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Xenopus transcription factor IIIA (TFIIIA) is phosphorylated on serine-16 by CK2. Replacements with
alanine or glutamic acid were made at this position in order to address the question of whether phosphory-
lation possibly influences the function of this factor. Neither substitution has an effect on the DNA or RNA
binding activity of TFIIIA. The wild-type factor and the alanine variant activate transcription of somatic- and
oocyte-type 5S rRNA genes in nuclear extract immunodepleted of endogenous TFIIIA. The glutamic acid
variant (S16E) supports the transcription of somatic-type genes at levels comparable to those of wild-type
TFIIIA; however, there is no transcription of the oocyte-type genes. This differential behavior of the phospho-
mimetic mutant protein is also observed in vivo when using early-stage embryos, where this mutant failed to
activate transcription of the endogenous oocyte-type genes. Template exclusion assays establish that the S16E
mutant binds to the oocyte-type 5S rRNA genes and recruits at least one other polymerase III transcription
factor into an inactive complex. Phosphorylation of TFIIIA by CK2 may allow the factor to continue to act as
a positive activator of the somatic-type genes and simultaneously as a repressor of the oocyte-type 5S rRNA
genes, indicating that there is a mechanism that actively promotes repression of the oocyte-type genes at the

end of oogenesis.

The synthesis of 5S rRNA during Xenopus oogenesis and
embryogenesis provides a paradigm for developmental control
of transcription (79). The oocyte-type 5S rRNA genes, which
number more than 20,000 per haploid genome, are transcribed
during oogenesis and briefly during early embryogenesis. The
400 somatic-type genes are active at all stages of development.
Formation of transcription initiation complexes on the internal
promoters of the 5S rRNA genes requires the initial binding of
transcription factor IITA (TFIIIA), followed by the ordered
addition of TFIIIC and TFIIIB (46). Despite minor differences
in the sequences of the two types of 5S rRNA genes, TFIIIA
binds to the internal promoters of both with equal affinity (52).
TFIIC, however, preferentially binds to and stabilizes the
complex of TFIIIA on the somatic-type genes (44, 79). Thus,
the differential transcription of the two 5S rRNA genes during
early development could, at least in part, be due to the levels
of transcription factors. Nonetheless, the principal mediator of
5S rRNA gene transcription from gastrulation onward is chro-
matin structure.

Histone H1 orchestrates the repression of oocyte-type genes
in somatic cells (5, 21, 66, 78). This inhibition occurs after the
midblastula transition (MBT), when adult HIA begins to re-
place the maternal histone H1 variant, HIM (20, 21, 40). Nu-
cleosomes are arranged differently over the two types of 5S
RNA genes in somatic cells (10, 30, 83) because histone H1
acts as an architectural determinant (58, 67). In the presence of
the linker histone, a stable nucleosome is positioned on the
oocyte 5S rRNA gene that prevents binding of TFIIIA,
whereas on the somatic gene, essential promoter elements
remain exposed to the transcription factor (67). It is not ap-
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parent whether histone modification is important in this case
(37, 71, 72); however, this simple model of promoter accessi-
bility controlled by histone H1 appears to be sufficient to ex-
plain the differential expression of the Xenopus 5S rRNA genes
in somatic cells (35).

Whether there are any events during oogenesis that contrib-
ute to the differential activity of the two types of 5S rRNA
genes is less clear. During oogenesis, the somatic- and oocyte-
type 5S rRNA genes are transcribed with nearly the same
efficiency (ratio of somatic to oocyte gene transcription [S/O
ratio] of 4). After fertilization, when transcription resumes at
the MBT of embryogenesis, the transcriptional efficiency of the
oocyte-type 5S rRNA genes has already dropped more than
10-fold relative to that of the somatic genes (81). This S/O ratio
of 50 to 100 is actually established in the egg at some time
during hormone-dependent maturation, a process that in-
cludes germinal vesicle (GV) breakdown and progression to
metaphase of meiosis II. The latter transcriptional bias can be
mimicked in whole-cell extract (S150) prepared from mixed-
stage oocytes, which has led to the suggestion that a cytoplas-
mic component may participate in the initial inactivation of the
oocyte-type genes (54, 59).

We have found that TFIIIA is phosphorylated, preferen-
tially on serine-16, by a CK2 activity in Xenopus oocytes (75).
CK2 (formerly casein kinase II) is a ubiquitous serine/threo-
nine protein kinase composed of two catalytic (« or «’) and
two regulatory () subunits (reviewed in references 49, 53, and
61). In addition to this tetrameric structure, the individual «
and B subunits have been found to associate with a significant
number of other proteins. Recent evidence indicates that CK2
plays an essential role in cell growth, proliferation, and sur-
vival. In order to determine whether there is a functional
consequence to the phosphorylation of TFIIIA by CK2,
serine-16 and those at two other CK2 consensus sites in
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TFIIIA were changed to either alanine or glutamic acid. None
of the mutations has a significant impact on the binding of
TFIIIA to either the oocyte- or somatic-type genes or to 5S
rRNA. However, TFIIIA in which serine-16 is replaced with
glutamic acid, which acts as a putative mimetic of phospho-
serine, cannot support transcription of oocyte-type 5S rRNA
genes in nuclear extract, whereas transcription of somatic-type
genes is unaffected. The mutant also exhibits this differential
activity in developing embryos. Template exclusion assays
demonstrate that transcription complexes containing the glu-
tamic acid variant can form on the oocyte 5S rRNA genes but
are inactive. The behavior of this mutant protein mirrors the
transcriptional activity of embryos when zygotic transcription
begins at the MBT, suggesting that phosphorylation of TFIITA
by CK2, during oocyte maturation, contributes to the initial
differential expression of 5S rRNA genes.

