 20 mM MgCl, in EB (final volume, 16 pl; EB was as described above except
that 10X PI mix was used). The reactions were terminated after 30 min at room
temperature by adding 7 pl of 5X SDS-PAGE sample buffer, and the products
were run on SDS-10% PAGE and analyzed by phosphorimaging and autora-
diography.

Expression assays. Northern blotting was conducted as follows. Cultures were
grown to exponential phase at 30°C in yeast extract-peptone-dextrose (YPD) and
reinoculated into YPD containing 0.9 M NaCl. RNA was extracted from intact
yeast cells by a hot-phenol-chloroform protocol (5), and duplicate samples were
run in formaldehyde-containing agarose (5) and transferred to a GeneScreen
membrane (Dupont). RNA was UV-cross-linked to the membrane at 1,200
mJ/cm?. Labeled probe was prepared from a Pstl/Bg/Il fragment of GPD1 (the
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pUCGPD1 plasmid was a gift from Michael Gustin, Rice University [4]). Results
were visualized and quantitated by phosphorimager analysis.

Galactose promoter induction assays were conducted as follows. Cells were
grown to exponential phase in CM-Trp-Ura (5) with raffinose at 30°C, and
expression of the GALI/GALI0 promoter-linked lacZ reporter was induced by
addition of 30% galactose to 2%. One-milliliter samples were harvested by
centrifugation in Microfuge tubes. Cells were permeabilized by resuspending
them in 500 .l of ZF1 buffer (60 mM Na,HPO,, 40 mM NaH,PO,, 10 mM KCl,
1 mM MgSO,, 38 mM 2-mercaptoethanol, pH 7.0), adding 10 wl of 0.1% SDS
and 20 wl of chloroform, vortexing, and incubating at 32°C for 5 min. Assays were
conducted by adding 100 pl of o-nitrophenyl-B-p-galactopyranoside (4 mg/ml),
incubating at 32°C for various intervals, stopping the reaction by adding 500 pl
of Na,COj, pelleting the cells, and measuring the optical density at 420 nm
(OD,,) of the supernatant. Because the assays were only approximately linear
with respect to substrate incubation times and OD, the substrate incubation
times were equal within each time point.

Cell synchronization. A MATa barl A strain (YJK1773) was grown in CM-Trp
(5) at 30°C. When the ODy, reached ~0.6, three 50-ml cultures were harvested.
One was saved for the asynchronous sample; the other two were reinoculated
into YPD containing 50 ug of benomyl (Dupont) per ml. Cultures were arrested
for 2.5 h in YPD containing 100 ng of a-factor per ml. Cultures were harvested
by filtration, washed twice with at least 100 ml of CM-Trp, and resuspended in
prewarmed CM-Trp. Samples (50 ml) were harvested at 15-min intervals follow-
ing release from a-factor. Benomyl-arrested cells were collected after 3.75 and
4.75 h of incubation. Each harvested sample was washed once with deionized
water, frozen in liquid nitrogen, and stored at —80°C until lysis.

At each time point, 400-pl culture samples were preserved with 100 pl of 37%
formaldehyde, mixed, and refrigerated. At the end of the time course, time point
labels on each tube were covered to prevent any potential bias, samples were
sonicated for 20 s, and bud indices were counted.

RESULTS

Kin28p is phosphorylated on threonine 162. In the course of
our studies, we noticed that Kin28p resolved into two to four
species on SDS-PAGE (unless stated otherwise, all Kin28p
used in this work contains a C-terminal influenza virus HA
epitope tag [7]). To test whether Kin28p, like most other
CDKs, is a phosphoprotein, we treated Kin28p immunopre-
cipitates with lambda phosphatase and monitored the effect on
electrophoretic mobility by immunoblotting. Treatment with
phosphatase converted the immunoprecipitated Kin28p to a
slower-migrating species (Fig. 1A, compare lane 4 with lane 1).
Inclusion of a phosphatase inhibitor partially blocked this ef-
fect (lane 3), indicating that the higher-mobility form of
Kin28p is due to phosphorylation.

To examine some potential sites of phosphorylation, we con-
structed mutant alleles of KIN28 that substituted nonphos-
phorylatable residues at positions homologous to the sites of
regulatory phosphorylation in other CDKs. Our point mutants
included T162A (corresponding to the site of activating phos-
phorylation in Cdk2, Thr-160), T17A/Y18F (corresponding to
sites of inhibitory phosphorylation at Thr-14 and Tyr-15 in
Cdk2 and hereafter called AF), and mutants that contained all
three substitutions (AF/T162A). We prepared extracts from
strains containing each of the four mutants as well as a non-
HA-tagged control and compared the electrophoretic mobili-
ties of Kin28p by immunoblotting. In high-resolution gels,
wild-type Kin28p resolved into four species (Fig. 1B, lane 1).
The T162A mutant produced only the two lower-mobility spe-
cies (lane 2). The AF mutant was indistinguishable from the
wild type (lanes 1 and 3), and the AF/T162A triple mutant was
indistinguishable from the T162A single mutant (lanes 4 and
2). Thus, Kin28p appears to be phosphorylated on Thr-162.
We have never observed evidence for phosphorylation on
Thr-17 or Tyr-18, including by immunoblotting with an anti-
phosphotyrosine antiserum (data not shown). Bands 1-2 and
3-4 in Fig. 1B correspond to the two bands observed in Fig. 2A.
We do not fully understand why the resolution of identical
samples varies from gel to gel.

