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Mitotic Repression of RNA Polymerase Il
Transcription in Vitro Mediated by Phosphorylation
of a TFIIIB Component

Joel M. Gottesfeld,* Veronica J. Wolf, Tam Dang,
Douglass J. Forbes, Philippe Hartlt

Interphase cytosol extracts prepared from Xenopus laevis eggs are active in RNA poly-
merase Il (Pol Ill) transcription. Addition of recombinant B1 cyclin to these extracts
activates mitotic protein kinases that repress transcription. Affinity-purified p34°#°2_cyclin
B kinase (mitosis-promoting factor) is sufficient to effect this repression in a simplified Pol
Il transcription system. This mitotic repression involves the direct phosphorylation of a
component of the Pol Ill transcription initiation factor TFIIIB, which consists of the TATA
box—binding protein (TBP) and associated Pol lll-specific factors. The transcriptional
-activity of the TFIIIB-TBP fraction can be modulated in vitro by phosphorylation with mitotic
kinases and by dephosphorylation with immobilized alkaline phosphatase.

Nuclear RNA transcription becomes re-
pressed when eukaryotic cells enter mitosis
(I1). Studies have observed both general
mitotic repression of transcription and mi-
totic repression of specific genes transcribed
by RNA polymerase Il or III (2, 3). Mitotic
repression of Pol III transcription can be
reproduced in vitro (4) with the use of
Xenopus egg extracts that can easily be
shifted from interphase to mitosis (5-7).
Interphase egg extracts are active in the
transcription of Pol IlI-transcribed genes
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(4, 8), including genes encoding 5§ RNA
and tRNAs. In contrast, mitotic extracts,
generated by the conversion of interphase
cytosol to mitosis by means of purified
recombinant Bl cyclin (4, 6, 7, 9, 10), are
repressed in transcription (4). Mitotic re-
pression in vitro does not require mitotic
chromosome condensation, nucleosome as-
sembly, or the binding of a general repressor
protein (4). Instead, mitotic repression oc-
curs even in a simplified P1 III transcription
system when a mitotic kinase fraction of an
egg extract is added (4). Action of one or
more mitotic kinases is essential for inhibi-
tion because the kinase inhibitor 6-dimethyl-
aminopurine (DMAP) blocks inhibition
(4). Thus, mitotic repression of transcrip-
tion in vitro involves the direct phospho-
rylation of the transcriptional machinery.
To elucidate the kinase or kinases that
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mediate mitotic repression in the Xenopus
Pol III system, we used partially purified Pol
III transcription factors, Pol III (11), and
Xenopus mitotic kinases isolated by pl3-
agarose affinity chromatography (4, 12).
The yeast p13sucl gene product binds the
mitotic cdc2—cyclin B kinase (mitosis-pro-
moting factor, MPF) and related kinases
(13). When a mixture of transcription fac-
tors (TFIILA, TFIIIB, TFIIIC, and Pol III)
was incubated with mitotic kinases bound
to pl3-agarose beads and the beads were
subsequently removed by centrifugation,
the transcription of 5S DNA was repressed
(Fig. 1A, lane 1). Similar repression of
Xenopus tRNAMe! and tRNATY transcrip-
tion was observed (14). This inhibition
could be prevented by including the kinase
inhibitor DMAP in the reaction (lane 4) or
by substituting adenosine triphosphate
(ATP) with the nonhydrolyzable analog ad-
enylyl-imidodiphosphate (AMP-PNP) (lane
3). In contrast, pl3-agarose bound with
interphase egg extract proteins had no effect
on transcription (lane 2). Thus, immobilized
cdc2-cyclin kinase and related mitotic ki-
nases directly repress transcription.

Purified cdc2—cyclin B kinase alone
caused mitotic repression in the reconstitut-
ed transcription system. The cdc2 kinase
was purified from a cyclin-activated mitotic
extract by glutathione-Sepharose chroma-
tography with the glutathione-S-transferase
tag present on the recombinant cyclin Bl
protein (4, 6, 9, 10, 12); the immobilized
cdc2—cyclin B kinase inhibited 5S gene
transcription (Fig. 2B, lane M).

