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Activator USF and Is Implicated in the Developmental
Regulation of TFIIIA Gene Expression
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The Xenopus laevis TFIIIA promoter contains a motif that has been implicated in promoter activation in
late-stage oocytes and contains the sequence (—269) CACGTG (—264). A cDNA encoding a protein (B1) that
binds to this element has been cloned from X. laevis and Xenopus borealis ovarian cDNA libraries. We show that
this protein is a member of the helix-loop-helix family of regulatory proteins and contains 80% sequence
identity with the human adenovirus major late transcription factor (MLTF or USF). A survey of B1 protein
expression during oogenesis and embryogenesis revealed both oocyte-specific and somatic cell-specific Bl
protein-DNA complexes. Immunological data, RNA blot analysis, and proteolytic clipping band shift assays
indicated that these complexes most likely represent altered forms of a single B1 polypeptide. Implications for
TFIIIA gene regulation during development are discussed.

The regulation of gene expression in eucaryotes involves
combinatorial interactions of positive and negative regula-
tory factors with specific promoter elements. The activities
of individual factors may be controlled in turn by posttrans-
lational modifications, by overall abundance, or by interac-
tions with other factors (28).

The positively acting gene-specific transcription factor
ITIIA (TFIIIA) is required for the expression of 5SS RNA
genes by RNA polymerase III (4, 16). Expression of the
TFIIIA gene during Xenopus laevis development provides a
model system with which to investigate the molecular mech-
anisms underlying developmental control at the level of
transcription. Both TFIIIA protein and steady-state mRNA
levels are highest in early oogenesis, decrease in later stage
oocytes, and are drastically reduced during embryogenesis
and in somatic cells (18, 36, 42, 47).

The TFIIIA gene has been cloned (35, 45), and a region
extending 306 bp upstream of the transcriptional start site
has been demonstrated to be sufficient for wild-type expres-
sion of the TFIIIA gene in oocytes (27, 35). By analyzing
TFIIIA promoter mutants, it was shown that expression of
the TFIIIA gene in oocytes is under the control of at least
three positively and one negatively acting cis elements. The
positively acting elements are located from positions —289 to
—253, —250 to —173, and —144 to —101. A negative element
lies between positions —306 and —289 (35).

Two DNA-binding proteins (Bl and B2) which show
specific interactions with two of the positively acting ele-
ments were identified in whole ovary extract (35). The Bl
binding site includes a 6-bp palindrome (5'CACGTG-3';
positions —269 to —264) previously shown to be part of the
recognition sequence for the adenovirus major late transcrip-
tion factor, USF or MLTF (7, 32). Gel shift competition
analysis indicated that the B1 protein shares sequence rec-
ognition specificity with human USF (hUSF) (35). Binding of
the B2 protein is mediated by promoter sequences from
positions —235 to —221. Point mutations in the CACGTG
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motif of the B1 site or substitutions between positions —239
and —229 of the B2 site interfere both with DNA-protein
complex formation in vitro and with transcription of the
TFIIIA gene in late-stage oocytes, leading to the hypothesis
that the corresponding DNA-binding proteins are regulators
of TFIIIA gene expression (35). Hall and Taylor (20) also
described a Xenopus factor (TDEF, for TFIIIA distal ele-
ment factor) that binds to the CACGTG element and further
reported that this recognition site is required for TFIIIA
gene expression in oocytes but in not somatic cells.

The major late transcription factor USF is a ubiquitous
protein found in many different cell types. It activates the
adenovirus major late promoter (32) and several other cellu-
lar genes (8, 10). Purified USF from HeLa cells is composed
of 43- and 44-kDa polypeptides that appear to bind indepen-
dently to DNA (33). The 43-kDa form of hUSF was recently
cloned on the basis of amino acid sequence information
(19a). It is a member of the Myc-related family of helix-loop-
helix regulatory proteins (29).