To further analyze Kin28p phosphorylation, we resolved
Kin28p by using 2-D electrophoresis. Phosphorylated Kin28p
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FIG. 1. Kin28p is a phosphoprotein. (A) Phosphatase treatment. Kin28p-HA
was immunoprecipitated from native yeast lysates and incubated with lambda
phosphatase (P) and/or phosphatase inhibitor (I). Samples were subject to SDS-
PAGE followed by immunoblotting. (B) Electrophoretic mobilities of Kin28p
point mutants. Strains carrying a kin28 deletion covered by plasmids containing
HA epitope-tagged Kin28p point mutants were harvested during exponential
growth, lysed directly into SDS-PAGE sample buffer, and analyzed by immuno-
blotting. AF denotes a TI18A/Y19F double mutant. “No HA” indicates that a
strain lacks HA-tagged proteins. Immunoblots produced four Kin28p species
(see also Fig. 2A). WT, wild type

species should be more acidic than the unphosphorylated
forms. Wild-type, mutant, and phosphatase-treated forms of
Kin28p were focused by using a mixture of ampholytes that
produced high resolution in the pH 5 to 7 range; 1-D SDS-
PAGE lanes run in parallel allowed us to assign spots on the
2-D gels to bands in the vertical axis (Fig. 2A, panel a). Wild-
type Kin28p produced four species (Fig. 2A, panel b), consis-
tent with the four bands observed in Fig. 1B. Because not all of
the Kin28p entered the first-dimension gel, streaks leading up
to spots at the extreme basic end are apparent. The amount of
this material was highly variable among experiments. To test
whether any spots are attributable to nonspecific cross-reactiv-
ity of our antibody, we performed immunoblotting with ex-
tracts from strains containing or lacking HA-tagged Kin28p
that had been resolved by isoelectric focusing (Fig. 2B, panels
a and b, respectively). Spots 1 to 4 were completely absent
from the non-HA sample (b), although cross-reacting species
(spots x and y) in both blots confirmed that focusing and
loading levels were similar. The T162A mutants produced only
spots 3 and 4 (Fig. 2A, panel ¢), as did the phosphatase-treated
samples (Fig. 2A, panels d and e). The AF mutant produced a
pattern identical to that of the wild type (data not shown),
suggesting that Kin28p is not modified at these sites. As ex-
pected, spots 3 and 4 produced by the T162A mutant or by
phosphatase treatment of the wild-type Kin28p were shifted
toward the basic pole compared with spots 1 and 2. We con-
clude that spots 1 and 2 correspond to the Thr-162-phosphor-
ylated forms of spots 3 and 4, respectively.

We were surprised to observe two spots following phospha-
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tase treatment of wild-type Kin28p or Kin28p™'®** (Fig. 2A)
or of the T18A/Y19F double mutant (data not shown). Be-
cause we observed corresponding faint bands on 1-D gels and
consistently observed them in isoelectric focusing, we inferred
that Kin28p is posttranslationally modified by something other
than phosphorylation that shifts the isoelectric point by about
twice the charge of a single phosphorylation. It is unclear which
of the two species present following phosphatase treatment is
the unmodified form, and it is difficult to derive a second
species by conceptual proteolysis of a few residues from either
end of Kin28p. A similar modification may have been observed
previously with an untagged form of Kin28p (20). Whatever
the nature of this modification, it appears to occur indepen-
dently of Thr-162 phosphorylation.

Biochemical activity of Kin28p point mutants. As part of
our characterization of the biochemical properties of Kin28p,
we tested whether any of the Kin28p point mutants affected
kinase activity, expecting that the Kin28p™'%** mutants would
be severely compromised, as are analogous mutants of Cdc2
and Cdk2. We performed CTD kinase assays and anti-HA
immunoblotting on immunoprecipitates of wild-type Kin28p
and Kin28p point mutants expressed from multicopy plasmids
(Fig. 3). Wild-type Kin28p showed strong CTD kinase activity
(upper panel, lane 1), as did the Kin28p”*F mutant (lane 3). In
contrast, Kin28p"'®** mutants had significantly lower kinase
activity (lanes 4 and 5). Full kinase activity was present in
mutants containing substituted serine (T162S) (lane 6) or
acidic residues (T162D/T162E) (lanes 8 and 9) designed to
mimic a constitutively phosphorylated Thr-162. Immunopre-
cipitates from a strain containing untagged Kin28p displayed
no activity (lane 2), as did immunoprecipitates of a mutant
designed to lack catalytic activity (D147N) (lane 7). Corre-
sponding immunoblots demonstrated comparable loadings and
indicated that the Kin28p™%** and Kin28p"'®*® mutants ran
with the faster mobility observed for phosphorylated Kin28p
(Fig. 3, lower panel, lanes 8 and 9). Subsequent experiments in
which Kin28p was expressed from low-copy-number plasmids
produced essentially identical results (data not shown), and
phosphorimager quantification normalized to protein loading
indicated that Kin28p™" and Kin28p™'%* had the same kinase
activities as wild-type Kin28p; Kin28p™'%**, however, was only
20 to 25% as active. These results indicate that phosphoryla-
tion of Thr-162, although not essential for kinase activity, sub-
stantially increases Kin28p activity.