MATERIALS AND METHODS

Plasmids and nucleic acids. Plasmid pTFLNK has the 5'-flanking sequence of
Xenopus TFIIIA inserted between the EcoRI and Sacl restriction sites of
pGEM?2 and was a generous gift from M. T. Andrews (University of Minnesota,
Duluth). A 1,497-bp Ndel-BamHI restriction fragment, containing the entire
TFIIIA coding sequence, was excised from plasmid pTA102 (18) and ligated into
pTFLNK digested with the same enzymes to generate plasmid pTFA. Mutations
in pTFA were made with a QuickChange site-directed mutagenesis kit (Strat-
agene). Serine-16 (TCT) was changed to alanine (GCA) or glutamic acid (GAA).
Serine-314 (TCG) and serine-328 (TCT) were also changed to these amino acids
with the same codons. Capped mRNA encoding TFIIIA and its variants was
prepared by runoff transcription of pTFA linearized with BamHI with SP6 RNA
polymerase (70). After digestion of the DNA template with RQ DNase I (Pro-
mega), the mRNA was purified by passage through a Microspin S-300 HR
column (Amersham). Internally radiolabeled 5S rRNA was prepared by runoff
transcription of pT75S linearized with Dral with T7 RNA polymerase (62).
Plasmids pWXIlo1 and pWXIs1 contain a single copy of a Xenopus laevis oocyte-
type or somatic-type 5S rRNA gene, respectively (75), and were used for in vitro
transcription assays and DNase I footprinting. The X. borealis maxigene encodes
a somatic 5S rRNA gene with an insertion at position 115 that yields a 140-
nucleotide transcript (65). A 250-bp EcoRI restriction fragment containing a
copy of the Xenopus tRNAM®!! gene (14) was cloned into pBS/SK+ to generate
pWXItl.

Preparation of oocytes and embryos. Oocytes were isolated from samples of
ovary tissue and manually staged in modified high-salt Barth’s solution (110 mM
NaCl, 2 mM KCI, 1 mM MgSO,, 2 mM NaHCO;, 0.5 mM Na,HPO,, 15 mM
Tris-HCI, pH 7.6). Stage VI oocytes were matured by incubation with 10 ug of
progesterone per ml in OR2 buffer (82.5 mM NaCl, 2.5 mM KCl, 1 mM CaCl,,
1 mM MgCl,, 1 mM Na,HPO,, 5 mM HEPES, pH 7.8) at room temperature
until GV breakdown had occurred in the majority of the cells. Only oocytes
displaying the white maturation spot were taken for experiments. For in vitro
fertilization of Xenopus eggs, adult females were injected in the dorsal lymph sac
with 250 U of human chorionic gonadotropin the night before spawning. In the
morning, they were injected with 500 U of human chorionic gonadotropin. Testes
were removed from an adult male, gently minced, added to 0.1X OR2 buffer, and
mixed with eggs at room temperature. Approximately 30 min following fertili-
zation, an equal volume of 2% cysteine (pH 7.8) was added and gently mixed
until the jelly coat was removed from the majority of the embryos. The embryos
were washed 5 times with 0.1X OR?2 buffer and then placed at 18°C. GVs were
isolated from oocytes that were initially swelled by incubation in TM buffer (5
mM Tris-HCI [pH 7.8], 10 mM MgCl,) for 1 h. Cells were transferred to J buffer
(10 mM HEPES [pH 7.4], 70 mM NH,CI, 7 mM MgCl,, 0.1 mM EDTA, 2.5 mM
dithiothreitol [DTT], 10% glycerol), and GVs were forced from the whole cells
by pressure applied with a spatula or forceps. Each GV was collected with 1 .l
of J buffer and stored at —80°C.

In vivo phosphorylation of TFIIIA. Staged oocytes were prepared as already
described and injected with 400 nCi of [y-*’P]ATP. Oocytes and eggs were then
incubated in OR2 buffer at 18°C for 16 h. Three oocytes or GVs per stage were
homogenized in 50 mM HEPES (pH 7.5)-5 mM DTT-1 mM phenylmethylsul-
fonyl fluoride containing a cocktail of protease inhibitors (Roche 1 836 170).
Protein A-Sepharose bound with TFIIIA antibody was used to immunoprecipi-
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tate TFIIIA (in 50 mM HEPES [pH 7.5]-100 mM NaCl-0.1% NP-40-5 mM
DTT) at 4°C for 2 h. Beads were washed five times with 1 ml of the same buffer
before resuspension in loading buffer containing sodium dodecyl sulfate (SDS).
The immunoprecipitated samples were analyzed by SDS-polyacrylamide gel elec-
trophoresis, followed by autoradiography.

Binding assays. The binding of TFIIIA to 5S rRNA genes was measured with
quantitative DNase I footprinting assays, and its binding to 5S rRNA was mea-
sured with mobility shift assays. Both procedures have been described earlier
(62).

In vitro transcription assays. Transcription assays in GV extract were carried
out as described previously (74). The amount of DNA template used and the
order of addition are given in the figure legends. The activity of mutant forms of
TFIIIA was measured in extract depleted of endogenous factor by immunopre-
cipitation with protein A-Sepharose beads that had been incubated with anti-
TFIIIA antiserum as described in reference 65a. GV extract (90 pl) was incu-
bated with 30 pl of beads suspended in J buffer with end-to-end rotation for 1 h
at 4°C. The Sepharose beads were removed by low-speed (500 X g) centrifuga-
tion. The amount of antiserum needed to deplete the extract without interfering
with general polymerase III (pol III) transcription was determined empirically.
Samples of mutant and wild-type TFIITA were diluted into J buffer and added to
the depleted extract, which was then used in standard assay conditions (74).