Since the USF-related Xenopus B1 factor was implicated
in differential TFIIIA gene expression in oocytes versus
somatic cells, we set out to clone this factor by using an
hUSF-specific cDNA and to compare the Bl protein-DNA
complexes formed during various developmental stages
when TFIIIA gene expression is altered. Our studies indi-
cate that the X. laevis B1 protein (designated XI-USF) is
highly homologous (80% sequence identity) to the 43-kDa
form of hUSF and that the Bl protein-DNA complexes
formed with oocyte and somatic cell extracts are distinct and
likely result from altered forms of a common B1 polypeptide.
Structure-function relationships for the XI-USF protein are
discussed.

MATERIALS AND METHODS

Preparation of extracts. Total ovary extracts were pre-
pared as described by Scotto et al. (35). Staged oocyte
extracts were made from manually isolated oocytes, which
were segregated into stage 1 through stage 6 according to
Dumont (14), after the oocytes had been released from the
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ovary following collagenase IA treatment (35). The exact
number of oocytes was determined by counting. The oocytes
were lysed by vortexing in 2 volumes of a lysis buffer
containing 50 mM Tris hydrochloride (pH 8.4), 170 mM KCl,
0.2 mM EDTA, 0.5 mM dithiothreitol (DTT), 0.5 mM
phenylmethylsulfonyl fluoride (PMSF), and 20% glycerol.
The homogenate was centrifuged at 10,000 X g at 4°C for 30
min, and aliquots of the supernatant were quickly frozen and
stored at —70°C.

The X58 cell line (derived from disaggregated embryos;
courtesy of Raymond Reeves, Washington State University)
was grown in monolayer culture in an atmosphere of 5%
(vol/vol) CO, at 22°C in Dulbecco modified Eagle medium
diluted by one-third with distilled water and supplemented
with 10% fetal calf serum. The XTC cell line (38) and the
SHA cell line (derived from adult kidney; courtesy of D.
Shapiro, University of Illinois) were grown in a similar way.
The cells were harvested and washed with phosphate-buff-
ered saline. The cell pellet was resuspended in twice the
packed cell volume of hypotonic buffer (10 mM N-2-hydrox-
yethylpiperazine-N’-2-ethanesulfonic acid [HEPES; pH
7.91, 10 mM KCl, 1.5 mM MgCl,, 0.5 mM DTT, 0.5 mM
PMSF). The cells were allowed to swell for 30 min on ice and
then disrupted in a motor-driven glass-Teflon homogenizer
with tight fitting. To this homogenate was added 0.1 volume
of a solution containing 0.3 M HEPES (pH 7.9), 1.5 M KCl,
and 0.03 M MgCl,. The lysate was centrifuged at 100,000 x
g at 4°C for 30 min. Aliquots of the supernatant were quickly
frozen and stored at —70°C.

Embryos were generated by fertilizing eggs in vitro ac-
cording to Krieg and Melton (23). Embryonic stages were
collected according to Nieuwkoop and Faber (31). The
embryos in each batch were counted. The embryos were
completely dejellied by gentle swirling in 2% cysteine hydro-
chloride (pH 7.8). Dejellied embryos were rinsed several
times in TE (10 mM Tris hydrochloride [pH 7.4], 1 mM
EDTA) and then homogenized in 2 volumes of a lysis buffer
containing 50 mM Tris hydrochloride (pH 8.6), 170 mM KCl,
0.2 mM EDTA, 0.5 mM PMSF, 0.5 mM DTT, and 20%
glycerol. Early embryos were disrupted by vortexing; later-
stage embryos were disrupted by sonication. The extracts
were cleared by spinning at 10,000 X g at 4°C. Aliquots were
quickly frozen and stored at —70°C. Protein concentrations
were determined according to Bradford (5).

Gel shift assays. The gel shift conditions have been de-
scribed previously (35). Electrophoresis was carried out
through a 4 or 6% polyacrylamide gel in 1X TBE (89 mM
Tris, 89 mM boric acid, 2 mM disodium EDTA). The B1 site
oligonucleotide includes nucleotides —271 to —252 in the
TFIIIA promoter. The sequence is as follows:

5'-dGATCCATCACGTGCTCCACTAGGACG-3’
GTAGTGCACGAGGTGATCCTGCCTAG

The sequences of the USF and H2B oligonucleotides are
given by Scotto et al. (35). The batch of poly(dI-dC) which
could completely suppress the nonspecific binding activity
from oocyte extract was from Pharmacia (lot AA7880107).
When rabbit polyclonal antibodies were used in a gel shift
assay, extract and the antiserum or a naive serum control
were preincubated for 10 min prior to addition of the labeled
oligonucleotide.