Activating phosphorylation of Thr-162 is not essential in
vivo. The substantial reduction of kinase activity observed in
the T162A mutant, combined with the fact that KIN2S is an
essential gene, led us to expect that strains containing only the
T162A allele would be inviable. To test this prediction, we
disrupted KIN28 in a diploid strain and attempted to isolate
haploid progeny that were rescued by KIN28 or kin28™16*1
expressed from a low-copy-number plasmid. To our surprise,
kin28™19%* fully rescued the kin28 disruption, as did the AF,
AF/T162A, T162S, T162E, and T162D mutants (data not
shown); kin28”"#’N strains were inviable (see Fig. SA). All of
the viable strains containing the indicated KIN2§ alleles and
lacking a chromosomal copy of KIN28 were isolated at the
expected frequencies.

We therefore sought to determine whether T162A strains
showed gross phenotypes that could be uncovered by simple
selective conditions or assays. We found no differences in the
survival of KIN28 or kin28779%* strains upon growth at various
temperatures, heat shock, osmotic shock, UV exposure, cad-
mium exposure, or carbon starvation (data not shown). To test
for subtle growth defects, a coculture experiment in which
genetically marked KIN28 and kin28"7%** strains were mixed
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FIG. 2. 2-D gel analysis of Kin28p. (A) Protein samples containing Kin28p alleles were subjected to isoelectric focusing with a 1:1 mixture of pH 4 to 8 and pH 5
to 7 carrier ampholytes, run on SDS-12.5% polyacrylamide gels in the second dimension, and immunoblotted. To aid in identifying spots, lanes containing Kin28p and
Kin28pT!%24 samples were run alongside tube gels in the second dimension (a). Kin28p alleles tested included wild-type (WT) Kin28p (b), Kin28p™'%*4 (c), phosphatase
(Pase)-treated wild-type Kin28p (d), and phosphatase-treated Kin28p™'%>A (e). (B) To rule out the possibility of a cross-reacting species in these immunoblots, extracts
from cells expressing tagged (a) or untagged (b) Kin28p were subjected to isoelectric focusing with pH 4 to 8 carrier ampholytes and processed as described for panel A.

and maintained in exponential phase for over 2 weeks was
performed. We were unable to distinguish survival of the
KIN28 and kin28"'%** strains under these conditions (data not
shown).

We next determined whether Thr-162 phosphorylation was
necessary for high-level transcriptional induction. We first
compared the induction kinetics of GPDI, a gene involved in
survival following osmotic stress (4). GPDI encodes an enzyme
involved in glycerol synthesis; following hyperosmotic stress,
yeast accumulates glycerol to counteract extracellular osmotic
pressure (4, 39). Cultures of KIN28 and kin289%* strains were

transferred into medium containing 0.9 M NaCl and grown.
GPD1 transcripts were quantitated by Northern blot analysis.
KIN28 and kin28""%%* cells showed very similar GPDI induc-
tion kinetics (Fig. 4A). Comparable kinetics were also seen for
HSPI104, a heat shock gene also induced during osmotic stress
(data not shown). We next compared the induction kinetics of
a lacZ reporter gene from a galactose-inducible promoter fol-
lowing the transition from raffinose- to galactose-containing
medium. Expression of B-galactosidase activity was virtually
identical for the two strains (Fig. 4B). These findings were
surprising, since they indicated that fine tuning of TFIIH ac-
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FIG. 3. CTD kinase activity of Kin28p mutants. Kin28p was immunoprecipi-
tated from extracts of strains expressing wild-type (WT) Kin28p or the indicated
point mutants and assayed for CTD kinase activity. The portion of the gel
containing the CTD peptide was processed for autoradiography (upper panel),
while the portion containing Kin28p was immunoblotted with anti-HA antibod-
ies (lower panel).

tivity via Kin28p probably plays little role during the transcrip-
tional cycle.

Finally, we tested whether the T162A mutant interacted
genetically with RNA Pol II temperature-sensitive mutants.
Since the CTD of the large subunit of RNA Pol II (Rpblp) is
the presumed target for the essential kinase activity of Kin28p,
we reasoned that the lowered kinase activity of Kin28p™'®**
might enhance the temperature sensitivity of an rpb1-cs allele
in which the CTD has been truncated (37) or of a structural
mutant allele, rpbI-1 (48). We observed no enhancement of
temperature sensitivity for either strain (data not shown).

Role of Thr-162 phosphorylation in vivoe. Our observations
that Kin28p kinase activity is substantially reduced in T162A
mutants led us to explore whether Thr-162 phosphorylation
might be essential when Kin28p is otherwise compromised or
limiting.

