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Casein kinase II (CKII) is a ubiquitous and highly conserved serine/threonine protein kinase found in the
nucleus and cytoplasm of most cells. Using a combined biochemical and genetic approach in the yeast
Saccharomyces cerevisiae, we assessed the role of CKII in specific transcription by RNA polymerases I, 11, and
II1. CKII is not required for basal transcription by RNA polymerases I and II but is important for polymerase
III transcription. Polymerase III transcription is high in extracts with normal CKII activity but low in extracts
from a temperature-sensitive mutant that has decreased CKII activity due to a lesion in the enzyme’s catalytic
o' subunit. Polymerase III transcription of 5S rRNA and tRNA templates in the temperature-sensitive extract
is rescued by purified, wild-type CKIIL. An inhibitor of CKII represses polymerase III transcription in wild-type
extract, and this repression is partly overcome by supplementing reaction mixtures with active CKII. Finally,
we show that polymerase III transcription in vivo is impaired when CKII is inactivated. Our results demon-
strate that CKIIL, an oncogenic protein kinase previously implicated in cell cycle and growth control, is required

for high-level transcription by RNA polymerase III.

Casein kinase II (CKII) is a ubiquitous and highly conserved
serine/threonine kinase that is found in the nucleus and the
cytoplasm of most cells (reviewed in references 29, 36, 45, and
54). Tt is usually composed of two functionally redundant cat-
alytic subunits, « and «', and a regulatory subunit, B.

CKII appears to play critical roles in cell cycle control and in
growth control. Metazoan and yeast cells require CKII for
progression through G, (23, 43), and yeast cells further require
CKII for completion of G,/M (23). In yeast cells, CKII is
essential for vegetative growth (37), and it is essential in some
human cells for the mitogenic response to growth stimuli (44,
50). A role in growth control is further suggested by the strik-
ing observation that modest overexpression of CKlla leads to
tumorigenesis in mice (50). The view that CKII is important in
cell cycle and growth control is also supported by the observa-
tions that bulk CKII activity fluctuates during the cell cycle (9)
and in parallel with changes in growth rate (2, 9, 40).

While CKII clearly plays a significant role in cell growth and
division, the molecular basis of its involvement in these pro-
cesses remains to be fully elucidated (reviewed in references
29, 36, and 39). Perhaps of critical importance is the function
of CKII in transcription. RNA synthesis as measured by the
incorporation of ['*Cluracil into RNA is reduced fourfold
when CKII is inactivated by shifting a yeast mutant of CKII to
the restrictive temperature (23). This finding suggests a posi-
tive role for CKII in the regulation of transcription. The spe-
cific requirement for CKII has so far been reported to involve
nuclear RNA polymerases I and II. CKII stimulates run-on
transcription by RNA polymerase I in nuclei isolated from
mammalian cells (2), and it can phosphorylate the region of a
murine polymerase I transcription factor (UBF) that is re-
quired for high basal transcription in vitro (56). CKII may also
be required for the functions of some transactivators of poly-
merase II genes, for example, p53 and PU.1 (reviewed in ref-
erence 306).
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In this study, we used a combined biochemical and genetic
approach in the yeast Saccharomyces cerevisiae to further in-
vestigate the role of CKII in the regulation of nuclear tran-
scription. We find that in yeast cells, CKII is required for active
transcription of the tRNA and 5S rRNA genes by RNA poly-
merase III, both in vitro and in vivo. The requirement for CKII
in transcription may therefore extend to all three classes of
nuclear genes in eukaryotes.

MATERIALS AND METHODS

Materials. 2,3-Diphosphoglycerate, heparin (sodium salt), and S1 nuclease
were from Sigma. Yeast extract and Bacto Peptone were from Difco. The CKII
peptide substrate was prepared by the Alberta Peptide Institute. It was purified
to >95% homogeneity by high-pressure liquid chromatography and checked by
amino acid analysis and mass spectrometry. Oligonucleotides were synthesized
by the DNA Core Facility of the Biochemistry Department, University of Al-
berta, and purified by gel electrophoresis. CKII (gift of C. V. C. Glover, Uni-
versity of Georgia) was purified to 95% homogeneity from commercial yeast as
described by Bidwai et al. (5). This protocol includes the use of high-salt buffers
to prevent the formation of CKII filaments and a-subunit aggregates (4).