Quantitative gel shift measurements were used to derive
estimates for the number of molecules of a trans-acting
factor per oocyte or per cell. The equation used for these
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calculations was taken from Emerson et al. (15) and Calzone
et al. (6).

Serum preparation. Preparation of the various rabbit USF
antisera used in this study will be described in detail else-
where. Briefly, DNA sequences encoding protein domains
(e.g., h18-105 indicates that the hUSF cDNA sequence
coding for amino acid residues 18 through 105 was used)
were subcloned in phase in pATH expression vectors (13).
The full-size hUSF ¢DNA was subcloned in pET-3D, a T7
RNA polymerase-driven expression vector (39). To facilitate
cloning of the full-length hUSF c¢cDNA, an Ncol site was
introduced by using the polymerase chain reaction (PCR).
The new sequence, verified by DNA sequencing, is 5'-
dACCATGGTGAAG, thus introducing a valine residue be-
tween the first and second amino acid residue of the wild-
type hUSF protein. The bacterially expressed proteins were
then purified by electrophoresis on sodium dodecyl sulfate
(SDS)-polyacrylamide gels and injected into rabbits. Sera
obtained after the third set of injections were used in the
experiment described.

Screening of cDNA libraries. An X. laevis cDNA library
cloned in Agtl0 and prepared from total ovary poly(A)™
mRNA was a generous gift from L. Etkin (Anderson Cancer
Center, Houston, Tex.). A Xenopus borealis library con-
structed from total ovary poly(A)* mRNA in A\ZAP (Strat-
agene) was a generous gift of D. D. Brown (Carnegie
Institution, Baltimore, Md.). The X. laevis cDNA library
was screened with a 417-bp AvrlI-Apal subfragment derived
from the hUSF ¢cDNA spanning the DNA binding domain
(Avrll site at nucleotide 658; Apal site at nucleotide 1075)
(19a). The X. lorealis library was screened with a 78-bp
fragment spanning amino acid residues 43 to 71 from the X.
laevis cDNA.

Hybridizations were performed at 42°C in a solution
containing 20% formamide, 5xX Denhardt solution, 0.2%
SDS, 50 mM sodium P; (pH 7.7), 900 mM NaCl, 5 mM
EDTA, and 100 pg of denatured salmon sperm DNA per ml.
Filters were washed two times at room temperature and then
twice at 60 to 65°C in a solution of 1 X SSC (0.15 M NaCl plus
0.015 M sodium citrate)-0.1% SDS. Positive plaques were
further purified, and the cDNA inserts were analyzed by
restriction enzyme digestion and sequencing.

DNA sequencing. The cDNA inserts were subcloned in the
vector pBluescript II SK- (Stratagene). Single-stranded
DNA was prepared and sequenced by using synthetic prim-
ers in a reaction employing the chain termination method
and Sequenase reagents (U.S. Biochemical Corp.)

Sequence analysis was performed on an IBM personal
computer, using software obtained from DNAstar, Inc.
(Madison, Wis.).

mRNA isolation and Northern (RNA) blotting. Poly(A)*
mRNA was isolated from 2 g of mature X. laevis ovary tissue
and 2 g of liver tissue, using the mRNA isolation kit Fast
Track (Invitrogen) according to the supplier’s specifications.

For RNA blot analysis, one cycle poly(A)*-selected
mRNA was separated on 1.5% agarose-2.2 M formaldehyde
gels and transferred to nitrocellulose (44). Blots were hybrid-
ized with 32P-labeled DNA fragments under conditions iden-
tical to those described for screening of cDNA libraries. The
0.24- to 9.5-kb RNA ladder from BRL Life Technology was
used as a size standard.