We first tested whether a temperature-sensitive allele, kin28-
ts16 (7), would have increased thermosensitivity if we intro-
duced a T162A point mutation (kin28-ts7'**). We constructed
a kin28A strain containing both a URA3-marked KIN28 and a
TRPI-marked kin28-ts7'%* plasmid. Cells were plated on
FOA to select against the wild-type plasmid. Although cells
containing a TRPI-marked KIN28 gene survived on FOA at
any temperature, both catalytically inactive (kin282#”") and
kin28-ts"'9** plasmids were unable to rescue viability (Fig.
5A), indicating that both mutants are nonfunctional. To cor-
roborate this result, we introduced kin28-ts7°** into a diploid
strain in which one allele of KIN28 was disrupted with LEU2.
No leucine prototrophs were recovered at 23°C; in contrast,
Leu~ cells contained the kin28-ts™%** plasmid, indicating that
the inviability of kin28 disruptants was not due to plasmid loss
or toxicity during sporulation (data not shown).

We hypothesized that if the kinase activity of Kin28p™*¢*4*
was compromised compared with that of the wild-type, cells
might be hypersensitive to overexpression of a kinase-inactive
kin28 mutant, which could compete with Kin28p for activating
pathways, components necessary for Kin28p function (such as
TFIIH), or substrates. We tested the viability of kin28A strains
containing low-copy KIN28 or kin28™/%** combined with high-
or low-copy kin28”'*’”N, We observed that kin28"79** strains
were impaired for growth in a dose-dependent manner when
Kin28pP'*"N was simultaneously expressed (Fig. 5B) and were
inviable when Kin28p™'4"™ was expressed from a high-copy-
number plasmid at 37°C (Fig. 5B). In contrast, strains contain-
ing the wild-type allele were not sensitive to overexpression of
kin28P'*7N at any temperature.
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FIG. 4. Thr-162 phosphorylation of Kin28p is not essential for transcriptional
induction. (A) Osmotic stress. Cells containing KIN28 (wild type [WT]) or
kin2871624 (strains YGK26 and YGK42, respectively) were inoculated into YPD
containing 0.9 M NaCl and maintained. RNA was extracted at various times after
induction, and transcripts were analyzed by Northern blotting with a probe
derived from GPD]. Signal intensities were quantitated by phosphorimaging. (B)
Galactose induction. KIN28 or kin287%%1 cells containing the galactose-induc-
ible lacZ reporter plasmid pAF21 (strains YJK1747 and YJK1749) and growing
in raffinose-containing medium were collected at various times following induc-
tion of the galactose promoter by addition of 30% galactose to a final concen-
tration of 2%. B-Galactosidase activity was measured with o-nitrophenyl-B-p-
galactopyranoside (ONPG) as a substrate.

The higher eukaryotic Kin28p ortholog, MO15, can be acti-
vated in a phosphorylation-independent manner by binding
MATT1 (13, 22, 63), an assembly factor that is also a subunit of
TFIIH. The yeast ortholog of MATI is TFB3, an essential gene
whose product is a subunit of TFIIH (17, 19). We tested
whether kin28"7%** could enhance the effects of a tfb3-ts mu-
tation. We reasoned that if Kin28p-Ccllp complexes can be
activated either by Thr-162 phosphorylation or by association
with Tfb3p, then the function of the Kin28p™'*** mutant might
be severely attenuated in a tfb3-ts strain. We constructed #fb3-ts
strains containing either KIN28 or kin2877%**, Two different



4780 KIMMELMAN ET AL.

ts/ T162A

WT
CEN/D147N

WT
2u / D147N

MoL. CELL. BIOL.

FOA
WT
YCplac22
T162A
2u / D147N
T162A
CEN/DI147N

T162A
YCplac22

FIG. 5. Phenotype of a kin28"7%%4 strain. (A) kin28A cells containing a URA3-marked wild-type (WT) KIN28 plasmid (pJK1) and TRPI-marked plasmids containing
either KIN28 (pGK13), kin28"7%4 (pGK36), kin28-ts16 (pGK33), kin28P1#7N (pMS454), or kin28-ts7"%** (pJK25) were plated on FOA-containing plates to select for
loss of the URA3 marked plasmid. (B) kin28A cells containing KIN28 (YIJK1869, YIK1767, and YJK1768) or kin2877¢%1 (YJK1870, YJK1755, and YIJK1756) and either
an empty vector (YCplac22), kin28”#7N on a low-copy-number plasmid (pMS454), or kin28”7#’N on a high-copy-number plasmid (pMS456) were plated on CM-Trp

and grown at 37°C.

tfb3-ts alleles (¢fb3-ts14 and tfb3-ts23) (17) were barely temper-
ature sensitive in our strain background (Fig. 6A). However,
when the #fb3-ts alleles were combined with kin2877%%*, these
strains were critically impaired for growth at 34°C (Fig. 6A).
To further investigate the cause of the growth defect in
tfb3-ts kin2871%** strains, we prepared extracts from cells at
permissive and restrictive temperatures, immunoprecipitated
Kin28p, and performed CTD kinase assays and immunoblot-
ting (Fig. 6B). We saw little effect of either #fb3-ts allele on
wild-type Kin28p kinase activity at the restrictive temperature
(Fig. 6B, lanes 1, 2, 5, and 6). In contrast, strains containing
kin28™19%* had substantially less or no kinase activity at the
restrictive temperature (lanes 3, 4, 7, and 8). The amount of

Kin28p"'®** was reduced in both strains at 37°C and in the
tfb3-ts14 strain even at 23°C (lanes 3, 4, and 8). Importantly,
the #fb3-ts23 strain had normal levels of Kin28pT'®** but re-
duced Kin28p activity at 23°C, indicating that Tfb3p activates
Kin28p in the absence of Thr-162 phosphorylation (lane 7).
Wild-type Kin28p retained approximately 50% of its activity in
the #fb3-ts strains (data not shown).