Strains. CKII mutants were generated from a CKAI CKA2 strain, YPH250
(51), by Hanna et al. (23). Strains YDHG6 (a ckal-Al::HIS3 Acka2::TRPI ura3-52
ade2-101°7" his3-A200 leu2-Al lys2-8017"*¢" trpl-Al1 [pDH6 CEN4/ARSH4
LEU2 CKA2]) and YDHS (a ckal-Al::HIS3 Acka2:TRPI ura3-52 ade2-101°°""
his3-A200 leu2-Al lys2-801°*" trpl-Al [pDH8 CEN4/ARSH4 LEU2 cka2-8"])
were provided by C. V. C. Glover. We refer to these strains as CKA2 and cka2".

Preparation of yeast transcription extracts. Whole cell extracts were prepared
as described by Schultz et al. (47) except that chymostatin was omitted from the
proteinase inhibitor cocktail. Cells were grown to an optical density at 600 nm of
3 in YPD. Cell density measurements were performed after making the medium
20 mM EDTA (pH 8) to disperse clumped cells (41). Temperature shifts were
performed in a shaking water bath.

CKII assay. The CKII assay was modified from published procedures (4, 34,
42). The reactions were performed in 25 l, using the specific peptide substrate
RRREEETEEE (34) at 250 uM. Reactions were performed under the condi-
tions for polymerase I and III transcription (see below) (49). Each reaction
mixture contained 37.5 ug of extract protein and 20 mM N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid (HEPES), 50 mM KCI, 10 mM MgCl,, 5 mM
EGTA, 0.1 mM EDTA, 2.5 mM dithiothreitol, 20 ug of a-amanitin per ml, 100
uM unlabeled ATP, and 1 pl of [y->?P]ATP (3,000 wCi/mmol; NEN). These
conditions were varied only in the case of CKII add-back experiments, which
used 22.5 mM KCI and 75 mM NaCl in place of the 50 mM KClI usually used.
This modification was necessary because CKII is stored in a high-salt buffer (see
below). The reaction in a 20-pl aliquot from each assay mixture was stopped after
5 min of incubation at 22°C by spotting onto Whatman P81 paper. Further
processing and quantitation by scintillation counting were as described previ-
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FIG. 1. (A) Growth phenotypes of CKA2 and cka2" cells at the permissive temperature, 25°C, and at the restrictive temperature, 37°C. (B) CKII activity is deficient
in extracts from cka2® cells. Enzyme activities of strains CKA2 and cka2® are compared. Activity was measured at 22°C in extracts from cells grown at 25°C (left) or
grown at 25°C and then shifted for 1 h to 37°C (right). Activity (* standard error) is normalized to 100% for extracts from CKAZ2 cells grown at 25°C.

ously (34). Reactions were performed in triplicate. Standard error bars (for the
mean) represent the results from five independent experiments.

The validity of the assay under transcription conditions was confirmed by its
sensitivity to heparin, which is a specific inhibitor of CKII (4, 26, 45) and
completely blocks peptide-specific incorporation of 3?P at 1 ug/ml in our reac-
tions. Using heparin, we investigated the usefulness of casein as a specific sub-
strate for CKII activity in the transcription extract. We found that two-thirds of
the label incorporation into dephosphorylated casein is due to enzymes besides
CKII (not shown). The peptide substrate was therefore used for all experiments
with the transcription extract.

