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ABSTRACT

The Xenopus tyrosine tRNAtyrC (TyrC) genes are
developmentally regulated. These multicopy genes are
expressed in early oocytes and inactivated as oocytes
reach maturity (1). As shown here, this developmental
regulation can be reproduced in vitro in extracts of early
and late stage oocytes: the TyrC gene is transcribed
in early oocyte extracts but is virtually inactive in
mature oocyte extracts. The inability to transcribe the
TyrC gene is not due to the lack of functional pol Ill
transcriptional components, since the somatic-type
TyrD gene is fully active in mature oocyte extracts.
Instead, the loss of TyrC transcription appears to be
due to a change in the template specificity of tran-
scription factor TFIIIC: addition of TFIIIC from immature
extracts restores TyrC transcription in mature extracts.
In mixtures of immature and mature extracts, the
transcriptional activity of the TyrC gene is reduced. The
presence of sodium vanadate, an inhibitor of tyrosine
phosphatases, increases the level of TyrC transcription
in the extract mixtures. Also, cdc25 phosphatase
treatment of immature extracts causes a decrease in
TyrC transcription which is reversed by addition of
exogenous TFIIIC. These findings indicate that changes
in phosphorylation state alters the template specificity
of TFIIIC leading to the selective inactivation of oocyte
type TyrC genes.

INTRODUCTION

In the early stages of oogenesis in Xenopus, multicopy oocyte-
type tRNA genes are expressed (1), allowing the accumulation
of product RNAs for use during embryogenesis. As the oocytes
approach maturity, these genes are gradually and stably
inactivated. In adult somatic cells, the oocyte type tRNA genes
are in a quiescent state, while a different set of somatic type tRNA
genes are expressed. The mechanism underlying the
developmental inactivation of oocyte type tRNA genes appears
to involve a change in the template specificity of transcription
factor TFEIIC (2). Factors TFMC and TFIB, along with TATA-
binding protein (Tl5BP), are required for accurate initiation by
RNA polymerase III on the two major subtypes of class III genes,
tRNA and 5S RNA genes (3; reviews: 4 -7). The 5S RNA genes

require, in addition, factor TFIIIA (3,8). TFIHC is a multisubunit
factor which binds independently to two promoter elements
internal to tRNA genes, known as the A and B boxes.
Crosslinking studies in the yeast system indicate that the various
subunits of TFIIIC contact DNA sequences extending from 40
bp preceding the start site to the B box region at +80-90 of
a tRNA gene (9,10). TFIIIB does not independently bind DNA
(1 1, 12); protein-protein interactions with TFIIIC are necessary
to direct TFIIIB to bind upstream of the initiation site (10,13).

This report compares the regulation of two Xenopus tRNAtyr
genes, oocyte-type TyrC and somatic-type TyrD (14). The
oocyte-type TyrC gene is a member of a tandemly repeated cluster
of eight tRNA genes, present in - 150 copies at a single
chromosomal locus (15). Hybridization studies, using a unique
intervening sequence, indicated the TyrC genes are expressed
in early, stage I oocytes; there is a marked decline in expression
as the oocytes approach maturity (stages V and VI)(1). In early
embryos and adult somatic cells, the TyrC genes are virtually
inactive, except for a transient burst of expression at gastrula
stage, which is also observed for the oocyte-type OAX gene
(tRNA-subclass) (16). Hybridization studies using a distinct intron
present in the somatic-type TyrD gene detected transcripts in
gastrula and later stage embryos, and in adult somatic cells, but
not in oocytes, perhaps due to the low copy number of this gene
(1). The coding regions of these two tRNA genes differ only in
a single base conversion within the B box element, by distinctive
12- 13 bp introns situated between the A and B boxes, and by
highly distinctive 5' flanking sequences. In somatic cell extracts,
the higher transcriptional activity of TyrD, relative to TyrC, was
attributable to the upstream sequence differences (14).
The regulation of oocyte type tRNA genes can be studied in

vitro with extracts of early and late stage oocytes which reproduce
in vivo patterns of gene expression. In an earlier study, we
showed that oocyte-type tRNAnmctl (tMET) and OAX genes are
transcribed in immature, but not mature oocyte extracts (2). The
inability to transcribe tMET and OAX genes is not attributable
to the absence of viable pol III transcriptional components in
mature oocyte extracts, since the somatic 5S RNA gene is
transcribed with high efficiency. Instead, the inability to transcribe
tMET and OAX genes correlates with a change in TFIIIC
activity: TFIIIC from early oocytes supports transcription of
tMET and OAX genes, but TFIIIC from mature oocytes fails
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to activate or form a stable complex with these oocyte type
templates. That previous study did not address the question of
whether mature TFIIC specifically lacks ability to activate oocyte
type tRNA genes, or simply lacks ability to activate all tRNA
type genes, including somatic type.
The experiments described here demonstrate that soluble