To identify the target of the mitotic
kinase, we performed a rescue experiment.
A mixture of the transcription factors was
treated with either interphase or mitotic
pl3-agarose in the presence of ATP, and the
beads were removed after incubation. Fac-
tors treated with mitotic beads did not sup-
port transcription of the 5S RNA gene (Fig.
1B, lane 5). Each. of the chromatographic
fractions needed for Pol III transcription
(and not exposed to the pl13-bound kinase)
was added back to separate reactions.
DMAP was included to ensure that any
secondary kinase activity present in the orig-
inal factor mixture would not phosphorylate
the added untreated factor or factors. Addi-
tion of the phosphocellulose fraction PC-B,
which contains TFIIIB and Pol III, fully
restored transcription of the 5§ RNA gene
(Fig. 1B, lane 7). Neither TFIIIA (lane 6)
nor TFIIIC (lane 8) gave significant rescue
of transcription-(15). The same effect was
observed with the tRNA™'™ gene template
(14). These results suggest that the target of
the mitotic kinase is a component of the
PC-B fraction and that the relevant factor or
factors support transcription in the nonphos-
phorylated forms and are inactive in the
phosphorylated forms.
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To determine whether the TFIIIB pres-
ent in the PC-B fraction is the target of
mitotic repression, we further purified
TFIIIB. The PC-B fraction was chromato-
graphed on DEAE-Sephadex and Mono Q
fast protein liquid chromatography (FPLC)
(16). The results of a 5S gene transcription
experiment in which we used TFIIIA,
TFIIIC, and the phosphocellulose fraction
PC-C (as a source of Pol III) to assay TFIIIB
activity after further purification are shown
(Fig. 2A). No specific transcription was
observed in the absence of TFIIIB (lane A
+ C), whereas the fraction eluted from
DEAE-Sephadex with 0.15 M ammonium
sulfate provided an active source of TFIIIB
(lane denoted Input). Upon further frac-
tionation, TFIIIB activity eluted from
Mono Q at ~0.31 M KCl (Fig. 2A, frac-
tions 19 through 21). When the complete
reaction (16) was treated with immobilized
cdc? kinase, transcription was eliminated
(Fig. 2B, lane M). We rescued the 5S
transcription by adding either the DEAE-
Sephadex TFIIIB (Fig. 2B, input) or the
Mono Q TFIIIB fractions to the mitotically
repressed reaction (Fig. 2B, fractions 19
through 21). Both TFIIIB (Fig. 2A) and the
rescue activities (Fig. 2B) co-eluted from the
Mono Q resin, which indicates that the target
of the mitotic kinase involved in repression of
Pol I1I transcription is an integral component
or components of TFIIIB.

The TATA box-binding protein (TBP),
which plays a central role in Pol II transcrip-
tion, is also required for Pol I and Pol III
transcription (17, 18). For Pol III transcrip-
tion, TBP and the associated Pol IIl-specific
factors (T AFs) form TFIIIB (19). We assayed
the Mono Q fractions for the TBP component
of TFIIIB with a gel mobility shift assay using
a radiolabeled double-stranded TATA box
oligonucleotide. As expected, TATA box
DNA binding activity in the Mono Q frac-
tions co-purified with TFIIIB transcriptional
activity (Fig. 2C, lanes 19 and 20). We also
found that Pol III transcription in Xenopus
oocyte S-150 extracts was abolished by TBP-
TAF depletion, which we accomplished by
using a TATA box DNA-Sepharose resin
(20); transcription was restored to the deplet-
ed fraction by the addition of either Mono
Q-purified TFIIIB or the protein fraction
eluted from the TATA-Sepharose resin. A
similar protein fraction from a control B-block
DNA-Sepharose resin or TFIIIC did not re-
store activity to the TATA-Sepharose—
depleted extract (20). This indicates that
TFIIIB is retained on the TATA-Sepharose
resin.

