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Transcriptional activating regions target attached
substrates to a cyclin-dependent kinase
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The yeast cyclin-dependent kinase Srb10 phosphorylates various
transcriptional activators as they activate transcription, and acidic
transcriptional activating domains found on several activators
directly bind Srb10. Here we show that the interaction between
Srb10 (with its associated cyclin Srb11) and each of several differ-
ent activating regions, in vitro, leads to the phosphorylation of
peptide sequences attached to but outside of the activating re-
gions themselves. In some cases, residues within the activating
regions are also phosphorylated. The results define a mechanism
by which a kinase is recruited to alternate substrates with diverse
physiological consequences.
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Five different yeast activators are phosphorylated, as they
activate transcription, by Srb10, a cyclin-dependent kinase
(Cdk) that associates with the cyclin Srbl1. The effect of the
modification is unique to each case. For example, phosphory-
lation of Gal4 increases the efficiency of induction of the
galactose-responsive genes; that of Gen4 and Ste12 leads to their
proteolysis; that of Msn2 leads to its export from the nucleus; and
that of Sip4 increases the efficiency of induction of glucose-
responsive genes (1-5). Srb10/11 also phosphorylates a hep-
tapeptide (YSPTSPS), 26 tandem copies of which comprise the
carboxyl-terminal domain (CTD) of the largest subunit of RNA
polymerase II (6-9). Other defined targets of Srb10/11 in the
transcriptional machinery include two subunits of the transcrip-
tion factor IID complex (10, 11).

Srb10/11 associates with the mediator, a multiprotein com-
plex that itself associates with RNA polymerase II (6, 8, 10,
12-15). In a previous article, we showed that each of an array of
transcriptional acidic activating regions (yeast, mammalian, and
artificial) binds Srb10 (5). The interaction, detected in vivo, was
also observed in vitro with purified Srb10 alone (but not with
Srb11 alone), with Srb10/11, and with Stb10/11 as part of the
mediator complex (5).

The activator-Srb10 interactions, like those between activa-
tors and other components of the transcriptional machinery, may
help recruit that machinery to a nearby gene. Here we show a
different (and/or additional) role played by various activator—
Srb10/11 interactions: in each case the interaction recruits the
kinase to a specific potential substrate. Thus, for five cases tested
here, interaction of the activating region with the kinase leads to
phosphorylation of a peptide sequence attached to the activating
region, and in two of these cases, residues within the activating
region itself are also phosphorylated.

Materials and Methods

Srb10/11 Purification. Recombinant Srb10 and Srbl1l were ex-
pressed and purified from a baculovirus-expression system.
Purifications of Srb10/11 from insect cells were performed as
described by Koh et al. (5, 16).

Srb10 bearing a carboxyl-terminal 3X hemagglutinin tag was
expressed in SKY-559 yeast cells. Cells were grown to midlog
phase and lysed in buffer A [50 mM Tris, pH 7.5/5 mM
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EDTA/50 mM NaF/250 mM NaCl/0.1% Nonidet P-40/1 mM
benzamidine/1 mM chymostatin/1 mM pepstatin/1 mM
PMSF/1X protease inhibitor mix (Roche Molecular Biochemi-
cals, CA 1697498)]. Cell lysate then was incubated with hemag-
glutinin antibody (Santa Cruz Biotechnology, 7392), and the
enzyme was precipitated by using protein A-Sepharose.

Gst-Fusion Proteins. Gst-fused proteins were purified as described
(5). Gst-fusion proteins were expressed in BL21 (DE3) pLysS
bacterial strain. Cells were grown at 37°C until they reached
midlog phase and then were induced for 3 h with 1 mM isopropyl
B-D-thiogalactoside. Cells were lysed in buffer B (PBS with 10%
glycerol and 0.01% Nonidet P-40 along with 1 mM PMSF and 1X
protease inhibitor mix). After centrifugation (15 min at 10,000 X
g), the protein was purified by using glutathione-Sepharose 4B
(Amersham Pharmacia). Gst-fused proteins were eluted by using
50 mM glutathione in buffer C (5 mM Hepes, pH 7.4/10 mM
K-glutamate/10 mM magnesium acetate/0.5 mM EGTA, pH
8.0/10% glycerol/0.1% Nonidet P-40 with 1 mM PMSF and 1X
protease inhibitor mix). The relevant fractions were concen-
trated by using centriprep-10 concentrators (Amicon).