components in mature oocytes are able to differentially activate
oocyte type and somatic type tRNA genes. Mature oocyte extracts
fully support transcription of the somatic type TyrD gene while
failing to transcribe oocyte type TyrC. The loss of TyrC
transcriptional activity appears to be due to a phosphatase in
mature extracts: sodium vanadate, an inhibitor of tyrosine
phosphatases, increases the transcriptional activity of TyrC in
mixtures of immature and mature extracts. Moreover, addition
of bacterially expressed cdc25, a tyrosine phosphatase, leads to
preferential loss of TyrC transcription in early oocyte extracts,
which is restored by addition of exogenous TFIIIC.

METHODS
Xenopus DNAs
The plasmid pTyrC* (TyrC) contains the oocyte-type tRNAtyrC*
gene and 5' flanking sequences joined to the 3' flanking sequences
of the TyrD gene to take advantage of a stronger termination
signal (14). Plasmid pTyrD contains the somatic-type tRNAtyrD
gene (14). Plasmid tMET contains the tRNAmetl gene (15).

Oocyte extract preparation
For preparation of immature oocyte extracts, ovaries were
removed from intermediate sized frogs (3-4 inches), containing
a mixture of oocyte stages with relatively few mature (Dumont
stage VI). The ovaries were homogenized in buffer A (100 mM
KCl, 20 mM HEPES (N-2-hydroxyethylpiperazine-N'-2
ethanesulfonic acid) (pH 7.8), 0.1 mM EDTA, 0.5 mM
phenylmethylsulfonylfloride (PMSF), 1 mM dithiothreitol (DTT),
20% glycerol), and centrifuged for 30 minutes in an SW41 rotor
at 35,000 RPM. For preparation of mature oocyte extracts,
ovaries were removed from large, adult frogs and incubated in
modified OR2 buffer (82 mM NaCl, 2.5 mM KCI, 1 mM
MgCl2, 1 mM NaH2PO4, 5 mM HEPES (pH 7.9) with
collagenase (0.15%) for 1 hour or until the oocytes could be
separated by agitation. The largest (stage VI) oocytes were
separated from smaller oocytes by successive washes in modified
OR2 buffer in the presence of 1mM PMSF. The oocytes were
then centrifuged in an equal volume of buffer A for 30 minutes
at 35,000 RPM in an SW41 rotor at 4°C, essentially as described
by Glikin et al. (17). There is some variation in transcriptional
properties between mature oocyte extracts, possibly due to
variable contribution of nuclear and cytoplasmic compartments
or variable amounts of phosphatase/kinase regulators of pol III
gene expression. For example, the cdc25 protein is localized in
the oocyte cytoplasm (29). The extracts chosen for use in this
study were most typical and exhibited low transcriptional
efficiency for the TyrC and tMET genes.

DNA affinity purification of TFIIIC
A double-stranded synthetic oligonucleotide containing the B box
promoter element (underlined) and surrounding sequences (TA
GGTCGCTGGTTCAATTCCGGCTC) from the TyrD gene was
multimerized and coupled to CNBr-activated Sepharose
(Pharmacia). Immature oocyte Si50 extracts were incubated with

(dI-dC) for 2 hours at 4°C. After washing in buffer A, the bound
protein was eluted with buffer A containing 0.8M KCl, and
dialyzed against buffer A. Total protein concentration was 0.5
to 1.0 mg/ml.

Isolation of phosphocellulose fractions TFIIIB and TFIIIC
Immature oocyte extracts (30 mls) were incubated with
phosphocellulose (Whatman P11) (5 mls) prepared according to
manufacturer's instructions in buffer A containing bovine serum
albumin (BSA) (100 ,ug/ml). The column was washed with 5
column volumes of buffer A, and fraction TFIIB was step-eluted
with buffer A containing 0.35 M KCl, and dialyzed against buffer
A, according to the method of Segall et al. (3). The total protein
concentration was 2 mg/ml. HeLa fractions TFHIB and TFIIIC
were prepared by the method of Johnson et al. (18).