Assays of transcription in embryos. Capped synthetic nRNA (7.2 ng) encod-
ing wild-type or mutant TFIIIA was coinjected along with 78 nCi of [a->>P]JUTP
into the animal hemisphere of one-cell embryos just as the first cleavage furrow
appeared (64). Injected embryos were allowed to develop in 0.1X OR?2 buffer at
room temperature and collected approximately 10 h after fertilization at the
beginning of gastrulation (stage 10) (56). Three embryos injected with the same
mRNA were homogenized, and total RNA was isolated as described by Rollins
et al. (64) and analyzed by electrophoresis on 10% polyacrylamide gels contain-
ing 7 M urea, followed by autoradiography. In order to determine the levels of
expression of the injected mRNAs, embryos were homogenized in protein dis-
sociation buffer (1.5 M Tris-HCI [pH 8.9], 2% SDS, 1% DTT) and then incu-
bated at 100°C for 2 min. The proteins were alkylated in 0.3 M iodoacetamide for
30 min at 37°C. One embryo equivalent was loaded onto an SDS-polyacrylamide
gel and taken through a Western blot assay with polyclonal anti-TFIIIA anti-
serum.

Template exclusion assays. GV extract immunodepleted of endogenous
TFIIIA was used for template exclusion assays. The total amount of DNA in
each assay was kept constant at 500 ng by addition of plasmid (pUC19) DNA.
The amount of each template DNA, the order of addition, and the times of
incubation are given in the figure legends. In all cases, transcription was initiated
by addition of ribonucleoside triphosphates. All other details of these in vitro
assays are the same as those described above.

RESULTS

Phosphorylation of TFIIIA. TFIIIA in Xenopus oocytes is
phosphorylated on serine-16, which is located in a consensus
sequence for protein kinase CK2 (75). A CK2 activity, in fact,
is associated with TFIIIA and remains with the factor through
several steps of purification. TFIITA has two functions in Xe-
nopus oocytes. In the nucleus, it is a positive regulator of
transcription of 5S rRNA genes, necessarily being the first
transcription factor to bind to the internal promoters of these
genes (22). TFIIIA also forms a complex with 5S rRNA in the
cytoplasm as a storage particle for the RNA until it is needed
for ribosome biosynthesis (34, 60). In order to determine
whether the phosphorylation of TFIIIA has some functional
consequence, we first examined the levels of phosphorylation
during oogenesis and whether this modification was limited to
a certain subcellular fraction of TFIIIA.

Staged oocytes were injected with [y-**P]ATP and incubated
overnight. TFIITA was isolated by immunoprecipitation from
extract prepared from whole oocytes or from GVs. Radiola-
beled TFIIIA was visualized by electrophoresis, followed by
autoradiography (Fig. 1). It is noteworthy that the mobility of
the radiolabeled TFIIIA recovered by immunoprecipitation is
greater than that of TFIIIA isolated from the 7S RNP com-



VoL. 24, 2004

Stage |l v v Vv . M
"___.--
Oocyte Extract S B e
Stage Il IV V VI C
Nuclear Extract | .« & e

FIG. 1. Increased phosphorylation of TFIIIA upon oocyte matura-
tion. Staged oocytes were injected with [y-*>P]JATP and kept at 18°C
for 16 h; extract from either whole cells or GVs was then prepared. In
the case of mature oocytes, the cells were either injected and then
treated with progesterone (lane I,,)) or treated with progesterone and
injected after GV breakdown (lane M;). TFIIIA was retrieved from the
extracts by immunoprecipitation and analyzed by SDS-polyacrylamide
gel electrophoresis, followed by autoradiography. The intensity of the
bands was measured with a laser densitometer. Extract from injected
stage IV oocytes incubated with protein A-Sepharose (lane C) served
as a control for immunoprecipitation.

plex. This difference, presumably due to phosphorylation, is
under study. The first detectable phosphorylation of TFIITA
occurs during stage III, and it remains relatively constant up to,
and including, stage VI; however, there is some redistribution
of phosphorylated TFIIIA during oogenesis. Whereas much of
the labeled TFIIIA is cytoplasmic during stages III and IV, it
becomes increasingly localized to the nucleus during stage V. It
needs to be kept in mind that only about 1% of the TFIIIA in
oocytes is located in the nucleus, so the distribution of labeled
factor in early-stage oocytes reflects the general distribution of
total TFIIIA. However, the phosphorylated form of the factor
accumulates in the nucleus during the later stages of oogenesis.
Progesterone-induced maturation of oocytes causes GV break-
down, the progression from meiosis I to arrest in metaphase of
meiosis II, and the activation of several protein kinases, in-
cluding CK2. We detected an apparent fivefold increase in the
amount of phosphorylated TFIIIA during in vitro maturation.
However, during this period, the levels of TFIIIA actually
decrease more than 10-fold (68), meaning that a substantial
amount of TFIITA ultimately becomes phosphorylated in un-
fertilized eggs. These labeling experiments are consistent with
the known activation of CK2 that occurs during oocyte matu-
ration (3, 41, 55).

Amino acid substitutions at serine-16 do not affect the nu-
cleic acid binding activity of TFIIIA. In order to examine
whether phosphorylation of TFIIIA might influence one of its
functions, we created a series of variants that potentially mimic
either the phosphorylated (substitution with glutamic acid) or
unphosphorylated (substitution with alanine) state of the pro-
tein. Serine-16, the primary site of phosphorylation, is located
within the B-turn of the first zinc finger of TFIIIA. There is
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considerable evidence that much of the free energy of binding
of TFIIIA to the 5S rRNA genes is derived from the first three
zinc fingers (11, 12, 15, 17, 43, 48, 69). Thus, it seemed rea-
sonable that phosphorylation or mutations at serine-16 might
affect the binding of TFIIIA to either or both 5S rRNA genes.
However, quantitative footprinting assays revealed no signifi-
cant differences in the binding affinities of the wild-type and
serine-16 mutant forms for either the oocyte- or somatic-type
genes (Fig. 2). Since purified components were used in these
assays, it was also possible to measure binding with TFIIIA
expressed in Escherichia coli and phosphorylated in vitro with
commercial CK2. We did not detect any difference in binding
affinity between control TFIIIA and protein that was phos-
phorylated in vitro (results not shown). TFIIIA can be phos-
phorylated on serine-314 in addition to serine-16 in vitro, al-
though we have not detected this modification in vivo (75). An
alanine substitution at serine-314 had no impact on binding,
whereas replacement with glutamic acid caused about a four-
fold decrease in binding affinity for both 5S rRNA genes. We
judge this not to be a significant change.