Our results indicate that a role for the activating threonine
can be unmasked if Kin28p function is otherwise compro-
mised, because of either a feeble ts allele, competition with an
inactive mutant, or reduction of Tfb3p function.

Kin28p phosphorylation and activity are invariant through-
out the cell cycle. The activity of MO15 in mammalian TFITH
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FIG. 6. Genetic interaction between kin28S77%* and tfb3-ts. (A) Strains containing TFB3 or one of two temperature-sensitive alleles of ¢fb3 and either KIN28 or

kin2871624 were plated and grown at 26.5 and 34°C. Cells containing kin2877%4

alone showed no growth defect even at 37°C (data not shown). (B) The strains described

for panel A as well as a kin2877%* strain were grown at either 23 or 37°C for 4 h. Extracts were prepared, and Kin28p immunoprecipitates were assayed for CTD kinase

activity (top panel) or immunoblotted for Kin28p (bottom panel). The apparently greater Kin28p

11624 activity seen in this figure compared to Fig. 3 reflects the longer

exposure used in this experiment; Kin28p™'%24 activity is still reduced by 75 to 80% compared to that of wild-type (WT) Kin28p.

was recently shown to be reduced during mitosis as part of a
pathway in which transcription is repressed during mitosis (3,
38). This effect is due to both an increase in Ser-164 phosphor-
ylation (which inhibits phosphorylation of the CTD by MO15)
and a decrease in Thr-170 phosphorylation (3). We therefore
determined whether Kin28p activity or its phosphorylation on
Thr-162 varies during the cell cycle. (Kin28p lacks a phosphor-
ylatable residue corresponding to Ser-164 in MO15.) Kin28p
was immunoprecipitated from extracts derived from synchro-
nized cells, assayed for CTD kinase activity, and immunoblot-
ted. Neither Thr-162 phosphorylation nor kinase activity varied
significantly during the cell cycle (Fig. 7A) or in extracts from
asynchronous or mitotically arrested cells (Fig. 7A, lanes 1, 13,
and 14). We conclude that Kin28p activity and phosphorylation
are not regulated in a cell cycle-dependent manner.

Kin28p is phosphorylated by Caklp in vivo and in vitro.
Caklp phosphorylates Cdc28p in vivo on a site (Thr-169)
equivalent to Thr-162 in Kin28p (32, 64). To investigate the
relationship between Caklp and Kin28p, we isolated cakl-22
kin28-ts16 double mutants and examined them for synthetic
interactions. We found that cakl-22 kin28-ts16 strains had in-
creased temperature sensitivity compared with strains contain-
ing the single mutations and grew poorly even at 26.5°C (Fig.
8A). Presumably, the already-compromised protein made by
kin28-ts16 is rendered nonfunctional in the absence of phos-
phorylation by Caklp, similar to the inviability of strains con-
taining kin28-ts™'°** (Fig. 5A).

To investigate further the nature of this genetic interaction,
we prepared extracts of cakl-22 strains and examined the pat-
tern of phosphorylation of wild-type Kin28p following SDS-
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FIG. 7. Kin28p level, activity, and phosphorylation state are constant during the cell cycle. (A) Exponentially growing KIN28 cells (YJK1773) were arrested with
a-factor, washed, and released into fresh medium at 30°C. Extracts were prepared at 15-min intervals, and Kin28p immunoprecipitates were assayed for CTD kinase
activity (top panel) or immunoblotted for Kin28p (bottom panel). Extracts of asynchronous cells (Asynch.) and cells arrested in mitosis with benomyl for 3.75 h (Ben
1) and 4.75 h (Ben 2) were also analyzed. (B) Bud indices of the cultures in panel A. UB, SB, and LB, unbudded, small-budded, and large-budded cells, respectively.