In vitro transcription reactions. Transcription reactions were performed in 20
wl at 22°C, using supercoiled templates as described by Schultz et al. (49).
Results are shown for 58 reactions using template pY5S (49) and for tRNAM
reactions using template pGE2 (1). Except where otherwise indicated, the reac-
tion mixtures contained 30 wg of extract protein and 400 ng of pY5S or 25 ng of
pGE2. For the CKII add-back experiments, all reaction mixtures contained 22.5
mM KCI and 75 mM NacCl in place of 50 mM KCI. We expected that maximal
rescue by CKII would be achieved by preincubating the transcription extract with
CKII and ATP. This protocol, however, is inefficient because the extract contains
an ATP-dependent repressor that can mask the stimulatory effect of CKII (19).
To minimize this effect, reaction components were mixed on ice as follows. A
template—salts—a-amanitin mix (all components except the nucleotides, CKII,
and extract) was dispensed into each tube. Separate aliquots of nucleotides and
CKII were then spotted onto the wall of the tube and washed into the template—
salts—a-amanitin mix with the extract.

S1 protection analysis of in vivo transcription by RNA polymerase III. Cells
were grown in YPD at 25°C to an Ag of 0.4, and temperature shifts were
performed as described by Cormack and Struhl (12) for monitoring polymerase
IIT transcription in temperature-sensitive (ts) yeast strains. Total cellular RNA
was isolated as described by Cross and Tinkelenberg (13) and hybridized to
completion at 65°C with 3?P-labeled oligonucleotide probes purified by gel elec-
trophoresis. Hybridization was in 30 ul containing 10 mM Tris-HCI (pH 7.5), 300
mM NaCl, and 1 mM EDTA. Probes were added in twofold excess of the amount
required to detect the strongest signal in an experiment. S1 nuclease digestion
was performed for 1 h at 37°C after addition of 270 pl of buffer containing 200
U of S1 nuclease, 50 mM NaCl, 30 mM sodium acetate (pH 6), 1 mM zinc
sulfate, and 5% glycerol. tRNAT™ transcription was monitored by using probe
tRNAW of Cormack and Struhl (12). To check equivalence of loading, the
samples were also probed for 26S rRNA. Because 26S rRNA is so abundant,
aliquots of each RNA preparation were diluted 1:20 with Tris-EDTA buffer
before hybridization. The 26S rRNA probe detects sequences in the highly
conserved structural core of the large rRNA subunit. It is complementary to
residues 2528 to 2568 of the S. cerevisiae sequence in the numbering scheme of
Hassouna et al. (25) and has a 6-bp overhang at the 3’ end (underlined in the
sequence below) that is not complementary to the rRNA. This overhang is
removed in complete S1 reactions, leaving a protected fragment of 40 residues.
The probe has the sequence 5'-CTGTTCACCT TGGAGACCTG CTGCGGT-
TAT CAGTACGACC ATAGGC.

Computer methods. Autoradiographs were scanned with an Apple OneScan-
ner running Ofoto 2.0.2 software on a Macintosh 8100/80 PowerPC. The contrast
of an entire scan was in some cases adjusted by using the “balance exposure”
command. Images were exported into Canvas 3.5.3b for labeling.

RESULTS

CKII activity is deficient in transcription extract from a s
mutant of CKII. We have established a system in which tran-

scription can be studied as a function of CKII activity in a
whole cell extract from S. cerevisiae. The o and o' subunits of
CKII in S. cerevisiae are encoded by the CKAI and CKA2
genes. Our initial experiments have taken advantage of two
strains (23): CKA2, which has the wild-type version of the
CKA2, and its isogenic partner, strain cka2'®, which carries a #s
allele of cka2 (cka2-8). In both strains, the chromosomal CKA1
and CKA2 genes are disrupted and the o' gene is carried on a
plasmid. The cells are viable at 25°C because the o and o’
subunits are functionally redundant for catalytic activity (10,
41). The s growth phenotype of cka2" conferred by the cka2-8
allele is illustrated in Fig. 1A. Strains CKA2 and cka2" form
colonies of similar sizes when grown on YPD at 25°C (Fig. 1A,
top sector). At 37°C, CKA2 forms large colonies, whereas no
visible colonies result from the plating of cka2® cells (bottom
sector).