PCR amplification of the amino-terminal cDNA sequence of
XI-USF. One cycle of poly(A)*-selected mRNA from X.
laevis ovary was used for cDNA synthesis. The first-strand
synthesis was driven by avian myeloblastosis virus reverse
transcriptase (Boehringer Mannheim) in a reaction employ-



414 KAULEN ET AL.

ing 10 pmol of a gene-specific primer with the sequence
5'-GGCATCATCGCTGGTGAATG-3' from nucleotides 312
to 292 on the lower strand of the final X. laevis cDNA.
Excess primer was removed by centrifugation in a Centricon
10 (Amicon Corp.). The second-strand synthesis and a
subsequent PCR were carried out by using a second gene-
specific primer spanning the sequence 5'-GGAATTCCA
GAGAGATGAAGGGGCAACAAAAA-3’ derived from the
X. borealis cDNA. This primer includes the initiating ATG,
the sequence for the first five amino acids, and 7 bp from the
5’ leader which are shared between the hUSF and X.
borealis USF (Xb-USF) cDNAs. The antisense primer in the
PCR reaction was a third XI-USF gene-specific primer
spanning the sequence 5'-GGAATTCCCACAGCCTGGCT
CATGGATT-3' from nucleotides 282 to 262 on the lower
strand of the final full-length DNA just upstream of the
primer used to prime the first cDNA strand. Both primers
used in the PCR reaction included the sequence for an EcoRI
restriction site at their 5’ ends. The PCR reaction was carried
out with a Gene Amp kit from Perkin Elmer. The sample was
exposed to 40 cycles of denaturation (95°C, 40 s), annealing
(55°C, 1 min), and polymerization (72°C, 3 min). Reaction
products were analyzed by gel electrophoresis and sub-
cloned as EcoRI fragments in pBluescript SKII- by using
standard techniques.

In vitro translation using a rabbit reticulocyte lysate. RNA
was generated in vitro by transcribing the Xl- and Xb-USF
cDNAs with a T3 or T7 RNA polymerase-driven reaction,
using reagents from an RNA capping kit supplied by Strat-
agene. The cap analog was not used in the reaction. The
quality of the RNA was determined by gel electrophoresis.
Samples (2 png) of in vitro RNA were translated in a rabbit
reticulocyte lysate (Promega) according to the supplier’s
specifications. To radiolabel the newly synthesized protein,
L-[**S]methionine (ICN) was included in the reaction mix-
ture. To terminate the reaction, the samples were quickly
frozen in liquid nitrogen after 20% gycerol were added.

SDS-polyacrylamide gel electrophoresis was performed as
described by Laemmli (24).

Proteolytic clipping gel shift assay. Standard gel shift bind-
ing reactions were performed as described above. Protein
and the labeled B1 site oligonucleotide were preincubated
for 10 min at room temperature. Protease was freshly diluted
in H,O added at the indicated concentrations, and the
incubation was continued for 10 more min, after which the
samples were loaded on a 6% gel shift gel. Endoprotease
ArgC was obtained from Boehringer Mannheim Biochemi-
cals. Solutions were made according to the supplier’s rec-
ommendation.

DNA techniques. All DNA manipulations were done by
using standard techniques (26) and according to National
Institutes of Health guidelines.

RESULTS

Identification of an oocyte-specific and a somatic cell-specific
B1 protein-TFIIIA promoter complex. Electrophoretic mobil-
ity shift assays were used to determine whether the USF-
related B1 protein implicated in TFIIIA gene transcription in
oocytes is also present in somatic cells, in which TFIIIA
gene expression is drastically reduced. By using a 26-bp
oligonucleotide spanning the B1 protein binding site (B1 site
oligonucleotide), one major complex (Bl-s) was identified
with extracts from the X. laevis embryo cell line X58 (Fig.
1A). Formation of the major somatic complex was inhibited
by oligonucleotides containing either the B1 protein binding
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FIG. 1. Detection of oocyte and somatic cell-specific complexes
binding to the B1 site in the TFIIIA promoter. (A) A 3?P-labeled
oligonucleotide spanning from —271 to —252 was incubated with 17
wg of X58 somatic cell extract, 30 ug of whole ovary extract (WOE),
5 oocyte equivalents of stage S oocyte extract, or a mixture of two
of these extracts. The complexes were resolved on a 4% native
polyacrylamide gel and labeled B1-o (oocyte specific), B1-s (somatic
cell specific), and NS (nonspecific). The single arrow indicates the
labile oocyte-specific complex. The free probe is not shown. (B)
Double-stranded oligonucleotides were used as competitors in a gel
shift assay employing 30 pg of whole ovary extract (WOE) and 17 pg
of X58 somatic cell extract. Competitors were 100 ng (200-fold molar
excess) of the B1 site or USF oligonucleotide or a nonspecific H2B
oligonucleotide (NS).