Production of cdc25 in bacteria
The mouse cdc25M2 protein was expressed as a glutathione-S-
transferase fusion protein (GST-cdc25M2) from the construct
pGEX-K288 (19)(kindly provided by B. Sebastian and T. Hunter)
in E. coli strain BL2 1. Bacteria were grown in 1 liter of L broth
at 37°C to mid-log phase and treated with 0.4 mM IPTG for
2 hours at 25°C. The cells were harvested, washed in TD
(150mM NaCl, 1 mM DTT, 10 mM Tris-HCl, pH 7.5),
resuspended in TD with 1 % Triton X-100 and sonicated for 30
seconds on ice. The extract was centrifuged at 10,000 RPM for
15 minutes, and the supematant was collected and incubated with
1 ml of glutathione-coupled agarose (Sigma) for 2-3 hours at
4°C. The protein bound beads were collected by centrifugation
for 60 seconds at 3000 RPM and washed extensively in 500 mM
NaCl, 10 mM DTT, 10 mM Tris-HCl (ph 8.0), followed by
TD. The GST-cdc25M2 protein was eluted from the beads with
10 mM glutathione, dialyzed against TD, and added to oocyte
extracts at a concentration of 10 pg/ml. In some experiments,
the GST-cdc25M2-bound beads were added directly to oocyte
extracts, using amounts of beads equivalent to 10 pg/ml eluted
protein. Protein concentration was determined by SDS gel
electrophoresis and the Bio-Rad protein assay kit. To assay
phosphatase activity, dephosphorylation ofp-NPP was measured
according to the protocol described by Kakizuka et al. (19).

Bacterially expressed Drosophila cdc25 protein (p61cdc25) and
the corresponding pET expression construct were kindly provided
by B. Dunphy and A. Kumagai (Caltech). Expression and
isolation of the Drosophila cdc25 protein was performed as
previously described (20). Protein concentration and phosphatase
activity was determined as described above. The cdc25 protein
was -90% pure and was added to oocyte extracts at a
concentration of 10 Ag/ml.
Transcription reactions
Transcription assays were performed for 2 hr at 22°C in a
reaction volume of 25 41 containing 20 ,ul oocyte extract, 5mM
MgCl2, 1 mM DTT, 0.6 mM each ATP, CTP, and UTP, 20
,um GTP, and 10 yCi of [oe-32P] GTP. Reaction mixes contained
100 ng of template plasmid DNA. Reactions were terminated
by addition of 5 volumes of 20 mM EDTA, 0.5% sodium dodecyl
sulfate (SDS). The transcription products were purified by
extraction with phenol-chloroform (1:1), followed by ethanol
precipitation. The precipitate was redissolved in 95% formamide-
0.05% bromophenol blue-I x TBE (90 mM Tris base, 90 mM
boric acid, 2.5 mM EDTA). The samples were heated at 950C
for 3 minutes and loaded onto 10% polyacrylamide gelsthe B box coupled Sepharose in the presence of I jig/ml poly
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containing 1 x TBE and 8M urea. Following electrophoresis, the
gel was dried and exposed to X-ray film. Typical exposure times
were between 1 and 4 hours. The relative levels of expression
was quantitated by radioanalytic scanner (AMBIS company, San
Diego).

addition (Fig.2A. lanes 3 and 4), indicating a time-dependent
change in the transcriptional components. One possible
mechanism for such change in transcriptional properties is protein
phosphorylation (23 -25). Our earlier findings have indicated
that a change in properties of factor TFIIIC is responsible for
the loss of oocyte type tRNA gene expression in mature oocyte

RESULTS
Somatic type TyrD is transcribed in mature oocyte extracts,
while oocyte type TyrC is inactive
In vitro transcription assays were carried out in S150 extracts
of immature ovaries or mature oocytes. The immature ovaries
contained mixed populations of oocytes with relatively few mature
stage VI oocytes. The mature oocyte extracts were prepared from
stage VI oocytes, obtained by collagenase treatment of adult
ovaries. The templates included oocyte-type tRNA genes, TyrC
and tMET, and somatic-type TyrD. The tMET gene is presumed
to be oocyte-type since it is present within the same repeated,
eight gene family as oocyte-type TyrC (21), and it exists in a

transcriptionally inactive state in chromatin isolated from late
stage embryos (22). As shown in figure 1, and consistent with
earlier findings (2), the oocyte-type and somatic-type genes were

transcribed with equal efficiency in immature extracts; however,
in mature extracts, the oocyte-type TyrC and tMET genes were

ten fold less active than somatic-type TyrD. This result is
consistent with earlier findings that TyrD is six fold more active
than TyrC in Xenopus somatic cell extracts (14), suggesting that
the transcriptional properties of mature oocytes and somatic cells
are similar.

The TFIIIC activity in oocyte extracts is altered through the
action of a phosphatase
Mixtures of immature and mature oocyte extracts have
transcriptional properties resembling mature extracts; the
transcriptional activity of TyrC is 5-10 fold below that of TyrD
(Fig. 2A, lanes 1 and 2). The TyrC signal decreased further if
the mixed extracts were allowed to preincubate prior to template

Figure 1. Differential transcription of oocyte-typc and somatic-type tRNA genes

in mature oocyte extracts. Transcription reactions contained 20 pt of inmature
(lanes 1-3) or mature (lanes 4-6) oocyte extracts, and 1(K) ng of plasmid DNAs
containing oocyte-type tMET, TyrC, or somatic-type TyrD genes. as indicated.
The two transcript sizes for tMET represent precursor and processed RNAs. The
upper transcripts for TyrC and TyrD contain 12 - 13 base intervening sequences,
while the lower transcripts are processing intermediates. DNA su7ze mlarkers are

indicated at right.