Glover and colleagues have reported that bulk CKII activity
is deficient in strain cka2" compared with strain CKA2 (un-
published observations discussed in references 8 and 23). We
tested if an extract that preserves transcription by RNA poly-
merases I, II, and III also preserves the difference in CKII
activity between these strains. Extracts were made by a cellular
disruption protocol under liquid nitrogen (47, 49), and CKII
activity was measured by using a specific peptide substrate for
CKII, RRREEETEEE (34). Figure 1B compares CKII activ-
ities in extracts from cells harvested after growth at 25°C or
after growth at 25°C followed by 1 h of culture at 37°C. The
results are expressed relative to activity in CKA2 cells grown at
25°C, which is arbitrarily assigned a value of 100%. The en-
zyme measurements reveal that transcription extracts from
cells harboring the cka2-8 allele are deficient in bulk CKII
activity whether or not the cells have been shifted to the re-
strictive temperature. For cells grown at 25°C, the cka2" ex-
tract has only 6% of the activity of the CKA2 extract; for cells
grown at 37°C, (Fig. 1B, right panel), the cka2" extract has only
15% the activity of the CKA?2 extract (Fig. 1B). The difference
in activity between the 25 and 37°C cka2" extracts is not sta-
tistically significant (P < 0.005). From these results, we con-
clude that the Cka2-8" protein is defective for bulk CKII
activity in the transcription extract.

Polymerase III transcription is specifically defective in ex-
tracts lacking CKII activity. The CKII activity measurements
in Fig. 1B were performed under the conditions used for tran-
scription by RNA polymerases I and III (47, 49) except that the
DNA template was omitted, ATP replaced the nucleotide mix
used for transcription, and a peptide substrate for CKII was
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FIG. 2. Transcription by RNA polymerase III is deficient in extracts with low
CKII activity. Polymerase III transcription activities in extracts from CKA2
(lanes 1 to 3) and cka2* (lanes 4 to 6) cells were compared. Run-on transcription
assays were performed at 22°C in extracts from cells grown at 25°C (A) or grown
at 25°C and then shifted for 1 h to 37°C (B). Transcription activities are com-
pared over a fourfold range of extract concentrations. The arrows show the
positions of the expected primary transcripts. Minor bands in the tRNA reactions
are processing products, and the slowly migrating band in the 5S reaction is a
natural transcription product of unknown significance (29). Note that although
the levels of transcription differ between the extracts, for a given template the
extracts produce products of the same size, and the ratios of primary transcript
to processed products in the extracts are similar.

included. Because CKII activity differences are preserved un-
der transcription conditions, we were able to assess transcrip-
tion in vitro as a function of CKII activity in the extract.

Basal transcription by the three nuclear RNA polymerases
was assayed in extracts from cells that had either been cultured
at the permissive temperature and harvested or cultured at the
permissive temperature and then harvested after culture for 1
h at the restrictive temperature. Initiation by RNA polymerase
I on a template that contained the entire 35S gene promoter
was identical in extracts from both strains (not shown). Basal
transcription by RNA polymerase II on the CYCI promoter
was also similar between the strains (not shown). In contrast,
the level of transcription by RNA polymerase III was clearly
deficient in cka2" extracts. Transcription of a tRNA™" gene
(Fig. 2, tRNA™") was defective in cka2" extracts compared
with CKA2 extracts over a wide range of protein concentra-
tions. tRNA™" transcription was defective in cka2' extracts
whether or not the cells had been cultured at the restrictive
temperature (compare tRNA™" transcription in Fig. 2A and
B). These effects were also observed for the 5S rRNA gene
(Fig. 2, 5S rRNA). Therefore, extracts from cka2" cells grown
at the permissive temperature are deficient for polymerase III
transcription (Fig. 2A). We note that CKII activity is also
severely impaired in extracts from cka2" cells that had not
been heat shocked (Fig. 1B). Since polymerase III transcrip-
tion is impaired in all extracts with low CKII activity (six
extracts were tested), we propose that the protein kinase ac-
tivity of CKII is required for high-level transcription of the 5S
and tRNA genes by RNA polymerase III.