site or the USF binding site in the adenovirus major late
promoter but not by a nonspecific oligonucleotide containing
the binding site for a human H2B octamer-binding protein
(17) Fig. 1B). The same picture was observed with other
somatic cell extracts from the XTC embryo cell line or the
SHA kidney cell line (data not shown).

In contrast, three complexes with different electrophoretic
mobilities were resolved upon incubation of the Bl site
oligonucleotide with whole ovary extract or with stage 5
oocyte extract (Fig. 1A). However, only two of these
complexes (upper arrow and B1-0) were found to be specif-
ically competed for by the B1 site oligonucleotide and not by
a nonspecific oligonucleotide (Fig. 1B). Of these two specific
complexes, the minor, more slowly migrating oocyte-spe-
cific complex (upper arrow in Fig. 1) was found to be labile
and could not be resolved in every gel shift assay. The third
oocyte-derived complex (NS in Fig. 1B) was found to be
nonspecific and during subsequent experiments was found to
be completely suppressed with certain batches of the non-
specific competitor poly(dI-dC). An oligonucleotide span-
ning the hUSF consensus binding site in the adenovirus
major late promoter (32) was found to compete as well as the
B1 site oligonucleotide for all of the specific complexes in
oocyte and somatic cell extracts (Fig. 1B).

A mixing experiment in which an X58 somatic cell extract
and either whole ovary extract or stage 5 oocyte extract
were preincubated at room temperature before addition of
the labeled B1 site probe demonstrated complete additivity
(Fig. 1A). This observation excludes the possibility that
these complexes are interconvertible and, specifically, that
the faster-migrating somatic complex is simply derived from
the slower-migrating oocyte complex by the action of a
somatic cell-specific protease during extract preparation.
Given other considerations of B1 site function during devel-
opment, it seems more likely that this qualitative difference
in complex formation between the oocyte and somatic cell
extracts might reflect some more fundamental aspects of
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FIG. 2. B1 factor distribution during oogenesis. Staged oocyte
extracts were prepared as described in Materials and Methods; 30
g of whole ovary extract (WOE) or 5 oocyte equivalents of extracts
from each stage were assayed, using the 3?P-labeled B1 site oligo-
nucleotide as a probe. The complexes were resolved on a 6%
polyacrylamide gel. B1-o indicates the oocyte-specific complex. The
labile oocyte-specific complex marked with a single arrow in Fig. 1
is not well resolved. NS indicates the nonspecific complex. Compe-
tition data showing the specificity of complex B1-o are included in
Fig. 3B.

TFIIIA gene regulation. Hence, we will refer to the proteins
responsible for the two oocyte-specific complexes and the
somatic cell-specific complex as the oocyte and somatic
forms of the B1 protein.

Developmental profile of the oocyte and somatic forms of the
B1 protein. To determine the developmental stage at which
the capacity for forming the somatic Bl complex replaces
the capacity for forming the oocyte B1 complex, we deter-
mined the factor distribution during oogenesis and embryo-
genesis. An analysis of 5 cellular equivalents of staged
oocyte (14) extracts revealed that the factor responsible for
the oocyte B1 complex accumulates from stage 1 to stage 5/6
during oogenesis (Fig. 2). However, since the volume and
the total mass of protein per oocyte are increasing, the ratio
of the oocyte B1 protein to the overall cellular protein stays
roughly constant. An analysis of constant egg and embryo
equivalents indicated that the factor responsible for the
oocyte Bl complex persists through gastrula, while the
factor responsible for the somatic Bl complex begins to
accumulate at early cleavage and by the neurula stage is the
dominant, if not the exclusive, form of the Bl protein
present (Fig. 3A). The slowly migrating oocyte complex that
was seen with total ovary extract and was found to result
from a labile interaction (see above) was never observed
with unfertilized egg or early embryo extracts. The oligonu-
cleotide competition experiment of Fig. 3B demonstrates the
specificity of the complexes. The B1 site oligonucleotide was
used as a specific competitor to challenge the complex
formation, while an oligonucleotide containing the H2B
octamer site was used as a nonspecific competitor.