Figure 2. A tvrosine phosphatase leads to a selective decrease in TyrC transcription
in mixtures of immature and mature oocyte extracts. A. Transcription reactions
contained 20 ,Jl each of immature oocyte extracts (panel a), mature oocyte extracts
(panel b), or a mixture ot 10 Mt1 of each extract (panel c). The template DNAs
were TyrC (odd numbered lanes) and TyrD (even lanes). For all three panels,
in lanes I and 2, the template DNAs were added to the extracts at the start of
the two hour incubation period. In lanes 3 and 4. the extracts were preincubated
for 15 minutes prior to addition of template DNAs. In lanes 5 and 6, 2mM sodium
vanadate and template DNAs were added at the start of the reaction. In lanes
7 and 8. vanadate was present during the 15 minute preincubation, followed by
template DNAs. In lanes 9 and 10. the extracts were preincubated for 15 minutes,
followed by addition of vanadate and template DNAs. B. Transcription reactions
in lanes 1 -4 contained mature oocyte extracts (20 pl), and 100 ng of TyrC or
TyrD plasmid DNAs as indicatcd above each lanie. In lane 3, DNA affinity purified
TFIIIC (5 tl) and 2 niM vanadate were included in the reaction. In lane 4.
phosphocellulose fraction TFIIIB (5 pt) and 2 mM vanadate were included. The
reactionis in lanes 5- 8 were the samiie as in lanes 1-4 except that 2 mM vanadate
was omitted from reactions. The reactions in lanes 9 - 11 contained TyrC DNA,
along with affinity purif-ied TFIIIC and phosphocellulose fraction TFIIIB (lane
9), only TFIIIC (lane 10). or only fraction TFIIIB (lane 11). Oocyte extracts
were not added to thesc threc reaictions.
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Figure 3. The tyrosine phosphatase cdc25 preferentially inhibits TyrC transcription. A. Transcription reactions in lanes 1 and 2 contained 20 tl of immature oocyte
extract that had been preincubated for 60 min with the fusion protein GST-cdc25M2 bound to glutathione-agarose beads (equivalent to 0.25 yg cdc25 protein). Reactions
in lanes 3 and 4 contained nontreated extracts. Plasmid DNAs (100 ng) were TyrC (lanes 1 and 3) or TyrD (lanes 2 and 4).B. Reactions contained 20 tl of untreated
immature oocyte extract (lanes I and 2), extract that had been preincubated with 0.25 yg of GST-cdc25M2 protein that had been eluted from glutathione-agarose
(lanes 3 and 4), or extract that had been preincubated with GST-cdc25M2 in the presence of 2 mM sodium vanadate (lanes 5 and 6). Reactions contained 100 ng
of TyrC (lanes 1,3,5) or TyrD (lanes 2,4,6) plasmid DNAs. C. Transcription reactions contained 20 Itl of immature oocyte extract and 100 ng of either TyrC (lanes
1 and 3) or TyrD (lanes 2 and 4) plasmid DNA. Reactions in lanes 3 and 4 also contained 0.25 yg of Drosophila cdc25 protein. D. HeLa TFIIIC restores TyrC
transcription in cdc25M2 treated extracts. Transcription reactions contained 100 ng of TyrC plasmid DNA and 20 /l of immature oocyte extract that had been treated
with GST-cdc25M2 (same treated extract as in panel A, lanes 1 and 2). Reactions also contained 5 ,ul of Hela phosphocellulose fraction TFIIIB (lane 1), 5 pl of
HeLa fraction TFIIIC (lane 2), or no additives (lane 3). The control reaction in lane 4 contained Hela fraction TFIIIC with 20 yl of buffer A (no oocyte S150 extract).
Reactions in the second panel (lanes 5-8) did not contain oocyte S150 extracts. These contained 100 ng of TyrD plasmid DNA, and 20 ml each of HeLa TFIIIB
and Xenopus affinity purified TFIIIC (lane 5), HeLa TFIIIB and TFIIIC (lane 6), Xenopus TFIIIB and TFIIIC (lane 7), and Xenopus TFEHIB and HeLa TFHIC (lane 8).