Several trivial effects that could account for these results
were ruled out. Cell extracts often differ in the protein con-
centration required for optimum transcription. The observed
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FIG. 3. Transcription of the 5S rRNA gene in a mixing experiment using
extracts from CKA2 and cka2* cells grown at 25°C and then shifted for 1 h to
37°C.

difference between CKA2 and cka2" extracts could, in princi-
ple, be explained by a simple shift in the protein optimum. The
result for tRNA™" transcription in Fig. 2B argues against this
possibility. Transcription in the cka2" extract slightly declines
between 40 and 80 pg of input protein, indicating that its
optimum lies in this interval. Even at this optimum, transcrip-
tion in the cka2" extract is severely impaired compared with
the same amount of the CKA2 extract, which seems to encom-
pass the broad optimum for this extract. Induction of nucleases
that degrade the template (15) and/or the product during a
transcription reaction could also account for the results in Fig.
2. We examined the fate of the template during reactions at 25
and 30°C and found no evidence of DNA degradation (not
shown). Since the transcription extract contains a variety of
cellular RNAs, the fate of these preexisting RNAs during a
transcription reaction was monitored by using a sensitive S1
nuclease protection assay (12). There was no detectable deg-
radation of a tryptophan tRNA intron or 26S rRNA during
reactions at 25 and 30°C (not shown), and so the transcription
results cannot be explained by the induction of a novel ribo-
nuclease when CKII activity is low.

CKII activity is required for transcription by RNA poly-
merase I1I in vitro. We performed a mixing experiment to test
if polymerase III transcription is low in cka2" extracts because
they lack CKII activity. The rationale of the experiment is that
in a mixture of CKA2 and cka2® extracts, active CKII from the
CKAZ2 extract will rescue the #s extract if its low transcription
activity results from the lack of CKII activity. The experiment,
shown in Fig. 3, was performed with extracts from cells cul-
tured for 1 h at the restrictive temperature. Transcription ac-
tivities in the extracts were compared by using 40 pg of protein
per reaction (lanes 1 and 2). The CKA2 extract is about three-
fold more active than the cka2" extract under the conditions
used. This relative difference is preserved when 20 pg of ex-
tract is present in each reaction (lanes 3 and 4). Twenty-
microgram aliquots of the two extracts were mixed, giving the
same total protein as in lanes 1 and 2. The transcription signal
from the 20-pg mixture (lane 5) is the same as that from 40 pg
of the CKAZ2 extract (lane 1), indicating that an activity in the
CKAZ2 extract does rescue the cka2" extract. This activity most
likely is CKII. This result supports the hypothesis that the
catalytic activity of CKII is required for transcription by RNA
polymerase III.

To more rigorously test this hypothesis, we attempted to
rescue transcription in the cka2" extract with purified (95%),
enzymatically active CKII prepared as described by Bidwai et
al. (4) and kindly provided by C. V. C. Glover. Because CKII
is stored in 1 M Na(l, all reactions represented in Fig. 4 and 5
were adjusted to the same final salt concentration by the ad-
dition of appropriate amounts of CKII buffer without enzyme
(see Materials and Methods). The purified enzyme was added
in increasing amounts to 30 pg of the cka2" extract, which has
very low CKII activity on its own (Fig. 2 and 4A). Figure 4A
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FIG. 4. Rescue of CKII activity (A) and tRNA™" and 5S rRNA transcription
(B) by addition of purified CKII to extracts from cka2' cells grown at 25°C. CKII
activity (the average of two experiments) is expressed as counts per minute
incorporated during a 5-min reaction.

shows that there is a dose-dependent increase in CKII activity
when the purified enzyme is titrated into the cka2" extract.
Figure 4B, lanes 1 to 4, shows a strict, dose-dependent stimu-
lation of polymerase I1I transcription on the tRNA™" gene as
a result of the addition of catalytically active CKII. The same
result was obtained when the 5S rRNA gene was used (Fig. 4B,
lanes 5 to 10). Therefore, the level of polymerase III transcrip-
tion directly correlates with the level of CKII activity in a
reaction. From these experiments, we conclude that CKII is
required for active transcription of the 5S and tRNA genes by
RNA polymerase III.