To determine whether the target of mi-
totic repression resides in the TATA-bind-
ing fraction, a complete transcription mix
was first incubated with mitotic pl3-aga-
rose. When this repressed reaction was
supplemented with increasing amounts of
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TATA box DNA-Sepharose-binding pro-
teins isolated from interphase egg cytosol,
the TATA-binding fraction rescued 5S
gene transcription (Fig. 3A, lanes 6 to 8).
We also tested the TATA-Sepharose—bind-
ing proteins from both interphase and mi-
totic extracts using the tRNAT™P gene as
the template (Fig. 3B). Only the TATA-
binding fraction from the interphase extract
rescued transcription (Fig. 3B, lanes 9 and
10). The same fraction from the mitotic
extract did not restore transcription (lanes
7 and 8). The mitotic TATA-binding frac-
tion did not inhibit transcription in inter-

Fig. 1. (A) Repression of transcription can be
mediated by a mitotic kinase bound to p13-aga-
rose. A mixture of TFIIIA, PC-B TFIIIB, TFIIIC, and

phase pl3-treated samples (lanes 3 and 4).
These data suggest that TBP or a TBP-
associated component of TFIIIB from the
interphase extract rescues transcription and
that the equivalent protein or proteins in
the mitotic extract are phosphorylated and
unable to rescue transcription.

To test this hypothesis, we treated the
interphase TBP-TAFs with either interphase
or mitotic pl3-agarose and then asked wheth-
er these treated fractions could still restore
transcription to the mitotically inhibited tran-
scription reaction. The TATA-binding frac-
tion treated with interphase p13-agarose res-

A M I MM
P- ATP.
i

AMP- ATP+
ATP ATP PNP DMAP

p13-Agarose

Pol lll (77) was treated with mitotic kinases (M)

bound to p13-agarose beads (lanes 1, 3, and 4) or
with p13-agarose bound with interphase (I) extract

aoe @ sshn

proteins (lane 2) (12). Reactions were in the pres-

ence of 1 MM ATP (lanes 1 and 2), 1 mM AMP-PNP Lo
(lane 3), or 1 mM ATP plus 2.5 mM DMAP (lane 4).
After incubation on a rotator for 1 hour at 4°C, the
agarose beads were pelleted, and 100 ng of 55 - 4A

w

plasmid DNA (27), along with labeled and unla-

beled nucleoside triphosphates, was added to the
supernatants. Transcription products were ana-
lyzed after a subsequent 2-hour incubation. Lane 5 e a2 e

&  55RNA

~
@

shows the products of a control (untreated) reac-

tion. (B) The phosphocellulose TFIIIB—Pol lll fraction can rescue mitotic inhibition of 55 transcription.
Mixtures of TFIIIA, PC-B TFIlIB, and TFIIIC were treated with interphase proteins bound to
p13-agarose (lanes 1 through 4) or with mitotic kinases bound to p13-agarose (lanes 5 through 8).
After pelleting the beads, we made the following additions to the supernatants: lanes 1 and 5, 2 pl
of buffer; lanes 2 and 6, 18 ng of TFIIIA (+A); lanes 3 and 7, 2 ul of TFIIIB-Pol Il fraction (+B; 6 pg
of protein); and lanes 4 and 8, 1 pl (50 fmol) of TFIIIC (+C). All reactions contained 5S plasmid DNA,
2.5 mM DMAP, and nucleotides in the subsequent 2-hour incubation.

Fig. 2. Mono Q FPLC purification of
TFINIB and rescue of mitotic repres-
sion of transcription. Phosphocellu-
lose TFIIIB was fractionated on
DEAE-Sephadex and Mono Q FPLC
as described (16). (A) TFIlIB tran-
scriptional activity was monitored in a B

system containing 5S DNA, TFIIIA, EY

TFINIC, and Pol Il (lane denoted A +
C). These reactions (16) were sup-
plemented with 2.5 pl of the DEAE-
Sephadex TFIIIB fraction (Mono Q
input) or with 2.5-ul aliquots of the
indicated Mono Q fractions eluting
between 0.25 and 0.4 M KCI. (B)
Rescue of mitotic repression with
Mono Q fractions. A mixture of TFIIIA,
DEAE-Sephadex TFIIIB, TFIIIC, and
Pol Ill (16) was treated with p34°9c2—
cyclin B-GST fusion protein activat-
ed in the egg extract and bound to
glutathione-Sepharose (13). After
pelleting the Sepharose beads, we
made the following additions: 2.5 pl