Quantitative gel shift measurements (6, 15) were used to
estimate the minimum number of molecules responsible for
the oocyte B1 complex in staged extracts (data not shown).
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FIG. 3. Bl factor distribution during embryogenesis. (A) Embry-
onic stages were collected according to Nieuwkoop and Faber (31);
the developmental stages are listed above each lane. Samples of 0.5
unfertilized egg or embryo equivalents were incubated with the Bl
site oligonucleotide probe. The complexes were resolved on a 4%
native polyacrylamide gel under extended running conditions.
WOE, 30 ug of whole ovary extract; X58, 17 ug of X58 somatic cell
extract. (B) Double-stranded oligonucleotides were used as compet-
itors in a gel shift analysis. Either no competitor (=), 100 ng of Bl
site oligonucleotide, or 100 ng of nonspecific H2B oligonucleotide
(NS) (corresponding to a 200-fold molar excess) was used. Extracts
from 5 oocyte stage 2 or stage 4 equivalents or 0.5 unfertilized egg or
embryo equivalents were assayed. The complexes were separated
on a 4% native polyacrylamide gel. The labile oocyte complex is
resolved and indicated by an arrow.

We estimated that this number increased from 10® molecules
for a stage 1 oocyte to 4 X 10° molecules for a stage 6 oocyte.
This increase during oogenesis could reflect either accumu-
lation for maternal use or the need for a constant concentra-
tion of the protein during the marked enlargement of the
nucleus from stage 1 to stage 6. The somatic form of the B1
protein was estimated to increase from undetectable levels in
early embryos to approximately 2 X 10* molecules per cell
by the neurula stage. In X58 somatic cells, we estimated the
minimum number of molecules for the somatic form of the
B1 protein to be 10* molecules per cell.

It has been shown previously (18, 36, 47) that the accu-
mulation of TFIIIA protein is developmentally regulated,
with highest levels in early oocytes, significantly decreased
levels in later-stage oocytes, and drastically reduced levels
during embryogenesis and in somatic cells. Our oocyte and
embryo extracts reflect this known pattern of TFIIIA
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expression as determined by gel shift assays (data not
shown).

Cloning of X. laevis and X. borealis B1 cDNAs and sequence
comparison with hUSF. Polyclonal mouse antibodies elicited
against purified HeLa USF interacted specifically with both
hUSF-DNA complexes and oocyte B1-DNA complexes
(data not shown). Given these indications that the oocyte
form of the B1 protein and hUSF are antigenically related,
an hUSF cDNA was used to screen an X. laevis ovary-
specific cDNA library. An earlier analysis of a ¢cDNA
encoding the 43 kDa form of hUSF (19a) mapped the DNA
binding domain to amino acid residues 181 to 310 and
identified hUSF as a member of the basic region-helix-loop-
helix family of DN A-binding proteins (29) with an adjacent
leucine zipper (25). Because hUSF and the oocyte Bl
protein have similar DNA binding specificities, the DNA
binding domain portion of the hUSF cDNA was chosen as
the hybridization probe.