The experiments described above rely on the use of yeast
strains with mutations in the CKA1 and CKA2 genes. Although
unlikely, our findings could result from indirect genetic effects
that never occur in normal cells. We therefore devised an
alternative biochemical approach to obtain evidence that poly-
merase III transcription requires CKII in wild-type cells. We
examined the effects on transcription of an inhibitor of CKII
activity, 2,3-diphosphoglycerate (38, 45, 54). The inhibitor was
added in the concentration range previously used to inhibit
CKII activity against natural substrates (38, 54). Figure 5, lanes
1 to 3, shows that 2,3-diphosphoglycerate strongly inhibits
polymerase I1I transcription of the tRNA™" gene in extracts

1 2 3 4
- -
-
0 5 10 5 mM diphosphoglycerate

- - -+ purified CKIl

FIG. 5. CKII rescues transcriptional inhibition due to a known CKII inhib-
itor. Transcription of a tRNA" template in extract from wild-type cells inhib-
ited by the CKII inhibitor 2,3-diphosphoglycerate (lanes 1 to 3) and rescued by
addition of 100 ng of purified CKII (lane 4) was monitored.
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FIG. 6. Transcription by RNA polymerase III in vivo is impaired when CKII
is inactivated. In two separate experiments (lanes 1 and 2; lanes 3 to 6), total
RNA was isolated from CKA2 and cka2®™ cells cultured for various periods of
time at the restrictive temperature (37°C). Transcription of a tryptophan tRNA
gene was monitored by S1 nuclease protection analysis (arrows marks the posi-
tions of the full-length probe). Samples were probed for 26S rRNA to check
equivalency of loading.

from wild-type (CKAI CKA2) cells. This result is consistent
with a role for CKII in polymerase III transcription. To con-
firm that this inhibition is due to an effect on CKII, we added
purified enzyme to reactions containing the inhibitor. From
comparison of lanes 2 and 4 in Fig. 5, it is clear that purified
CKII significantly rescues transcription in the presence of the
inhibitor. The same result was obtained when the 5S rDNA
template was used (not shown). These results support the idea
that the catalytic activity of CKII is normally required for
transcription by RNA polymerase III.

CKII activity is required for polymerase III transcription in
vivo. To test whether polymerase III transcription in vivo re-
quires CKII activity, we monitored tRNA synthesis in CKA2
and cka2"® cells by using an S1 nuclease protection assay to
measure the steady-state level of the intron of tRNAT™ (12).
Since tRNA introns are turned over in the cell with a half-life
of less than 3 min (33), their abundance is an accurate indica-
tor of the level of transcription (12, 21). Total RNA was pre-
pared from cells cultured at the permissive or restrictive (37°C)
temperature and hybridized to the tRNA probe and a probe
for 26S tRNA (as a loading control). Figure 6 (top panel)
shows the pattern of tRNA™P transcription in the two strains,
before and after the shift to 37°C. In the first experiment (lanes
1 and 2), cells were cultured at 37°C for 5 h. In strain CKA2,
the steady-state level of the unprocessed tRNA precursor in-
creases during 5 h culture at 37°C. This is expected, since
CKAZ2 cells continue to grow at 37°C, and is the typical pattern
of transcription in wild-type yeast strains grown at 37°C (12).
Transcription is cka2" cells, on the other hand, declines slightly
by 5 h of culture at the restrictive temperature. In a separate
experiment (lanes 3 to 6), we examined this effect in more
detail by taking time points at 1, 2, and 4 h after the shift to the
restrictive temperature. The patterns of tRNA transcription in
the strains are similar during the first 2 h at the restrictive
temperature. However, in cka2® cells, there is a decline in
transcription from 2 to 4 h, while transcription increases in
CKA2 cells. These results demonstrate that CKII is required
for active polymerase III transcription of the tRNA genes in
vivo.

Collectively, our results demonstrate that CKII activity in S.
cerevisiae is required for efficient transcription by RNA poly-
merase III in vivo and in vitro.
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DISCUSSION

CKI1I is required for polymerase III transcription. The cen-
tral finding of this study is that the enzymatic activity of a
ubiquitous eukaryotic protein kinase, CKII, is required for
high-level transcription of the 5S and tRNA genes by RNA
polymerase III. This requirement for CKII is clear from our in
vivo measurements of polymerase III transcription in the
cka2" mutant: in cka2", compared with the wild type, ongoing
polymerase IIT transcription is severely depressed at the re-
strictive temperature (Fig. 6). This inhibition of polymerase I11
transcription would at least in part account for the decline of
overall RNA synthesis in vivo previously observed when cka2'
cells are shifted to the restrictive temperature (23).