extracts (2). To investigate the possibility that a change in the
phosphorylation state of Xenopus TFIIIC, or other transcriptional
components, is responsible for the observed decrease in TyrC
transcription, the effects of phosphatase inhibitors were examined.
Sodium vanadate, an inhibitor of tyrosine phosphatases, was
found to increase TyrC transcription in mixtures of immature
and mature extracts if added at the start of incubation(Fig.2A,
lanes 5-8). but not if added after a 15 minute preincubation
(lanes 9 and 10). Interestingly, the addition of vanadate to the
separate mature or immature extracts had no significant effect
on transcription of TyrC or TyrD (panels a and b, lanes 5- 10).
Similarly, preincubation of the separate extracts had no significant
effect on transcription levels (lanes 3 and 4). These results are
consistent with a model whereby a tyrosine phosphatase, present
only in mature oocytes, alters a transcription factor(s) which is
active for TyrC only in immature oocytes. The inability of
vanadate to rescue TyrC transcription in mature oocyte extracts
suggests the relevant transcription factor has already been
modified by the phosphatase. The inability of vanadate to alter
transcription patterns in immature oocyte extracts suggests the
phosphatase is not present at early stages of oogenesis.
To determine which transcriptional component was affected

by the vanadate sensitive phosphatase, factors TFIB and TFIIIC
were partially purified and added back to mature extracts in the
presence or absence of vanadate. In the presence of 2 mM sodium
vanadate, DNA affinity purified TFIIIC from early oocytes
restored TyrC transcription to the same level as somatic-type
TyrD, an increase of 15 fold (Fig. 2B, lanes 1-3). In the absence
of vanadate, the addition of TFIIIC resulted in significantly less
rescue of TyrC transcription (lanes 5-7). Addition of
phosphocellulose fraction TFIB, containing factor TFIIIB, TBP,

and pol III (3,7), had relatively little effect on the level of TyrC
transcription, either in the presence or absence of2mM vanadate
(lanes 1 and 4, or 5 and 8). These findings suggest that in mature
extracts, an endogenous vanadate-sensitive tyrosine phosphatase
causes a change in TFIIIC, resulting in selective inability to
support TyrC transcription.

The tyrosine phosphatase cdc25 selectively inhibits TyrC
transcription in oocyte extracts
The cdc25 protein is a vanadate-sensitive tyrosine phosphatase
which is present in oocytes and increases markedly in activity
during the final stages of progesterone-induced maturation
(29,30). The primary target of cdc25 is cdc2 kinase which, in
association with cyclin B, comprises maturation (or mitosis)
promoting factor (MPF)(3 1,32). The correlation of cdc25 hyper-
activation with the final stages of oocyte maturation suggested
this phosphatase might be responsible for the vanadate-sensitive
loss of TyrC transcription. Moreover, its substrate, cdc2 kinase,
as part of MPF, is known to completely repress pol III
transcription when added to interphase-arrested egg extracts (33)
and presumably is the cause of the transcriptional arrest seen in
vivo following oocyte maturation into eggs (34). If the oocyte-
specific tRNA genes, such as TyrC, are more highly susceptible
to a cdc25-triggered change in transcriptional components, this
could explain the early, selective inactivation of this subset of
genes prior to the final stages of oocyte maturation. To test this
idea, mouse and Drosophila cdc25 proteins were expressed in
bacteria, and added to oocyte extracts. Other studies have
demonstrated that human and Drosophila cdc25 proteins are

active in Xenopus extracts, in that these are able to

dephosphorylate Xenopus cdc2 kinase and the related cdk2
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kinase, indicative of a high degree of cross-species, functional
conservation (20,35). In the experiment shown in figure 3A,
mouse cdc25 phosphatase (cdc25M2)(19) was expressed in
bacteria as a glutathione-S-transferase (GST) fusion protein and
then affinity purified by binding to glutathione-agarose beads.
The bead-associated GST-cdc25M2 protein was added to
immature oocyte extracts, resulting in the selective inhibition of
TyrC transcription; the TyrC signal decreased seven fold (lanes
and 3), while the TyrD signal was unchanged (lanes 2 and 4).

The same result was obtained with GST-cdc25M2 protein that
had been eluted from the beads prior to addition to the extract
(Fig. 3B). In some experiments, as in fig. 3B, TyrD transcription
actually increased slightly in response to cdc25 treatment. As
a control to demonstrate that the loss of TyrC transcription was
due to tyrosine phosphatase activity, the presence of sodium
vanadate was shown to reduce the cdc25-mediated loss of TyrC
signal (compare lanes 3 and 5). As a further control, the GST
protein alone was expressed in bacteria, using the pGEX-2X
vector, and affinity purified; when added to oocyte extracts, the
GST protein had no effect on TyrC transcription (data not shown).
Analogous results were obtained using bacterially-expressed

Drosophila cdc25 protein (Fig.3C). Full length Drosophila cdc25
was expressed as a nonfusion protein and isolated from the
insoluble inclusion body fraction as previously described (20).
Addition of Drosophila cdc25 protein to immature oocyte extracts
resulted in a dramatic, ten fold decrease in TyrC transcription
with a relatively small, two fold decrease in TyrD transcription.
Since it is not possible to affinity purify the nonfusion cdc25
protein, the two fold reduction in TyrD transcription could be
due to nonspecific inhibitors; the inclusion body fraction isolated
from control bacteria, lacking the cdc25 expression construct,
similarly inhibited transcription by two fold, but had no selective
effect on the TyrC signal (not shown).