A
- — ~55 RNA
AfC Input 16 17 18 19 20 21 22 23 24 26
- - ~58 RNA

- Minput 14 16 17 18 19 20 21 22 23 24 26

CoyTTT

"'_Y__w

- 14 16 17 181920 21 22 23 24 26 28

of buffer (lane M), 2.5 ul of DEAE-Sephadex TFIIIB (Mono Q Input), or 2.5 ul of the indicated Mono
Q fractions. The control lane (—) has a reaction that was not treated with the kinase. (C) TATA box
DNA gel mobility shift with a 26-base pair double-stranded TATA box oligonucleotide that was
radiolabeled and 2.5-ul aliquots of the indicated Mono Q fractions in a 20-ul binding reaction. We
used a 6% nondenaturing gel run in 88 mM tris-borate buffer (pH 8.3) to resolve complexes (C) from

free oligonucleoctide (F).
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cued transcription (Fig. 4A, lane 3); howev-
er, the interphase TATA-binding fraction
subjected to mitotic kinase phosphorylation
could not restore transcription (Fig. 4A, lane
4). Rescue activity was observed if mitotic
phosphorylation was performed in the pres-
ence of DMAP (lane 5), which affirms that it
is the enzymatic action of a mitotic protein
kinase that inactivates a required factor.
These results reinforce the conclusion that
the target of the mitotic kinase resides in TBP
or in a TBP-associated component of TFIIIB,
which is active in the interphase but which
becomes phosphorylated to an inactive state
during mitosis. The data predict that in the
normal cell cycle this factor should be reacti-
vated by dephosphorylation after exit from
mitosis. To test this hypothesis, we treated
the mitotic TATA-Sepharose-binding frac-
tion with alkaline phosphatase—agarose beads
(21). Phosphatase treatment restored tran-
scriptional rescue activity to the mitotic
TATA-Sepharose-binding fraction (Fig. 4B,
lane 6). Similar treatment of the interphase
TATA-binding fraction slightly enhanced its
ability to restore transcription (lane 4). Our

Fig. 3. The TATA-binding protein or an associ-
ated factor is the target of the mitotic kinase.
Transcription reactions were performed with
the 5S gene (A) or with the tRNA™™® gene (B)
(27). Mixtures of transcription factors and poly-
merase (11) were first treated with mitotic (M)
or interphase (l) p13-agarose (712). After the
p13 beads were pelleted, the reactions were
supplemented in (A) with buffer (lanes 1 and 5)
or with the indicated volumes (in microliters) of
TATA-Sepharose-binding proteins isolated
from the interphase extract (lanes 2 through 4
and 6 through 8) (20). At that time, the 55 gene
or tRNA gene template was added and tran-
scription was assayed (77). In (B), the experi-

results are consistent with inactivation of TBP
or a TBP-associated protein by phosphoryla-
tion (22).

Previous work with total Xenopus egg
cytosol found that, after depletion of cdc2—
cyclin B kinase with pl3-Sepharose, a sec-
ondary mitotic protein kinase or kinases
could cause repression of Pol Il transcrip-
tion (4). The secondary kinase or kinases
were activated by mitotic conversion of the
extract with B1 cyclin. We show here that
affinity-purified cdc2—cyclin B kinase can
repress transcription in a simplified Pol III
system. These results indicate that MPF can
directly phosphorylate the transcriptional
machinery. We suggest that in vivo both
MPF and a secondary protein kinase acti-
vated by MPF are involved in mitotic re-
pression of Pol III transcription.

Our results further indicate that the
TFIIIB TBP-TAF complex is a major target
of the mitotic kinase or kinases. Mitotic
phosphorylation of this protein complex
down-regulates Pol III transcription. This
down-regulation can be reversed by dephos-
phorylation with alkaline phosphatase. Be-
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| R (Gl 0 0 1 2 5 TATA-bound
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E. - D — —- -55 RNA
;A et B RS e e
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® sene- - .0 -
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ment was performed in a similar fashion except that 1- and 2-ul aliquots of the TATA-Sepharose—
binding fraction isolated from either the interphase or mitotic extracts were added as indicated. For
all reactions, transcripts were analyzed after a subsequent 2-hour incubation in the presence of 2.5

mM DMAP and nucleoside triphosphates.