Our in vitro experiments rule out the possibility that the
inhibition of polymerase III transcription during culture at the
restrictive temperature results indirectly from the failure of
other cellular processes that require CKII, for example, pro-
cesses involved in the synthesis of transcription factors (mRNA
transcription, translation). First, we observe the transcription
defect in extracts from cka2* cells that were not shifted to the
restrictive temperature (Fig. 2A) but nonetheless have low
CKII activity (Fig. 1B). The low activity of the cka2-8" allele in
extracts at the permissive temperature remains unexplained
but is not unusual for a ts protein. For example, ts alleles of
DNA ligase (30), the TATA-binding protein (49), and DNA
topoisomerase II (46) are all known to have low activity in
extracts from cells harvested at the permissive temperature.
Second, transcription in wild-type extracts is sensitive to an
inhibitor of CKII, and the effect of this inhibitor on transcrip-
tion is relieved by added CKII (Fig. 5). These results argue for
a direct involvement of CKII in polymerase III transcription.

The CKII add-back experiment in Fig. 4 provides the stron-
gest support for the conclusion that the transcription defect in
cka2"® extracts directly results from the lack of CKII activity.
However, while we reproducibly obtain a dose-dependent res-
cue of polymerase III transcription, the rescue is relatively
inefficient. This is revealed if one compares the amount of
endogenous CKII activity in CKA2 extracts with the amount of
CKII activity that stimulates transcription in cka2" extracts.
The endogenous CKII in CKA2 on average incorporated 6,410
cpm/30 pg of extract. Since CKII does not stimulate transcrip-
tion in wild-type extracts, at this level CKII is saturating for
polymerase III transcription (not shown). On the basis of the
plot in Fig. 4A, the wild-type level of bulk CKII activity and
therefore maximal transcription should be obtained by adding
33 ng of CKII to 30 pg of cka2® extract. Stimulation of tran-
scription, however, is observed well beyond this amount of
CKII (Fig. 4B; compare lanes 2 and 4 and lanes 7 and 10). We
do not know why the rescue is inefficient, but several possibil-
ities come to mind. Perhaps CKII cannot easily associate with
its relevant target in a whole cell extract, or, more interestingly,
perhaps the stationary-phase CKII that we used is modified in
a way that is not optimal for interaction with its target in
growing cells. These possibilities are open to experimental
investigation.

Possible mechanisms of regulation of polymerase III tran-
scription by CKII. CKII-depleted extracts produce transcripts
that start and stop at the correct sites, suggesting that neither
start site selection nor recognition of the terminator requires
CKII. Short transcripts do not accumulate in CKII-depleted
extract, and so there is no abnormal pausing during chain
elongation. CKII then is most likely required for a step in the
assembly of transcription factor-DNA complexes and/or tran-
scription initiation. What is the CKII-responsive target in-
volved in the step that is sensitive to CKII? There are two
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possibilities: first, that the target is a component of the basal
transcription machinery; and second, that it is an accessory
activity involved in transcription.

RNA polymerase III, TFIIIB, TFIIIC, and TFIIIA are re-
quired for basal polymerase III transcription. Among these
components, the polymerase, TFIIIB, and TFIIIC are possible
targets; TFIIIA cannot be a target since CKII is required for
transcription of the tRNA genes but TFIIIA is not used at
tRNA promoters (7, 18, 31). RNA polymerase I1I, TFIIIB, and
TFIIIC in S. cerevisiae all contain subunits that are phospho-
proteins in vivo. Specifically, the 23- and 19-kDa subunits of
the polymerase (3), the TATA-binding protein subunit of
TFIIIB (19), and the 138-, 131-, and 95-kDa subunits of
TFIIIC (11) are phosphoproteins. The phosphorylated sub-
units also include the CKII consensus site, Ser(Thr)-X-X-
acidic (polymerase III [14, 61]; TATA-binding protein [16, 22];
138-, 131-, and 95-kDa subunits of TFIIIC [35, 37, 52]).