The collection of mutants was also tested for binding to 5S
rRNA with mobility shift assays (Fig. 3). None of these variants
exhibited any detectable perturbation in binding affinity rela-
tive to the wild-type protein. TFIIIA phosphorylated in vitro
never exhibited more than a fourfold decrease in binding af-
finity for 5S rRNA (results not shown). The relative dissocia-
tion constants for the wild-type and mutant forms of TFIIIA
are presented in Table 1. These data indicate that phosphor-
ylation is unlikely to have an appreciable effect on the binding
of TFIIIA to either DNA or RNA. The structure of a complex
containing the first three zinc fingers of TFIIIA bound to its
cognate DNA sequence has been determine by nuclear mag-
netic resonance spectroscopy (82), and a cocrystal structure of
the first six zinc fingers bound to DNA has also been solved
(57). In these structures, serine-16 is exposed and lies opposite
the recognition helix that is positioned in the major groove.
Thus, the absence of any effect by either mutagenesis or in
vitro phosphorylation is consistent with these structures.

TFIIIA with glutamic acid substituted for serine-16 cannot
support transcription of oocyte-type 5S rRNA genes. The abil-
ity of the TFIIIA variants to activate transcription was tested in
GV extract that was immunodepleted of endogenous TFIIIA
(Fig. 4A). In order to compare directly the transcription of
oocyte-type and somatic-type genes, both templates were in-
cluded in the assay mixture at a ratio of 4:1, respectively, to
compensate for the difference in transcriptional efficiency in
this extract. The somatic maxigene contains an insertion down-
stream of the internal promoter that generates transcripts that
are sufficiently separated from the transcripts generated from
the oocyte gene (65). TFIIIA or the indicated variants were
added to immunodepleted extract, and the transcription prod-
ucts were analyzed on a denaturing polyacrylamide gel. Inter-
nally radiolabeled tRNA was added to each reaction mixture at
the end of the assay to control for nucleic acid recovery and
sample loading. A small decrease in the transcription of both
genes for the S314E mutant (lane 11) may be due to the
modest reduction in binding affinity measured for this protein
(Table 1). Likewise, there is also a small decrease in the activity
of the S16A mutant protein (lane 5). However, the most sub-
stantive effect is seen for the SI6E mutant protein, which can
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FIG. 2. Substitutions at serine-16 do not affect the binding affinity of TFIIIA for either 5S rRNA gene. Wild-type TFIIIA or mutant TFIIIA
with serine-16 replaced with alanine (S16A) or glutamic acid (S16E) was used in DNase I footprinting assays with the oocyte- or somatic-type 5S

rRNA gene. Each sample contained 2 nM end-labeled, linearized plasmid and 0, 10, 15, 20, 30, 40, or 100 nM protein (oocyte gene) or 0, 10, 20
30, or 40 nM protein (somatic gene).
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FIG. 3. Substitutions at serine-16 do not affect the binding affinity of TFIIIA for 5S rRNA. Internally radiolabeled 5S rRNA (1 nM) was

incubated with 0, 2, 4, 6, 8, 10, 15, 20, or 30 nM protein. Samples were analyzed by electrophoresis on 8% nondenaturing gels. Autoradiographs
were scanned with a laser densitometer for the construction of binding isotherms.
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TABLE 1. Relative dissociation constants for wild-type and mutant
forms of TFIITA®

Avg relative dissociation constant = SE

Mutation
Somatic-type gene Oocyte-type gene 5S rRNA

S16A 0.41 = 0.04 0.48 = 0.03 0.91 = 0.04
S16E 1.08 = 0.04 1.09 = 0.14 0.97 = 0.08
S314A 1.03 = 0.22 0.95 =0.22 1.17 = 0.34
S314E 4.56 = 0.38 3.76 = 0.79 0.51 = 0.08
S328A ND” ND 0.79 = 0.28
S328E ND ND 0.85 = 0.09

“ Binding is expressed as the ratio of the apparent dissociation constant of
mutant TFIITA relative to that of wild-type TFIITA.
? ND, not determined

activate transcription of the somatic, but not the oocyte, gene
(lanes 7 and 8).

Additional transcription assays at higher concentrations of
TFIIIA established that the mutant protein with glutamic acid
at residue 16 does not support appreciable transcription of the
oocyte-type gene even though transcription of the somatic
gene is essentially at wild-type levels (Fig. 4B). The alanine
substitution at this site somewhat diminishes, but clearly does
not eliminate, transcription of the oocyte gene. Importantly,
robust transcription of the somatic gene establishes that the
glutamic acid substitution at position 16 does not significantly
perturb the structure of the protein. The modest decrease in
transcription obtained with the alanine variant suggests that
the serine residue might normally participate in some type of
interaction that facilitates transcription of the oocyte gene.
Transcription assays at even higher concentrations of TFIITA
exhibited nonspecific “squelching” effects (29), so it was not
possible to reach levels of the glutamic acid mutant protein
that support transcription of the oocyte genes.