PAGE. At the restrictive temperature for cakl-22, we found
that Kin28p was hypophosphorylated in a manner similar to
that for T162A mutants (Fig. 8B, lanes 4 and 7). (Although
Espinoza et al. [16] did not observe a change in the electro-
phoretic pattern of Kin28p in a cakl-22 strain, they used a
shorter incubation at the restrictive temperature. They found
that Kin28p was rapidly dephosphorylated in strains containing
other CAK1 alleles.) We performed 2-D isoelectric focusing to
confirm that the shift in phosphorylation at the restrictive tem-
perature corresponded to the elimination of a single phosphor-
ylation site. Kin28p derived from the cakl-22 strain at the
restrictive temperature produced only two species (Fig. 8C),
which correspond to spots 3 and 4 on 2-D gels of Kin28p from
a wild-type strain (Fig. 2B). This pattern of phosphorylation is
identical to that produced by Kin28p™'®**, indicating that
Caklp regulates the phosphorylation of Kin28p on Thr-162 in
vivo. Kin28p from a wild-type strain at 37°C resolved into the
same four species observed previously (data not shown). This
hypophosphorylation of Kin28p is probably not an indirect
consequence of the cell cycle block of cakl-22 cells at the

restrictive temperature, since the extent of Thr-162 phosphor-
ylation does not vary during the cell cycle (Fig. 7A). We also
consider unlikely the possibility that Kin28p hypophosphory-
lation in the cakl-22 strain is an indirect effect of lowered
Cdc28p activity, since we did not observe a similar hypophos-
phorylation in a cdc28-1 strain (data not shown).

We tested directly whether Caklp could phosphorylate
Kin28p expressed in baculovirus-infected insect cells and iso-
lated via a FLAG tag on Kin28p. Caklp could phosphorylate
both monomeric and Ccllp-bound forms of Kin28p (Fig. 9A,
lanes 3 and 5, and B, lane 1). No Kin28p phosphorylation
occurred in the absence of Caklp (Fig. 9A, lanes 1 and 2, and
B, lane 2) or when a Kin28pT'%?4 substrate was used (Fig. 9A,
lane 4). For reference, phosphorylation of monomeric Cdk2, a
known excellent Caklp substrate, is shown (Fig. 9B, lanes 3
and 4). The bottom panels in Fig. 9A and B show that com-
parable amounts of Kin28p were used in the various assays. We
could not phosphorylate Kin28p by using Cdk2-cyclin A, which
can phosphorylate the equivalent site in the MO15 subunit of
human TFIIH (22, 43), or by using MO15-cyclin H (data not
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FIG. 8. CAKI regulates the phosphorylation of Kin28p. (A) Genetic interaction between cakl-22 and kin28-ts16. The indicated wild-type (WT) and mutant strains
(clockwise from top, YMW2, SY162, YJK1599, YJK1600, YGK24, and SY143) were plated and incubated at 26.5°C. Two isolates of wild-type and double-mutant strains
are shown. (B) Kin28p is hypophosphorylated in a cakl-22 strain. Extracts were prepared from CAKI and cakl-22 strains (YJK1610 and YJK1614, respectively) grown
at 23 or 37°C for 6 h, and Kin28p immunoprecipitates were immunoblotted. (C) Extracts of a cakl-22 strain (YJK1625) grown at 37°C for 6 h were analyzed by 2-D
gel electrophoresis as described for Fig. 2. Spots 3 and 4 correspond to the same Kin28p spots in Fig. 2.

shown). The specificity of this reaction is further indicated by
our inability to phosphorylate another CDK component of the
transcriptional apparatus, Srb10p (37), by using Caklp (data
not shown). Finally, Fig. 9C shows that the CTD kinase activity
of Kin28p-Ccllp complexes was increased sevenfold following
incubation with Caklp, confirming the importance of this
phosphorylation for full Kin28p activity.

DISCUSSION

Phosphorylation of Kin28p. Our goals in these experiments
were to characterize the in vivo functions of Kin28p posttrans-

lational regulation, to establish whether the modes of regula-
tion of MO15 activity apply to Kin28p, and to clarify the rela-
tionship between Caklp and Kin28p. We have shown that
Kin28p, like many other CDKs, is phosphorylated in vivo on an
activating residue (Thr-162) within its T loop. A Kin28p™'¢24
mutant had significantly reduced activity in vitro and reduced
function in vivo. In contrast to the situation in mammalian cells
(38), both the extent of this phosphorylation and Kin28p ac-
tivity were constant during the cell cycle, suggesting that the
CTD kinase in yeast TFIIH is not a target for the regulation of
transcription during mitosis.
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FIG. 9. Caklp phosphorylates Kin28p on Thr-162 in vitro. (A) Purified
Caklp was incubated with FLAG-Kin28p (lane 3), FLAG-Kin28p™'®** (lane 4),
or FLAG-Kin28pP'#”A_Ccl1p complexes (lane 5) in the presence of [y->*P]ATP.
As controls for autophosphorylation, FLAG-Kin28p and FLAG-Kin28p''024
were incubated in the absence of Caklp (lanes 1 and 2). Phosphorylated proteins
were detected by autoradiography (Autorad) following SDS-PAGE (upper pan-
el). Note that the monomeric Kin28p samples (lanes 1 to 4) were only ~1 to 5%
pure (estimated by gel staining), resulting in significant background phosphory-
lation; the asterisk denotes a nonspecific species. The relative Kin28p levels in
the kinase assays were determined by immunoblotting with antibodies to the
FLAG tag (lower panel). WT, wild type. (B) FLAG-Kin28p”'47A-Ccl1p com-
plexes (lanes 1 and 2) or Cdk2 (lanes 3 and 4) was incubated with (lanes 1 and
3) or without (lanes 2 and 4) purified Caklp in the presence of [y->*P]ATP.
Phosphorylated proteins were detected by autoradiography following SDS-
PAGE (upper panel), and the relative Kin28p levels in the kinase assays were
determined by immunoblotting with antibodies to the FLAG tag (lower panel).
Cdk2 is not visible because it is not FLAG tagged. (C) Phosphorylation of
Kin28p by Caklp increases its CTD kinase activity. FLAG-Kin28p—Ccllp com-
plexes were incubated with (lane 2) or without (lane 1) purified Caklp and
assayed for CTD kinase activity. Phosphorimager quantitation showed that the
CTD kinase activity of Kin28p increased sevenfold following incubation with
Caklp.