Screening of 500,000 plaques from an X. laevis ovary
cDNA library cloned in Agt10 resulted in the isolation of two
identical clones. Sequencing revealed an open reading frame
encoding a protein highly related to hUSF. This clone
(XIANH), which appeared to be a partial cDNA, lacked an
initiating methionine codon and sequences encoding amino
acids corresponding to residues 1 to 42 of hUSF. Since
repeated screening failed to identify a full-length cDNA from
this library, an X. borealis ovary cDNA library cloned in
AZAP was screened with a portion of the X. laevis cDNA.
From 500,000 plaques, six clones encoding Xb-USF were
isolated, two of which were full length. The two full-length
clones, Xb-1 and Xb-2, were sequenced in their entireties.
The complete nucleotide and predicted amino acid se-
quences are given in Fig. 4. The Xb-1 cDNA insert is 2,157
bp in length, while the Xb-2 cDNA insert contains 1,727 bp.
These two cDNAs have 5’ leader sequences of different
lengths (122 bp for Xb-1 and 73 bp for Xb-2) which are
identical in the region of overlap, an identical open reading
frame of 924 bp encoding 307 amino acid residues, and 281
bp of identical 3’ nontranslated region before they diverge
(Fig. 4). The protein encoded by the cDNAs, Xb-USF, is
highly related to hUSF. Only Xb-2 has a polyadenylation
signal (AATAAA; underlined in Fig. 4) followed by a
poly(A) tail. Interestingly, the longer 5’ leader sequence of
Xb-1 includes a second ATG in frame upstream of the ATG
at which the similarity to hUSF begins (Fig. 4). If this ATG
were used, the protein would be 32 amino acid residues
longer at its amino terminus.

By using sequence information obtained from the X.
borealis cDNAs, the amino terminal portion of an XI-USF
cDNA was cloned by using the PCR technique and oocyte
poly(A)* mRNA. A PCR product of the expected size was
obtained and subcloned. Sequencing of several isolates from
separate amplification reactions showed that the sequence is
very similar but not identical to the corresponding sequence
in the Xb-USF and hUSF cDNA clones, and we concluded
that it encodes the amino terminus of the XI-USF cDNA (for
details regarding primer sequences, see Materials and Meth-
ods).
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A full-length X1-USF ¢cDNA (XI) was constructed from the
X. laevis PCR product and the truncated cDNA clone
XIANH by conventional cloning procedures. The complete
nucleotide and predicted amino acid sequences are given in
Fig. 5. The Xl cDNA is 1,570 bp in length and establishes an
open reading frame of 912 bp coding for 303 amino acid
residues; the encoded protein is referred to as XI-USF. The
659 bp of untranslated 3’ end contain a polyadenylation
signal and a poly(A) tail (Fig. 5).

A comparison between the various USFs (Fig. 6) clearly
reveals a high evolutionary conservation. There is 80%
sequence identity between Xl- or Xb-USF and hUSF and
90% sequence identity between the two frog proteins. As
reported elsewhere (19a) for hUSF, these proteins are mem-
bers of the basic region-helix-loop-helix family of DNA-
binding proteins and include a domain of conserved hydro-
philic residues that are predicted to form two amphipathic
helices separated by a loop (29). With the exception of one
conservative mismatch between Xb-USF and XI-USF
(serine to threonine at residue 233 in Xb-USF), the basic
region-helix-loop-helix domain is identical between these
three USF proteins (Fig. 6). All three proteins also contain a
conserved leucine repeat motif close to the carboxy terminus
(Fig. 6). The first six amino acids (MKGQQK) of the X.
laevis protein are dictated by the X. borealis-derived PCR
primer sequence. In addition, the following 110 amino-
terminal amino acid residues are also very highly conserved.
Interestingly, the first 30 amino acids of XI-USF, Xb-USF,
and hUSF can form an amphipathic alpha helix which might
serve as a transcriptional activation domain. Amino acid
residues 120 to 160 (Fig. 6) are divergent between all USF
proteins, indicating little evolutionary pressure on this part
of the protein.

X1-USF and Xb-USF expressed in vitro show sequence-
specific DNA binding. The X1, Xb-1, and Xb-2 cDNA clones
were transcribed with T3 or T7 RNA polymerase, and the
resulting RNAs were translated in a rabbit reticulocyte
lysate. Each RNA generated a polypeptide which migrated
on a 15% SDS-polyacrylamide gel as a 42-kDa species (Fig.
7) even though the open reading frames had predicted sizes
of 33 kDa. This aberrant electrophoretic behavior is also
seen for hUSF in that a 310-amino-acid protein (molecular
weight, 33,517) has an apparent molecular mass of 43 kDa
(19a). Translation of in vitro Xb-1 RNA with its larger 5’
leader sequence yielded a second, less abundant polypeptide
with an approximate molecular mass of 45 kDa (indicated
with an arrow in Fig. 7). This polypeptide may have resulted
from initiation from the upstream ATG in frame with the
USF open reading frame.