The autoradiograph in Fig. 4B was scanned with a laser
densitometer in order to quantitate the amounts of transcrip-
tion in these assays; the data are presented as bar graphs in Fig.
4C. The S/O ratio is approximately 4 to 5 for immunodepleted
extract supplemented with wild-type TFIIIA. This is the same
preference measured in unfractionated GV extract (80) and
for 5S rRNA genes injected into oocyte nuclei (6, 26). In the
case of the SI6A mutant protein, this ratio is elevated slightly
to about 10, except at the highest concentration of exogenous
factor, where squelching effects appear to inhibit transcription
of the oocyte, but not the somatic, genes. The modest increase
in the S/O ratio suggests that the alanine substitution affects
the transcription complex on the oocyte-type genes, perhaps by
altering the interaction between TFIIIA and TFIIIC (4, 79).
TFIIIA with the glutamic acid substitution shows a progres-
sively larger S/O ratio as the amount of this variant is increased
that plateaus at levels of around 50. Notably, this preference
corresponds to that measured in S150 extract prepared from
whole oocytes (52, 54, 59) and to the endogenous levels of
transcription in embryos following the midblastula transition
(73, 81).

We have supplemented immunodepleted GV extract with
wild-type TFIIIA that was first incubated with purified CK2
and ATP (results not shown). There is some specific reduction
in the transcription of the oocyte-type 5S rRNA genes in this
case; however, the degree of repression was variable in these
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experiments. It is possible that the CK2 in the exogenous
sample of TFIIIA acts on other pol III targets, such as TFIIIB,
during the course of the transcription assay, potentially mask-
ing or offsetting any effects of phosphorylation on the former.
In addition, there was no control for the amount of phospha-
tase activity in any given preparation of extract. For these
reasons, subsequent experiments used the glutamic acid and
alanine mutant forms of TFIIIA as opposed to factor phos-
phorylated in vitro.

Activity of TFIIIA variants in vivo. Single-cell Xenopus em-
bryos injected with mRNA encoding TFIIIA have elevated
levels of 5S rRNA by the gastrula stage, owing to the reacti-
vation of the normally dormant oocyte-type genes (2, 64). We
used this assay to examine the behavior of the serine-16 mutant
forms of TFIIIA in vivo. When the first cleavage furrow be-
came visible, embryos were injected with [a-**P]JUTP and
mRNA encoding wild-type or mutant TFIIIA. Embryos were
collected at the beginning of gastrulation (stage 10) (56), and
total RNA from three embryo equivalents was analyzed by
electrophoresis on denaturing polyacrylamide gels (Fig. 5A).
Injection of [a->*P]JUTP alone (lane 1) shows the basal level of
5S rRNA synthesis, which is predominantly the somatic type
(2). Injection of mRNA encoding wild-type TFIIIA results in
significant activation of 5S rRNA synthesis (lane 2). This RNA
was isolated from the gel and analyzed on a partially denatur-
ing polyacrylamide gel that can resolve oocyte and somatic 5S
rRNAs owing to differences in secondary-structure stability
(73). The majority of the 5S rRNA comigrated with oocyte-
type 5S rRNA (results not shown), in accord with previous
experiments that showed that overexpression of TFIIIA in
early embryos activates the normally repressed oocyte-type
genes (2, 6, 64). Expression of the SI6A mutant factor can also
activate transcription of the oocyte-type genes, albeit some-
what less than the wild-type factor (lane 3). Strikingly, the
S16E mutant factor does not stimulate transcription signifi-
cantly beyond the basal level (lane 4). Autoradiographs of
replicates of this experiment were scanned with a laser densi-
tometer, and the amount of 5S rRNA synthesized in each case
was normalized to a band corresponding to tRNA (Fig. 5B).

Consistent with the transcription assays in immunodepleted
nuclear extract, the embryo injection experiments show that
the glutamic acid mutant form of TFIIIA cannot activate tran-
scription of the oocyte-type 5S rRNA genes. Aliquots of the
homogenate prepared from each sample of embryos were also
examined by Western blot assay in order to establish that this
effect is due to the activity of the protein, rather than its level
of expression (Fig. 5C). The amount of TFIIIA synthesized
from the injected mRNA is similar in each case and does not
account for the differences in the amount of transcription.

The S16E mutant of TFIIIA forms an inactive transcription
complex on oocyte 5S rRNA genes. The DNA footprinting
assays indicate that the binding affinity of the SI6E mutant
form of TFIIIA for the oocyte-type gene is similar to that of
wild-type TFIITA. Thus, the effect of this substitution on tran-
scription is likely due to the perturbation of a protein-protein
interaction within the transcription initiation complex. In order
to examine this point more closely, we carried out a series of
template exclusion assays with immunodepleted GV extract
(Fig. 6). The competition assays were organized in two differ-
ent ways. In those referred to as simultaneous (Sim), both
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oocyte and somatic genes were incubated together in extract
supplemented with the indicated form of TFIIIA and tran-
scription was initiated by the addition of ribonucleoside
triphosphates. In the sequential (Seq) assays, the oocyte-type
gene was incubated in the extract prior to the addition of the
somatic-type gene. This was followed by a further incubation
before initiation of transcription.

Wild-type TFIIIA behaves as expected. Both 5S rRNA
genes are transcribed when they are incubated together in
extract. As the amount of the oocyte gene is increased relative
to the somatic gene in this assay, there is some decrease in
transcription of the latter (WT-Sim). When an excess of the
oocyte gene is incubated with extract prior to the addition of
the somatic gene, transcription of the latter is completely
blocked (WT-Seq), since limiting amounts of pol III transcrip-
tion factors are recruited to the first template.