Factor TFIIIC restores TyrC transcription in cdc25 treated
oocyte extracts
To determine which transcriptional component is altered in
cdc25-treated extracts, TFIIIB and TFIIIC activities were partially
purified from early oocyte extracts and added back to the treated
extracts. Affinity purified TFIIIC increased TyrC transcription
by two to three fold, while addition of phosphocellulose fraction
TFIIIB had no effect (data not shown). The effect of adding HeLa
TFIIIC was also tested since this heterologous factor was
previously shown to support transcription of Xenopus oocyte type
tMET (2). HeLa TFIIIC is compatible with Xenopus TFIIIB in
supporting transcription of tRNA templates (Fig.3D, lane 8), as
is HeLa TFIIIB and Xenopus TFIHC (lane 5). Addition of HeLa
TFIHC to cdc25-treated extracts resulted in a dramatic restoration
of TyrC transcription, while addition of HeLa fraction TFIIIB
had no effect (lanes 1 -2). These findings indicate that TFIIIC
is the transcriptional component altered in cdc25-treated extracts.

DISCUSSION

These findings suggest a tyrosine phosphatase is part of the
mechanism leading to the selective inactivation of the oocyte type
TyrC gene. TIhe data further suggest that thc change in
phosphorylation state leads to altered TFIIIC activity. Extracts
of mature stage VI oocytes were shown to support transcription
of the somatic type TyrD gene but not the oocyte type TyrC gene.
In mixtures of early and late stage extracts, sodium vanadate,

transcription. Addition of the cdc25 phosphatase to early oocyte

extracts results in the selective loss of TyrC transcription.
Addback experiments suggest that a change in TFIIIC properties
underlies the loss of TyrC transcription in mature oocyte extracts

and in cdc25 treated extracts; TFIIIC from early oocytes restores

TyrC transcription in mature oocyte extracts, and HeLa TFIIIC
restores TyrC transcription in cdc25 treated extracts. These results
are consistent with earlier findings that TFIIIC activity changes
during oogenesis; TFEIC from early oocytes activates oocyte type
tMET and OAX genes, while mature oocyte TFIIIC fails to
activate or form stable complexes with those templates (2). The
inability of mature TFIIIC to support oocyte type tRNA
transcription does not derive from a loss of DNA binding ability;
the mature form of TFHC can be isolated by B box DNA affinity
chromatography (2). This suggests that the selective loss of
transcriptional activity is due to ineffective protein-protein
interactions with other components, presumably TFIIHB-TBP, on

oocyte type templates.
Most eukaryotic transcription factors which have been

examined have been found to be phosphorylated (review, 23).
While in most cases the physiological effects are unknown, there
are many cases in which phosphorylation has been shown to either
positively or negatively regulate transcription factor activity. One
example is c-Jun; phosphorylation at one set of sites within c-

Jun increases transactivation activity (24), whereas
phosphorylation at another set of sites negatively regulates DNA
binding (25). In another example with relevance to this study,
phosphorylation of c-Myb results in differential binding to
different subsets of Myb responsive genes (26). In some cases,

such as serum response factor (SRF), phosphorylation results in
a conformation change (27). Such allosteric effects could interfere
with protein-protein contacts between transcription factors, such
as between TFIIIC and TFIIIB. In support of this model:
phosphorylation of HeLa TFIIIC was shown to alter the level
of factor activity, possibly by affecting the interaction between
TFIIIB and TFIIIC (28).
A vanadate sensitive phosphatase in mature extracts could act

directly to dephosphorylate TFIIIC, or indirectly through another
effector. Specifically, since cdc25 phosphatase activates at least
two kinases (cdc2 and cdk2)(29,36), it is possible that
modification of TFIIIC is through these kinases. It is the
hyperphosphorylated form of cdc25 which activates cdc2 kinase
in vivo, leading to meiosis and a generalized shutdown of gene

expression. The cdc25 protein present in stage VI oocytes is not
hyperphosphorylated and has basal phosphatase activity, as does
the bacterially-expressed form of cdc25. Since bacterially
expressed cdc25M2 is sufficient to selectively inhibit oocyte type