The possible targets classified as accessory activities include
inhibitors that might be regulated (inactivated) by CKII. Poly-
merase III transcription is inhibited by the formation of nu-
cleosomes over promoter DNA (60), by the protein Dr1, which
interferes with TFIIIB function (28, 58), and by a putative
repressor that is regulated by protein phosphatase 2A (52). We
have tested if CKII is required for nucleosome assembly in the
extracts used for our transcription experiments, since under
defined conditions, the extracts also support chromatin assem-
bly (48). We observe the same level of assembly in CKA2 and
cka2" extracts, suggesting that the role of CKII in polymerase
IIT transcription does not involve an effect on nucleosome
assembly. Further biochemical studies are in progress to iden-
tify the target involved in polymerase III transcription that is
responsive to CKII.

Diverse functions of CKII in the regulation of nuclear tran-
scription. In our experiments comparing CKA2 and cka2ts
extracts, we were unable to detect an effect of CKII depletion
on basal transcription by either RNA polymerase I or RNA
polymerase II. We are therefore reassured that the inhibition
of polymerase III transcription in cka2" extract is not simply
the result of a general inhibition of RNA synthesis in vitro. If
CKII is involved in polymerase II transcription in S. cerevisiae,
then its function most likely is restricted to the regulation of
transactivators as in higher eukaryotes (reviewed in references
29, 36, and 39). Our failure to detect an effect of CKII on
polymerase I initiation suggests that the stimulation of poly-
merase I transcription by CKII observed in nuclei isolated
from mammalian cells (2) may have been due to an effect on
elongation, as previously noted (see Discussion in reference 6).
Therefore, although CKII is implicated as a positive-acting
factor in the regulation of transcription by all three nuclear
RNA polymerases, the mechanism of its function is distinctly
different from one class of gene to the next.

Protein kinases and the regulation of polymerase III tran-
scription. Previous studies have clearly demonstrated an im-
portant role for protein kinases in the regulation of polymerase
III transcription, both in repression and in induction. Mitotic
repression of polymerase III transcription in metazoan cells is
mediated by p34°*Z and another, unidentified protein kinase
(20, 57), and the induction of polymerase III transcription in
virally infected mammalian cells involves phosphorylation of
TFIIIC by an unidentified kinase (27, 59). The increased poly-
merase III transcription that results when Drosophila cells are
stimulated with phorbol ester presumably involves activation of
protein kinase C (17). Our discovery adds an oncogenic pro-
tein kinase, CKII, to the kinases known to be directly or indi-
rectly involved in the regulation of transcription by RNA poly-
merase III. Collectively, these results suggest that polymerase
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III transcription in eukaryotes is controlled by multiple protein
kinases. These protein kinases may act as part of a regulatory
network to determine the output of polymerase III gene prod-
ucts.

What might the physiological role of CKII be in the context
of this regulatory network? CKII appears to be important for
both cell cycle and growth control in eukaryotic cells (reviewed
in references 36 and 39). Its further role in polymerase III
transcription may provide a pathway for the coordination of
polymerase III transcription with cell cycle events and/or
growth state. CKII is required for cell cycle progression at
multiple points in interphase (23, 43). Since transcription is
elevated in interphase (20, 24, 57), the positive role of CKII in
both progression through interphase and polymerase I1I tran-
scription might provide a mechanism for maintaining high
transcription during interphase. Polymerase III transcription is
strictly regulated according to growth rate in mammalian (53)
and yeast (19) cells. In some mammalian cell types, the level of
CKII activity is transiently elevated in response to growth stim-
ulation (9), which results in high transcription, and may be
repressed in stationary phase, when transcription is repressed
(2). CKII may therefore be important for coordinating poly-
merase III transcription with overall growth rate. These func-
tions of CKII would help to ensure that the supply of the
tRNAs and 5S rRNA is appropriate for the physiological status
of the cell.
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