The activity of the S16A mutant form of TFIIIA is generally
the same as that of wild-type TFIITA. When both templates are
added together, the amount of oocyte transcripts is propor-
tional to the amount of template. When the oocyte gene is
incubated prior to the somatic gene (S16A-Seq), transcription
is predominantly from the former. However, unlike the case of
wild-type TFIIIA, transcription of the somatic gene is not
blocked entirely. This suggests that the stability of the initiation
complex containing the alanine mutant protein may be mod-
estly compromised during the time course of the assay, allow-
ing for some assembly of new complexes on the promoters of
the somatic genes. Similarly, in some replicates of the simul-
taneous assays in which the two genes were added together,
transcription of the somatic gene was slightly greater with the
alanine variant relative to wild-type TFIIIA, which likewise
suggests that transcription complexes containing S16A on the
oocyte-type genes are either less stable or form more slowly
than those containing the wild-type factor. A similar phenom-
enon was noted in template exclusion experiments with S150
extract (59).

The results of the template exclusion assays with the glu-
tamic acid mutant are similar to those with the alanine mutant
with the important exception that in no case is there any
transcription of the oocyte genes. The results of the sequential

FIG. 4. TFIIIA with serine-16 replaced with glutamic acid cannot
restore transcription of oocyte 5S rRNA genes in immunodepleted GV
extract. Each transcription assay mixture includes 5 pl of extract and
100 ng of DNA (containing a 4:1 mixture of oocyte-type to somatic-
type maxigene). After preincubation for 15 min, transcription was
initiated by the addition of ribonucleoside triphosphates, including
[«-*?P]CTP. Reactions were stopped after 90 min, and radiolabeled
tRNA was added in order to normalize the recovery of RNA from each
sample, which were analyzed on a polyacrylamide gel containing 7 M
urea. Lane 1 is an assay with GV extract prior to immunodepletion of
endogenous TFIIIA, and lane 2 is depleted extract to which DNA
template, but no TFIIIA, was added. (A) Lanes 3 to 16 contain pairs
of assays containing 20 or 100 ng of the indicated variant of TFIIIA.
(B) Lanes 3 to 7, 8 to 12, and 13 to 17 contain 5, 20, 40, 100, or 300 ng
of the indicated variant of TFIIIA. S and O indicate the positions of
transcripts from the somatic- and oocyte-type genes, respectively.
(C) The autoradiograph in panel B was scanned with a laser densi-
tometer. The S/O transcript ratios were normalized relative to the
exogenous tRNA added to each assay and are presented as bar graphs.
WT, wild type.
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FIG. 5. TFIIIA with serine-16 replaced with glutamic acid fails to
reactivate transcription of oocyte-type 5S rRNA genes in early em-
bryos. Embryos were injected when the first cleavage furrow began to
appear with capped mRNA encoding wild-type TFIIIA or the indi-
cated mutant TFIIIA along with [a-**P]JUTP. (A) Embryos were col-
lected at the beginning of gastrulation (stage 10), total RNA was
isolated, and 3 embryo equivalents was analyzed by electrophoresis
and autoradiography. Lanes: 1, embryos injected with [a-**P]JUTP
only; 2 to 4, embryos injected with mRNA encoding wild-type TFIITA
or S16A or S16E mutant TFIIIA, respectively. (B) Autoradiographs of
replicates of this experiment were scanned with a laser densitometer.
The amount of 5S rRNA in each lane relative to the indicated band of
tRNA, which serves as an internal control, is presented. Error bars
indicate the standard deviation of the mean, and n is the number of
independent measurements. C, control; WT, wild type. (C) The
amount of ectopically expressed TFIIIA in injected embryos was de-
termined with a Western blot assay. Whole-cell extract corresponding
to one embryo was analyzed in each lane. Lanes: 1, purified TFIIIA; 2,
embryos injected with [a-**P]JUTP only; 3 to 5, embryos injected with
radiolabel and mRNA encoding wild-type TFIIIA or the S16A or S16E
variant of TFIIIA, respectively.

assay are particularly notable because they provide compelling
evidence that, despite being quiescent, the oocyte-type genes
must be recruiting one or more of the pol III transcription
factors. This is consistent with our determination that the glu-
tamic acid substitution does not affect the affinity of TFIIIA for
either 5S rRNA gene. Moreover, it appears that this change in
TFIIIA has converted it from an activator to a specific repres-
sor of transcription of the oocyte-type 5S rRNA genes.

To determine whether other pol III factors besides the glu-
tamic acid mutant form of TFIIIA are being assembled on the
oocyte 5S rRNA gene, we performed a template exclusion
assay with a tRNAMET gene, which only requires TFIIIB and
TFIIIC to form a functional initiation complex for RNA pol 111
(Fig. 6). In the presence of the S16E mutant protein, increasing
amounts of the oocyte gene diminished transcription of the
tRNA gene. This result indicates that at least one other pol III
transcription factor is recruited to the promoter of the 5S
rRNA gene by the mutant form of TFIIIA. Because assembly
of initiation complexes on 5S rRNA genes is ordered, with
TFIIIC following TFIIIIA, and because the former stabilizes
the binding of the latter, it is most likely that, at a minimum,
TFIIC is also present on the oocyte-type genes.

DISCUSSION

CK2 and control of pol III transcription. Of the general
transcription factors used by RNA pol III, TFIIIB seems to be
the most frequent target of protein kinases. ERK2 (24),
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p34°9<2 (31), and CK2 (27, 39) are three kinases identified thus
far that can modify this factor. TFIIIB directly recruits pol III
to the preinitiation complex, and phosphorylation of this factor
can either activate (ERK2 and CK2) or repress (p34°““?) tran-
scription. There is evidence that TFIIIC may be phosphory-
lated; however, no putative kinases have been determined (13,
16, 33, 63, 76). La antigen, a termination and recycling factor
that also influences the transcriptional efficiency of class III
genes, is down-regulated upon phosphorylation by CK2 (23).
Thus, at least three factors (TFIIIA, TFIIIB, and La) that
control pol III transcription are targets of CK2.