Dual regulation of Kin28p. Like most CDKs (27, 30, 33, 53,
60), Kin28p requires phosphorylation for full activity. Unlike
Cdc28p (7) in S. cerevisiae and Cdc2 in Schizosaccharomyces
pombe (14, 26), where analogous activating phosphorylation
site mutants are nonfunctional, kin2877°%* is functional in vivo.
Like MO15, Kin28p is positively regulated both by phosphor-
ylation and by binding to an assembly factor. In the case of
human MO15, the MO15-cyclin H complex can be activated by
phosphorylation on Thr-170. In contrast, the trimeric MO15-
cyclin H-MAT1 complex is active whether or not Thr-170 is
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phosphorylated. Our results indicate that this model, which is
based on experiments in vitro, also applies in vivo. A strain
carrying kin2877%** or a temperature-sensitive allele of TFB3
grows well under normal conditions. However, a kin28"/%*
tfb3-ts strain is severely compromised at all temperatures. This
genetic interaction was confirmed at the biochemical level:
Kin28p activity in the double-mutant strains was greatly re-
duced compared to that in a wild-type strain or in a strain
containing either single mutation.

Kin28p"'%** appears to be destabilized in strains defective
for TFB3. Both tfb3-ts strains had reduced levels of
Kin28p™%** at the restrictive temperature, and the #fb3-14
strain had much less Kin28p™'%** than a wild-type strain even
at the permissive temperature. In contrast, the amount of wild-
type Kin28p was unaffected by the status of TFB3, suggesting
that either Thr-162 phosphorylation or association with Tfb3p
can stabilize Kin28p. The stability of Kin28p may depend on its
association with its cyclin partner, Ccllp, resulting in the rapid
elimination of free Kin28p. Activating phosphorylations of
CDKs, in addition to increasing kinase activity, may also sta-
bilize the CDK-cyclin complex (12). Thr-170 phosphorylation
of MO15, for example, stabilizes MO15-cyclin H complexes
(41, 43). Furthermore, MAT1 (the homolog of Tfb3p) stabi-
lizes the MO15-cyclin H complex in the absence of an activat-
ing phosphorylation (13, 43). The instability of Kin28p can be
further inferred from the observation that temperature-sensi-
tive alleles of CDC37 are synthetically lethal with kin28-ts al-
leles (reference 66 and our unpublished results). A number of
newly translated CDKs, including Cdc28p and Cdk4, require
stabilization by the Cdc37p chaperone (24, 61).

Relationship between Caklp and Kin28p. The data pre-
sented here establish Kin28p as the second physiological sub-
strate for the yeast CAK, Caklp. Caklp can phosphorylate
activating sites in a number of CDKs, including Cdc28p and a
variety of mammalian CDKs (15, 31, 32, 64), and was a logical
candidate for the activating kinase acting on the equivalent site
in Kin28p. We showed that Caklp could phosphorylate wild-
type Kin28p but not Kin28p™*®** in vitro and that Thr-162
phosphorylation of Kin28p was eliminated upon inactivation of
Caklp in vivo. In contrast, inactivation of Kin28p does not
affect Caklp activity (data not shown). In addition, we and
others (66) have shown that mutations in KIN28 and CAKI
display synthetic lethal interactions.

The phosphorylation of Kin28p by Caklp is highly specific.
Caklp was unable to phosphorylate MO15 (a Kin28p or-
tholog), and MO15 (another CAK) was unable to phosphory-
late Kin28p (data not shown). Although MO15-cyclin H is a
substrate for Cdk2-cyclin A (22, 43), Kin28p was not (data not
shown). Furthermore, we observed no genetic interaction be-
tween kin28-ts16 and cdc28-1 alleles (data not shown) or any
changes in Kin28p phosphorylation in a cdc28-ts strain under
restrictive growth conditions (data not shown).