TyrC transcription in oocyte extracts, the basal levels of cdc25
activity in maturing oocytes may similarly act to selectively inhibit
TyrC gene expression in vivo. These oocyte type tRNA genes

may be more sensitive than somatic type tRNA genes to the
negative effects of the cdc25-induced regulatory pathway.
Sequence differences preceding the TyrC and TyrD genes are

responsible for differential expression in somatic cell extracts (14)
as well as in mature oocyte extracts (manuscript in preparation).
Studies in the yeast system indicate the upstream sequences

include bindiing sites for TFIIIB-TBP as well as TFIIIC (10, 13).
Crosslinking studies revealed contacts between the 135K subunit
of yeast TFIIIC and DNA sequences within a 40 bp region
preceding a tRNA gene (10). These upstream sequences also
contact the two subunits of yeast TFIIIB, and to a lesser extent,

an inhibitor of tyrosine phosphatases, preserves TyrC TBP. The interaction between the 135K subunit of TFIHC and
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TFIB is thought to convert the latter into a DNA binding factor,
possibly through a conformational change (13). Curiously, there
are no obvious DNA sequence requirements for binding to the
upstream region, although several studies have shown that
sequences preceding certain tRNA and 5S RNA genes are
responsible for tissue-specific gene expression (14,37,38,39); the
TyrC and TyrD genes are one example. The upstream sequences
presumably affect factor binding only in particular circumstances,
as in the presence of the mature form of TFIIIC. Modifications
to TFIIC could interfere with protein contacts with TFMB, such
that TFIIIB does not assume DNA binding capability. The
particular sequences preceding the somatic type TyrD gene may
provide an advantageous binding site, thereby counteracting
mature TFIIIC, allowing formation of the TFIIIC-TFIIIB-TBP
complex.

Highly purified HeLa TFIIIC is composed of five subunits
ranging in approximate size from 60K to 230K (40,41). This
factor has been isolated in active and inactive forms which differ
in the apparent size of one subunit, possibly due to
phosphorylation state (41). The DNA binding properties of the
two forms are equivalent, suggesting the inactive form is deficient
in protein-protein interactions with other transcriptional
components. These active and inactive forms of HeLa TFIHC
appear to be functionally distinct from the immature and mature
forms of Xenopus TFIHC: mature oocyte TFLIC fails to activate
the oocyte type TyrC gene but retains full activity for somatic
type TyrD or the somatic 5S gene (2). Thus, the mature form
of Xenopus TFIIIC is selectively inactive for a subset of tRNA
genes. The dual forms of Xenopus TFIIIC and HeLa TFIIIC are
presumably the products of distinct modification pathways.
Eventual elucidation of the biochemical distinctions between the
mature and immature versions of Xenopus TFIIIC will require
biochemical purification of the factor or isolation of the subunit
cDNAs.

There are likely to be key differences as well as similarities
between the mechanisms of inactivation for the oocyte-specific
tRNA genes, such as TyrC, and the oocyte-type 5S RNA gene.
These two subclasses differ in promoter structure as well as factor
requirements. The factor TFHIA is specifically required for 5S
gene expression (3,8). It is thought that the reduced transcriptional
activity of the oocyte 5S gene in mature oocyte and egg extracts
is due to a less stable interaction between TFHIA and TFIIIC
(42), or to a slower rate of complex formation (43). TFIIIA is
not part of the transcription complex on tRNA-type templates,
suggesting the loss of TyrC gene expression is due to altered
TFIIIC binding or ineffectual interactions between TFIIIC and
TFIIIB-TBP.

In summary, these findings point to changes in the
phosphorylation state of transcriptional components, or regulators
thereof, as being instrumental in the selective loss of oocyte type
TyrC transcription. A suggested hypothesis is that cdc25
phosphatase leads to a change in TFIIIC activity, resulting in
a nonproductive interaction with factor TFIIIB-TBP on the
sequences preceding the TyrC gene.

REFERENCES
1. Stutz, F., Gouilloud, E., and Clarkson, S.G. (1989) Genes & Dev. 3,

1190-1198.
2. Reynolds, W.F., and Johnson, D.L. (1992) Mol. Cel. Biol. 12, 946-953.
3. Segall, J., Matsui, T., and Roeder, R.G. (1980) J. Biol. Chem. 255,

11986-11991.
4. Geiduschek, E.P., and Tocchini-Valentini, G.P. (1988) Annu. Rev. Biochem.

57, 873-914.
5. Gabrielsen, O.S., and Sentenac, A. (1991) Trends Biochem. Sci. 16,

412-416.
6. Palmer, J.M., and Folk, W.R. (1990) Trends in Biochem. Sci. 15, 300-304.
7. Rigby, P.W.J. (1993) Cell 72, 7-10.
8. Engelke, D.R., Ng, S.Y., Shastry, B.S., and Roeder, R.G. (1980) Cell,19,

717-728.
9. Bartholomew, B., Kassavetis, G.A., Braun, R.B., and Geiduschek, E.P.