CK2 activity is ubiquitous and has been implicated in the
phosphorylation of an extraordinary number of targets, which
has confounded efforts to determine the physiological roles of
this kinase and its various isoforms (49, 53). Moreover, there is
little information regarding the regulation of CK2 that might
otherwise provide clues to it function(s). Recent studies indi-
cate that stable interactions between the regulatory B subunits
of CK2 and its targets may provided some degree of regulation
(49), and indeed, CK2 forms stable complexes with TFIIIB (28,
39) and TFIIIA (75). Notwithstanding this limited understand-
ing of regulation, there is considerable evidence to implicate
CK2, which is closest phylogenetically to the cyclin-dependent
and mitogen-activated kinases, in the control of cell growth
and proliferation (1, 49, 53).

CK2 is necessary for efficient transcription of class III genes
in yeast and mammalian cells, suggesting the conservation of a
fundamental mechanism for regulation (27, 32, 39). Surpris-
ingly, CK2 targets the TBP subunit of TFIIIB in yeast cells (27)
but the Brf subunit in human cells (39). In the latter case, it was
shown that phosphorylation of TFIIIB by CK2 facilitates its
interaction with TFIIIC and thereby promotes formation of
the transcription initiation complex. In yeast, the phosphory-
lation of TFIIIB by CK2 also enhances recruitment to the
promoter; however, the involvement of TFIIIC in this instance
has not been tested (28). The strong correlation between the
elevated levels of pol III transcription (7) and CK2 activity in
transformed and rapidly dividing cells (1, 49) likewise indicates
that this kinase generally acts as a positive effector of transcrip-
tion of class III genes. In the case of TFIIIA, phosphorylation
by CK2 at the end of oogenesis seemingly allows the factor to
promote (somatic type) and simultaneously to repress (oocyte
type) transcription.

Another example of a dual role for CK2 in the regulation of
pol III transcription comes from the human U6 genes (36).
The kinase, which appears to be physically located near the U6
promoter, targets some component of the RNA polymerase
itself, and this phosphorylation is required for transcription.
Conversely, the kinase can also phosphorylate some compo-
nent of the TFIIIB variant (TBP-Brf2-Bdp1) used by type 3
promoters, which lie upstream rather than within their respec-
tive genes. Phosphorylation in the latter case suppresses U6
transcription. These results underscore not only the essential
role of CK2 in the transcription of pol III genes but also the
complexity and diversity of regulation.

CK2 activity during oocyte maturation. A full-grown, stage
VI Xenopus oocyte is arrested in meiosis I. Upon progesterone
stimulation, GV breakdown occurs and the oocyte completes
the first meiotic division and then arrests in metaphase of
meiosis IT (25). This hormone-induced maturation is mediated
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by components of a mitogen-activated protein kinase cascade,
as well as cell cycle regulators. It is notable that CK2 has been
implicated in the activity of two key regulatory kinases that are
necessary for oocyte maturation: Mos, which is part of the
progesterone signaling cascade (8, 9), and Cdc2, which, when
complexed with cyclin B, forms maturation-promoting factor
(MPF), a major regulator of the cell cycle (55).

The Mos/MEK1/p42 mitogen-activated protein kinase cas-
cade is activated by progesterone and leads to the activation of
MPF (reviewed in reference 25). In Xenopus oocytes, the B
subunit of CK2 binds to Mos and suppresses the kinase activity
of the latter (9). Cdc2 phosphorylates the B subunit of Xenopus
oocyte CK2 (55); similarly, human and avian cells arrested in

Simultaneous competition
TFIIA(100ng) 45" | 90

55 rRNA genes I |

GV extract NTPs STOP

Sequential competition

TFIA (100ng) | 207 (%7 3

oocyte 55 gene | | T

GV extract somatic NTPs STOP
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FIG. 6. Template exclusion assays demonstrate that the S16E mu-
tant form of TFIIIA supports the formation of an inactive complex on
oocyte 5S TRNA genes. GV extract was immunodepleted of endoge-
nous TFIIIA and then supplemented with wild-type (WT) or mutant
TFIIIA. (A) A somatic 5S rRNA maxigene was challenged with in-
creasing amounts of oocyte-type gene. The two DNA templates were
added together at the beginning of the assay (Sim), or the oocyte-type
gene was added to the extract first, followed after 20 min by the
somatic-type gene (Seq). Transcription was initiated by the addition of
ribonucleoside triphosphates (rNTPs). Transcripts were analyzed on a
denaturing polyacrylamide gel. The positions of the somatic (S) and
oocyte (O) transcripts are denoted by brackets. Lanes marked GV
indicate assays in extract prior to immunodepletion, and GV(ID) in-
dicates assays in depleted extract that was not supplemented with
exogenous TFIITA. (B) A tRNA gene was challenged with increasing
amounts of oocyte-type gene to determine whether the S16E mutant
form of TFIIIA recruits other pol III transcription factors. The two
DNA templates were added together to extract, and after a 40-min
incubation, the transcription assays were initiated by the addition of
ribonucleoside triphosphates. Brackets denote the position of 5S
rRNA and tRNA transcripts.

mitosis also exhibit a marked increase in the phosphorylation
of both the a and B subunits of CK2 by Cdc2 (50, 51). It will be
especially important to determine whether the phosphoryla-
tion of the B subunit of CK2 by Cdc2 influences its interaction
with Mos, since this could explain the positive feedback effect
Cdc2 has on Mos activity during maturation. Notwithstanding
this relationship, the phosphorylation of CK2 by Cdc2 during
oocyte maturation results in modest (2.5-fold) activation of the
activity of the former and may release it from its complex with
Mos, thereby increasing its effective concentration and possibly
its ability to phosphorylate other substrates (3, 41, 55). Nota-
bly, these changes in CK2 activity occur at the same time that
there is some reprogramming of the oocyte-type 5S rRNA



VoL. 24, 2004

genes, which becomes apparent when transcription resumes at
the MBT (81).