Kinase Assay. For Figs. 1-4, kinase assays were performed by
using 0.5 pmol of baculovirus-purified Srb10/11. Yeast-purified
Srb10 was used in the reactions shown in Fig. 5. The yeast-
purified Srb10 was also used to repeat the experiment shown in
Fig. 4 to determine the concentration required for the same
enzymatic activity (data not shown). Each assay was conducted
in a 25-pul volume of buffer D [20 mM Hepes-KOH, pH 7.3/10%
glycerol/2.5 mM EGTA/15 mM magnesium acetate/1 mM
DTT/100 mM potassium acetate/100 uM ATP/5 uCi (1 Ci =
37 GBq) of [y-*P]ATP (Amersham Pharmacia Biosciences,
6,000 Ci/mmol, 10 mCi/ml)], a combination of phosphatase
inhibitors (1 mM NaN3/1 mM NaF/0.4 mM NaVO;/0.4 mM
Na3;VO,), 1X protease inhibitor mix, and 1 mM PMSF. Reac-
tions were performed at 25°C and resolved on 4-20% gradient
gels by SDS/PAGE.

Results

Fig. 1 shows phosphorylation of the following two proteins by
purified Srb10/11: (i) a fragment of Gal4 (683—881) that contains
an activating region (residues 840—881) as well as a region bearing
three residues (S690, S696, and S699) reported by Hirst et al. (2) to
be phosphorylated by Srb10 in vivo (lanes 1 and 2) and (i) a fusion
peptide bearing an activating region (Gal4 residues 840-881)
attached to three heptad repeats (CTD3) from the CTD (lanes 3
and 4). In both cases, phosphorylation was severely attenuated by
addition of Gal80, the inhibitor that binds to and masks the
activating region of Gal4 (lanes 2 and 4). Thus, at the concentrations
of reactants used here, phosphorylation requires the unmasked
Gal4-activating region. The sites phosphorylated in each case must
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Effect of Gal80 on the phosphorylation of two substrates. Srb10/11

Fig. 1.
complex was incubated with 0.1 nmol of either Gst-Gal4 (683-881) or Gst-
CTDs-Gal4 (840-881) in the presence or absence of 2-fold molar excess of
Gal80. We expect that Gal80 binds stoichiometrically to the Gal4-activating
region (840—-874) under these conditions (17). We use three repeats of the CTD
heptapeptide YSPTSPS as a substrate based on experiments of Hengartner
et al. (8).

lie outside the activating region (residues 840—881), because the
activating region bears no required target sites of Srb10/11 [i.e., no
Ser-Pro nor Thr-Pro sites]. Gal80 was not phosphorylated by
Srb10/11 (lane 5).

The experiment shown in Fig. 2 examines the efficiency of
phosphorylation of a series of substrates bearing activating regions
of various strengths. These strengths were determined by the degree
to which each activating region activated transcription in vivo when
tethered to DNA (data not shown). In the experiments shown here,
each activating region, a deletion derivative of that used for Fig. 1,
was attached to CTDs. The results show that, at subsaturating
concentrations of substrate (see below), phosphorylation of the
CTD; increased as the strength of the attached activating region
increased (lanes 3-6). Thus, for example, the longest (and stron-
gest) activating region (Gal4 residues 840—874) promoted approx-
imately five times as much phosphorylation as did the shortest (and
weakest) activating region [Gal4 (840—864) (compare lanes 6 and
3)]. A point mutation (F869A) in that longer activating region,
which is known to decrease activation in vivo (17), also decreased
phosphorylation in the depicted reaction (compare lanes 5 and 6).
In an experiment not shown, we failed to detect any effect of a Gal4
activating region on the catalytic activity of Srb10/11.

Fig. 3 shows that the different efficiencies of phosphorylation
of two substrates [one bearing a strong activating region (B) and
another the same activating region damaged by the FS69A point
mutation (4)] can be overcome by increasing substrate concen-
tration. Thus, as in the experiment shown in Fig. 2, at low
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Fig. 2. Role of activating region strength on the phosphorylation of an
attached substrate. Srb10/11 complex was mixed with 0.1 nmol of the indi-
cated Gst-fusion proteins. Lane 1 contains a Gst-Gal4 (840-874) control pep-
tide, which is not attached to a CTDs substrate. Lanes 2-7 contain Gst-CTD3
fused to five peptides, two of which are deletion derivatives of Gal4 and the
third of which bears F869A, a point mutation in the activating region. This
point mutation decreases the activating function of Gal4 (840-881) by 3- to
4-fold (16, 17). The sequence of the fifth peptide, which has no activating
region, is (YSPTSPS)3-GVTWTKLRIT-RLESLQGCLI-PLQWMMY!ITI-YSMMKIPNRI-
PGNSS.

substrate concentration, wild-type Gal4 was phosphorylated
more efficiently than was the point mutant (compare lane 4 in
A and B). However, at higher concentration, both the wild-type
and mutant Gal4-fused substrates were phosphorylated approx-
imately equally efficiently (compare lane 5 in 4 and B).