A highly mutated allele of CDC28 that is functional but
whose protein product cannot be phosphorylated by Cak1p has
been isolated (8). A strain carrying this allele can grow in the
absence of CAKI, but not as well as when CAKI is present.
These findings revealed a nonessential role for Caklp in addi-
tion to its essential function as an activating kinase for Cdc28p.
A plausible nonessential function is the activating phosphory-
lation of Kin28p. That our work should bring together Caklp
and Kin28p is ironic, since these two proteins reflect the evo-
lutionary separation of the CAK and TFIIH functions per-
formed by MO15 in other species. Although Caklp is a very
different CAK from MO15, the close connection of each to
both the cell cycle and the basal transcription apparatus is
intriguing (Fig. 10). Both control the cell cycle via phosphor-
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\J
Kin28 (Thr-162)
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FIG. 10. Dual regulation of transcription and the cell division cycle by CAKs.
Both mammalian CAK (MO15) and yeast Caklp affect transcription (via CTD
phosphorylation) and cell division (via CDK phosphorylation). The dotted line
denotes a nonessential phosphorylation.

ylation of the major CDKs in their respective species. MO15
directly controls transcription as a subunit of TFIIH by phos-
phorylating the CTD of RNA Pol II, whereas Cak1p modulates
TFIIH activity by phosphorylating Kin28p. Both yeast and
mammalian cells can therefore coordinately affect both the cell
cycle and CTD phosphorylation through a single CAK.

A relationship similar to that of Caklp and Kin28p may also
exist in S. pombe. S. pombe appears to contain two CAKs. One,
the kinase Mcs6 (also called Mop1/Crk1), is similar to MO15
in sequence and has both CAK activity and CTD kinase activity
in vitro (6, 10, 45). The gene for the second, cskl, was isolated
as a multicopy suppresser of a mutation of mcs2 (encoding the
fission yeast cyclin H homolog) (45). Csk1 is distantly related
to Caklp. Mcs2-associated kinase activity is reduced in a cskIA
strain (45), and Cskl can phosphorylate and activate Mcs6 in
vitro and in vivo (29). Whether organisms such as humans also
contain a Caklp-like or Cskl-like CAK capable of phosphor-
ylating MO15 remains an open question.

Espinoza et al. (16) reported related results after the com-
pletion of this work. They found that Kin28p is phosphorylated
on Thr-162, that Kin28p activity is reduced in the absence of
this phosphorylation, and that Caklp is probably the kinase
that phosphorylates Kin28p on Thr-162. Our results differ in
two notable aspects. First, Espinoza et al. concluded that
Kin28p™%** was nonfunctional in that it could not rescue a
temperature-sensitive allele of KIN28 at the nonpermissive
temperature. In contrast, we observed little phenotypic effect
of expressing kin2877°%* at wild-type levels as the sole Kin28p
in the cell. Both studies were carried out in the W303 strain
background. We are confident that our strains contained
kin2877924_ since the lack of Thr-162 phosphorylation was de-
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tectable by SDS-PAGE. Moreover, sequencing of our
kin287792* allele indicated the absence of any unintended mu-
tations. These different conclusions may reflect differences in
experimental design. It is possible, for example, that the activ-
ity of Kin28p™'%** was compromised in the kin28-3 strain used
by Espinoza et al., particularly at the nonpermissive tempera-
ture for kin28-3. In fact, we observed that Kin28p™'®** func-
tions very poorly in a strain overexpressing a catalytically in-
active form of Kin28p, Kin28p°'*’™ (Fig. 5B), a situation
somewhat similar to that employed by Espinoza et al. (This
comparison is imperfect, however, since we expressed
Kin28p”'*"N from the KIN28 promoter on a high-copy-num-
ber plasmid, resulting in ~three to fivefold overexpression of
Kin28p compared to that with a low-copy-number plasmid.)
Their observation that the activity of Kin28p (wild type or
mutant) expressed from a heterologous promotor on a plasmid
was surprisingly low (their data not shown) strengthens the
possibility that the presence of inactivated Kin28-3p could
compromise Kin28p"'%**, presumably via competition for
Ccllp and/or Tfb3p. Whatever the explanation for the different
conclusions, we feel that the direct approach taken in this study
indicates that Kin28p™'®** is fully functional as the only
Kin28p in the cell. In a separate experiment, Espinoza et al.
found that a strain with CAKI deleted was viable (see also
reference 8), even though Kin28p lacked activating phosphor-
ylation, supporting our conclusion that Thr-162 phosphoryla-
tion is not essential for Kin28p function. Activating phosphor-
ylation also appears to be nonessential for the Kin28p homolog
in S. pombe, Mcs6 (29).

A second difference between our results and those of Espi-
noza et al. (16) concerns the requirements for Kin28p phos-
phorylation by Caklp. We found that Caklp could phosphor-
ylate Kin28p approximately equally well whether the Kin28p
was free or bound to Ccllp, whereas they observed only weak
phosphorylation of monomeric Kin28p, moderate phosphory-
lation of Kin28p bound to Ccllp, and strong phosphorylation
of Kin28p in the presence of both Ccllp and Tfb3p. These
results may also reflect differences in experimental design.
Espinoza et al. examined Kin28p phosphorylation following
coinfection of insect cells with recombinant baculoviruses ex-
pressing Kin28p, Ccllp, Ttb3p, Caklp, and Cdc37p, whereas
we examined phosphorylation by using isolated proteins. Free
Kin28p may be rapidly dephosphorylated by an insect cell
phosphatase. An intriguing second possibility is that high ex-
pression of the Cdc37p protein kinase chaperone both aids in
the proper folding of Kin28p and interferes with phosphoryla-
tion by Caklp. Further work will be required to resolve this
difference.
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