Although CK2 appears to be predominantly nuclear in so-
matic cells, reports of its location in amphibian oocytes have
been contradictory, with some indicating that there is a signif-
icant amount of the kinase in the cytoplasm (38, 41, 45, 47). We
found CK2 activity associated with TFIIIA purified from 7S
RNP particles (75), consistent with reports that this kinase is
found with assorted cytoplasmic RNP complexes in amphibian
oocytes (19, 41, 42). Furthermore, TFIIIA can be coimmuno-
precipitated from oocyte extract with antibodies to the a sub-
unit of CK2, indicating that a stable complex exists between the
factor and the kinase, possibly through the catalytic subunit
(M. Malik and P. W. Huber, unpublished results). These ob-
servations, along with the increased phosphorylation of TFIITA
that occurs at oocyte maturation (Fig. 1), indicate that, follow-
ing GV breakdown, much of the factor available to the 5S
rRNA genes will likely be phosphorylated. This could then
account for the S/O ratio of 50 when transcription begins again
at the MBT. Association of CK2 with nuclear TFIITA has not
been studied.

Inactivation of the oocyte-type genes at maturation. During
the previtellogenic stages of oogenesis, TFIIIA, TFIIIB,
TFIIIC, and RNA pol III are abundant and the oocyte and
somatic genes are transcribed with nearly equal efficiencies
(73, 81). Although the amount of TFIIIA declines more than
20-fold by the end of oogenesis, there are still ~10'° molecules
per oocyte (68). Most (>98%) of the TFIIIA in late-stage
oocytes is located in the cytoplasm in a storage particle with 5S
rRNA; however, sufficient amounts of the factor remain in the
nucleus to support transcription of both somatic- and oocyte-
type 5S rRNA genes. Nuclear extract prepared from late-stage
oocytes (stages V and VI) exhibits an approximately fivefold
preference for transcription of somatic 5S rRNA genes over
oocyte-type gene transcription (59, 80) that matches the rela-
tive efficiency of transcription of cloned genes injected into
oocyte nuclei (6, 26, 59). However, transcriptional efficiency in
whole-cell (S150) extract prepared from predominantly late-
stage oocytes is considerably different (52, 54, 59). In this case,
transcription of the oocyte-type genes is specifically reduced,
so that there is an approximately 50-fold bias in favor of the
somatic genes. This level of discrimination is remarkably sim-
ilar to that seen when transcription of the 5S rRNA genes
resumes during early embryogenesis at the MBT (73, 81).

The transcriptional efficiency of other class III genes in S150
extract is comparable to that of somatic 5S rRNA genes, indi-
cating that the activity of the oocyte-type genes is being spe-
cifically repressed (54). TFIIIA is not limiting in this extract
(54, 59) and binds with the same affinity to the oocyte- and
somatic-type 5S rRNA genes (52). Millstein et al. (54) showed
that complexes assembled on the oocyte genes in S150 extract
are transcriptionally silent and resist reactivation when in-
jected into oocyte nuclei; conversely, active complexes form on
the somatic genes. Most importantly, TFIIIA in this extract
binds not only to the promoters of the active somatic-type
genes but also to the promoters of the inactive oocyte-type
genes. Addition of partially purified TFIIIC to S150 extract can
selectively increase transcription of the oocyte-type genes, re-
ducing the S/O ratio to approximately 5 (79). Since there is no
comparable stimulation of tRNA genes or the somatic 5S
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rRNA genes, it appears that only the association of TFIIIC
with the oocyte-type genes is affected in this extract. The sim-
plest explanation for the strikingly different transcriptional ac-
tivities of nuclear versus whole-cell extracts is that some com-
ponent, presumably in the cytoplasm, can specifically mediate
the repression of the oocyte-type genes. This activity, then,
could account for the differential transcription of the two 5S
rRNA genes observed at the MBT and suggests that there is a
mechanism that actively promotes the repression of oocyte-
type genes upon oocyte maturation. The activity of the S16E
mutant form of TFIIIA exactly mirrors the transcriptional ac-
tivity of S150 extract and suggests that CK2 is the agent re-
sponsible for the specific repression of oocyte-type 5S rRNA
genes. Since TFIIIC binds to the binary complex of TFIIIA on
the promoter, it is possible that phosphorylation of TFIIIA
influences the interaction of the former with the oocyte-type
genes. However, the present experiments cannot rule out ef-
fects on other interactions involving TFIITA.

The intracellular distribution of CK2 in amphibian oocytes
(41) and its increased activity at meiosis, owing to phosphor-
ylation by Cdc2 (3, 51, 55), are consistent with this model of
regulation. When Cdc2-cyclin B (MPF) was added to a recon-
stituted transcription system, the S/O ratio increased from 7 to
50 (77), which likely explains the apparent connection between
Cdc2 activity and differential expression of the two 5S rRNA
gene families. Our results suggest that the switch in 5S rRNA
gene expression detected at the MBT results from phosphor-
ylation events that occur during oocyte maturation. This mech-
anism for selective repression of the oocyte-type genes when
levels of TFIIIA are still high (68) is not at odds with the
accumulated evidence that the transcriptional activity of the 5S
rRNA genes in somatic cells, where TFIIIA is limiting, is
ultimately due to differences in nucleosome positioning. These
two modes of transcriptional regulation operate in distinctly
different circumstances, at different points in development, and
in different cell types.
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