The experiments described thus far have illustrated the ability
of the activating region of Gal4 to appose an attached substrate
with Srb10/11. Fig. 4 extends the finding to the following
additional activating regions: a peptide excised from the yeast
activator Gen4 (residues 107-144); the 18-residue artificial ac-
tivating region, AH (18); and peptides from the mammalian
activators p53 (residues 1-97) and VP16 (residues 420-490)
(19). The latter two activating regions contain Ser-Pro and
Thr-Pro residues that could serve as potential sites of phosphor-
ylation. As the figure shows, Gal4 (840-874), Gen4 (107-144),
and AH each enhanced phosphorylation of its attached CTD3
(lanes 2, 4, and 6). Moreover, the relative efficiencies of phos-
phorylation (lanes 2, 4, and 6) were consistent with their relative
activating strengths in vivo and their relative affinities for
Srb10/11 in vitro (AH < Gend < Gald) (5, 18, 19). The p53- and
VP16-activating region fragments also increased phosphoryla-

A Gst-CTD:-Gald B Gst-CTD:-Gald
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e
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Fig. 3. The effect of increasing concentrations of two substrates. In both
cases [Gst-CTDs-Gal4 (840-874) wild type and mutant], the substrate concen-
tration increases at 3.3-fold increments, with lane 5 containing 6.6 nmol.
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Fig.4. The effect of various activating regions on the targeting of Srb10/11 to
an attached CTD;3 substrate. The activating regions used were AH
(PGIELQELQELQALLQQQ), Gal4 (840-874), Gen4 (107-144), p53 (1-97), and Vp16
(420-490). Each reaction contained Srb10/11 complex and equimolar amounts
of each substrate, as demonstrated in the Coomassie-blue-stained gel.

tion of attached CTD3 (compare lane 7 with lane 8 and lane 9
with lane 10). These two mammalian activating regions were
themselves phosphorylated, a reaction observed with these
regions unattached to CTD3 (lanes 7 and 9). Phosphorylation
within the activation domain of the yeast activator Stel2 has
been reported recently (3).

The experiment of Fig. 5 maps the phosphorylation sites (either
Ser-Pro or Thr-Pro) within these two mammalian activating regions
to at least two sites in p53 and to two sites in VP16. In the case of
VP16, changing either one of the potential phosphorylation sites
(S452A or T458A) diminished phosphorylation and substituting
both residues with alanine abolished phosphorylation altogether.
As a control, changing S462A (in an SAP site) had no effect on the
phosphorylation of the VP16-activating peptide by Srb10/11. Fig.
5 also shows that the p53 single-point mutant S46A diminished
phosphorylation and with the additional mutation S33A nearly
abolished phosphorylation of p53. In parallel binding experiments,
we found that the mutated, unphosphorylatable p53 and VP16
derivatives bound Srb10 as efficiently as did the wild-type peptides
(data not shown).

Discussion

Our results show that five different acidic transcriptional acti-
vating regions, by binding to the Cdk/cyclin pair Srb10/11,
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Fig. 5. Mapping the phosphorylation sites of two mammalian activating
regions. Srb10 was incubated separately with 17.5 pmol of Vp16 and p53 wild
type and with the same quantity of their SP/TP mutant forms.

promote phosphorylation of the substrate CTDj3 that is artifi-
cially attached to the activating regions. We imagine that this in
vitro reaction mirrors the physiologically relevant phosphoryla-
tion of activators described in the Introduction. We also found
that two mammalian activating regions were phosphorylated by
Srb10/11, but we do not know the physiological consequences of
the modification. Phosphorylation of the CTD of RNA poly-
merase II is believed to be crucial for efficient transcription
(6-9). Itis possible that the binding of activating regions to Srb10
(as well as to other targets in the transcriptional machinery) not
only apposes the activators themselves with the kinase but also
indirectly apposes the CTD (as part of RNA polymerase II) with
the kinase to promote phosphorylation of the CTD. Thus, a
series of phosphorylations would be triggered by the kind of
binding reaction we have described as transcription is activated.
In addition to its positive role in gene activation (2, 5-7, 20),
Srb10/11 has also been characterized as required for efficient
repression by Tup1/Ssn6, a protein complex that is recruited to
and works at many yeast genes (12, 21-25). Suggestions as to the
mechanism of this effect have been proposed, but the matter has
not been fully resolved (1, 3, 8, 21, 22).

The mode of targeting by Srb10 that we have described here
differs in detail from previously described mechanisms for
targeting Cdks to one or another substrate in the following way.
Cdks are typically recruited to target substrates by a “recruiting
patch” on their associated cyclins (26-32). By associating with
different cyclins, a Cdk can in this fashion be directed to different
targets (26-32). In our case, targeting is achieved by direct
interactions with the Cdk (Srb10) rather than its associated
cyclin Srb11. It has been argued that there are few stereospecific
constraints on the cyclin—target interactions leading to specific
phosphorylations, and that rule seems to hold for the cases we
have described as well. Our experiments thus provide another
example of a strategy for imposing specificity on kinases, one
that is used widely for signal transduction pathways involving
many aspects of cellular function (32, 33).
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