Fig. 4. Inactivation of the TATA-Sepharose—
binding proteins with a mitotic kinase and re-
activation with alkaline phosphatase. (A) Tran-
scription reaction mixtures (71) were treated
with mitotic p13-agarose (lanes 2 through 5).
Lane 1 shows a control (untreated) reaction. In
lanes 3 through 5, reactions were supplement-
ed with interphase TATA-Sepharose-binding
proteins (2 wl) that were treated with interphase
() or mitotic (M) p13-agarose (in the presence
of ATP). For the reaction shown in lane 5, this
treatment was in the presence of 2.5 mM
DMAP. (B) Activation of the mitotic TATA-Seph-
arose-binding fraction by treatment with immo-
bilized alkaline phosphatase (AP) (21). The

A - 1 M M  TATA-bound fraction
treated with p13-agarose
+ DMAP

- mm @ 5RNA

Bl M p13-Agarose
Il 1 M M TATA-bound
fraction
S b= + AP
TR =@ a» -55RNA
1 b SUE BRY ol 1EAA

mixture of transcription factors was treated with interphase or mitotic p13-agarose. After pelleting
the p13 beads, we supplemented the reactions with 5 ul of TATA-Sepharose-binding proteins
isolated from either the mitotic or interphase extracts. Before addition, aliquots of these factors were
treated with calf intestinal AP coupled to agarose beads. For both panels, the 5S gene template was
then added, and transcripts were analyzed after a subsequent 2-hour incubation in the presence of

nucleoside triphosphates.
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cause TFIIIB is required for initiation of Pol
III transcription (23), inactivation of this
factor would result in reduced initiation
events during the mitotic phase of the cell
cycle. Phosphorylation of TBP or the TAFs
or both during mitosis could effect a global
repression of all polymerases observed dur-
ing mitosis because each polymerase uses
TBP and TAFs in the formation of tran-
scription complexes (17, 18). Studies of Pol
II transcription describe other proteins that
might show cell cycle regulation and could
act through the TBP component of Pol II
transcription factor TFIID (24). Pol II tran-
scription in Xenopus egg extracts has been
observed (25), and a strategy similar to the
one used here may work to determine
whether Pol II transcription is mitotically
inactivated in vitro and, if so, the Pol
II-specific target of repression.
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Location of cAMP-Dependent Protein Kinase Type |
with the TCR-CD3 Complex

Bjorn S. Skalhegg,* Kijetil Téskén, Vidar Hansson,
Henrik S. Huitfeldt, Tore Jahnsen, Tor Lea

Selective activation of cyclic adenosine 3',5’-monophosphate (tAMP)—dependent protein
kinase type | (CAKI), but not type Il is sufficient to mediate inhibition of T cell replication
induced through the antigen-specific T cell receptor-CD3 (TCR-CD3) complex. Immuno-
cytochemistry and immunoprecipitation studies of the molecular mechanism by which cAKI
inhibits TCR-CD3—dependent T cell replication demonstrated that regulatory subunit lo,
along with its associated kinase activity, translocated to and interacted with the TCR-CD3
complex during T cell activation and capping. Regulatory subunit lla did not. When stim-
ulated by cAMP, the cAKI localized to the TCR-CD3 complex may release kinase activity
that, through phosphorylation, might uncouple the TCR-CD3 complex from intracellular

signaling systems.

The demonstration of multiple regulatory
(R) subunits of cAMP-dependent protein
kinase (cAK) showing cell-specific expres-
sion and regulation, as well as distinct
intracellular compartmentalization, gave
support for the idea that different functions
of cAMP may be mediated by specific iso-
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zymes of cAK (I). In human peripheral
blood T lymphocytes, the cAKI holoen-
zyme [composed of two Rla subunits and
two catalytic (C) subunits (Rla,,C,)] is
soluble, whereas cAK-: type II (cAKII)
(RIla,C,) is particulate (2). Furthermore,
activation of cAKI, but not cAKII, is suf-
ficient to mediate the inhibitory effect of
cAMP on TCR-CD3-induced T cell repli-
cation (2). To investigate the possible
mechanism for cAKI-mediated inhibition
of TCR-CD3-induced T cell replication,
we examined the location of cAKI and
cAKII in quiescent cells and in cells stim-
ulated through the TCR-CD3 complex.
The subcellular localization of cAKI and
cAKII was assessed with antibodies to Rla
(anti-Rla) or RIla (anti-RIla) and visual-
ized by indirect immunofluorescence with
fluorochrome-labeled secondary antibodies