(1990) EMBO J., 9, 2197-2205.
10. Bartholomew, B., Kassavetis, G.A., and Geiduschek, E.P. (1991) Mol. Cell.

Biol. 11, 5181 -5189.
11. Lassar, A.B., Martin, P.L., and Roeder, R.G. (1983) Science 222, 740-748.
12. Setzer, D.R., and Brown, D.D. (1985) J. Biol. Chem. 260, 2483-2492.
13. Kassavetis, G.A., Joazeiro, C.A.P., Pisano, M., Geiduschek, E.P., Colbert,

T., Hahn, S., and Blanco, J.A. (1992) Cell, 71: 1055-1064.
14. Gouilloud, E., and Clarkson, S.G. (1986) J. Biol. Chem. 261, 486-494.
15. Clarkson, S.G., Kurer, V., and Smith, H.O. (1978) Cell 14, 713-724.
16. Cohen, I. and Reynolds, W.F. (1991) Nucl. Acids Res. 19, 4753-4759.
17. Glikin, G.C., Ruberti, I., and Worcel, A. (1984) Cell 37, 33-41.
18. Johnson, D.L., Fan, R.S., and Treinies, M.L. (1991) J. Biol. Chem. 266,

16037-16043.
19. Kakizuka, A., Sebastian, B., Borgmeyer, U., Hermans-Borgmeyer, I.,

Bolado, J., Hunter, T., Hoekstra, M.F., and Evans, R.M. (1992) Genes
& Devel. 6, 578-590.

20. Kumagai, A., and Dunphy, W.G. (1991) Cell 64, 903 -914.
21. Muller, F., Clarkson, S.G., and Galas, D.J. (1987) Nucl. Acids Res. 15, 7191.
22. Andrews, M.T., Loo, S., and Wilson, L.R. (1991) Dev. Biol. 146, 250-254.
23. Hunter, T., and Karin, M. (1992) Cell 70, 375-387.
24. Pulverer, B.J., Kyriakis, J.M., Avruch, J., Nikolakaki, E. and Woodgett,

J.R. (1991) Nature, 353, 670-674.
25. Boyle, W.J., Smeal, T., Defize, L.H.K., Angel, P., Woodgett, J.R., Karin,

M. and Hunter, T. (1991) Cell,64, 573-584.
26. Luscher, B., Christenson, E., Litchfield, D.W., Krebs, E.G., and Eisenman,

R.N. (1990) Nature, 344, 517-522.
27. Manak, J.R. and Prywes, R. (1991) Mol. Cell. Biol., 11, 3652 3659.
28. Hoeffler, W. K., Kovelman, R., and Roeder, R.G. (1988) Cell, 53, 907 -920.
29. Izumi, T., Walker, D.H., and Maller, J.L. (1992) Mol. Biol. Cell., 3,

927-939.
30. Kumagai, A., and Dunphy, W.G. (1992) Cell 70, 139-151.
31. Dunphy, W.G., Briauela, L., Beach, D., and Newport, J. (1988) Cell, 54,

423 -431.
32. Pines, J. and Hunter, T. (1990) New Biol., 2, 389-401.
33. Hartl, P., Gottesfeld, J.M., and Forbes, D.J. (1993) J. Cell Biol.. 120,

613 -624.
34. Newport, J., and Kirschner, M. (1983) J. Cell Biol., 97, 81-91.
35. Gabrielli, B.G., Lee, M.S., Walker, D.H., Piwnica-Worms, H., and Mailer,

J.L. (1992) J. Biol. Chem., 267, 18040-18046.
36. Dunphy, W.G., and Kumagai, A. (1991) Cell, 67, 189-196.
37. Young, L.A., Takahashi, N., and Sprague, K.U. (1986) Proc. Natl. Acad.

Sci., 83, 374-378.
38. Reynolds, W.F. (1988) Mol.Cell. Biol., 8, 5056-5058.
39. Reynolds, W.F. (1989) Nucl. Acids Res., 22, 9381-9394.
40. Yoshinaga, S.K., L'Etoile, N.D., and Berk, A.J. (1989) J. Biol. Chem.,

264, 10726-10731.
41. Kovelman, R. and Roeder, R.G. (1992) J. Biol. Chem., 267, 24446-24456.
42. Wolffe, A.P. (1988) EMBO J., 7, 1071-1079.
43. Seidel, C.W. and Peck L.J. (1992) J. Mol. Biol., 227, 1009-1018.

ACKNOWLEDGEMENTS
The author thanks S.Clarkson for kindly providing Xenopus TyrC
and TyrD plasmid DNAs, T.Hunter for the mouse cdc25M2
expression vector, W.Dunphy for the Drosophila cdc25
expression vector and protein sample, D.Johnson for HeLa
TFIIIB and TFIIIC fractions, and R.Maki and C.Van Beveren
for critical readings of the manuscript.