Gel shift analysis with the B1 site probe (Fig. 8) revealed
that the Xl, Xb-1, and Xb-2 polypeptides each formed a
major complex that ran close to but slightly above the oocyte
form of the B1 protein. Control lysates programmed with
brome mosaic virus RNA generated only a minor signal
which presumably resulted from endogenous rabbit USF.
These complexes were all specific, since they were inhibited
by specific (B1 site and major late promoter USF site)
oligonucleotides but not by the nonspecific H2B oligonucle-

FIG. 4. Nucleotide and predicted amino acid sequences of two X. borealis cDNA clones, Xb-1 and Xb-2. Xb-1 has a 122-bp 5’ leader; Xb-2
has 73 bp of identical 5' leader sequence. Up to nucleotide 1327 in respect to the Xb-1 sequence, the two clones are identical. In the 3’
untranslated region, the two clones diverge completely. The polyadenylation signal AATAAA found in Xb-2 is underlined. A single nucleotide
difference (a C instead of a T in Xb-2) between Xb-1 and Xb-2 over the length of the first 1,327 bp is given. This difference does not lead to
an amino acid change. The second ATG in frame with the USF open reading frame in Xb-1 is indicated. Nucleotides are numbered on the
right. The flanking EcoRI sites on each end of the cDNA inserts are not shown.
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Xbl, 2

Xb1, 2

Xbl,2

Xbl, 2

Xbl, 2

Xbl,2

Xbl, 2

Xb2:
AATGGCAGAACTGGGATCCAGTGCGCATGAACGGATCTCTCTGGAGAGCTGAATTGGAGGACCGAGGAGAGGGCAGCAGATTAGGAGGAG

GTTGGACTTCTGATGTAGAACGGCACAGAGAGATGAAGGGGCAACAAAAAGTAGCGGATATTGAAGAAGGAACTGTGAGGGTGCAGGAGG
M K G Q Q K Vv A DTIEETGTV R V Q E E

AAGGAGCTGTGGCTACAGGGGAGGATCCCACCAGTGTGGCAATCGCTAGTATCCAATCAGCTGCCACATTCTCTGATCCCAATGTGAAAT
G AV ATGETDUZPTS SV ATIA ASTIOQSAATTFSDUZPNUVIKY

ATGTGTTCCGCACAGAAAATGGAGGGGCGCAGGTGATGTATCGGGTTATACAGGTGGCAGAGGGGCAGCTGGATGGACAGACAGAGGGCA
VF RTENG G GA AOQVMYRVIQVAEGA QLDSGU QTEGT

CGGGGGCTATTAGTGGTTTCCCTGCCACCCAATCTATGACCCAGGCCGTCATCCAGGGGGCATTCACCAGCGATGATAATGGGGAGACTG
G A I s GF P ATOQSMTOQAVIOQGAFTSDDNGTETD

ATGCGTCGGGGCCAGAGACTCACTACACCTACTTCCCCACAGACTCCAGCACTTCTGTGGGAGGGACGCCCACTACTGTAGTGACCACAC
A s G P ETHYTTYVFUPTD S s T s VGGGTTUPTTV V TTH

ACAACAGTGACACTCTGCTAGGCCAGGCCGCATCCACAGGCACGGGTCAGTTCTATGTGATGATGTCATCACAAGATGTTCTGCAAGGAG
N s D TULULGUO QA AASTSGT GO QFYVMMSSs QD VL QGG

GCTCCCAGAGGTCCATAGCACCCAGAACTCATCCGTATTCTCCAAAGTCTGATGGGCCACGAACTACTCGAGATGACAAAAGACGAGCAC
S Q R s I AP RTUHUP Y S P K S DG?PI RTTIRDUDI KR RIRADQ

AGCACAATGAGGTGGAACGGCGCCGTCGGGACAAAATCAACAACTGGATCGTTCAGCTGTCTAAAATCATCCCTGACTGCTCTATGGAGA
H N E V ERRIRRDI KTINNW®WTIUVOQULS S K ITIUPDTCSME S

GCACCAAAACCGGCCAGAGCAAAGGCGGCATTTTGTCCAAGGCCTGTGACTATATCCAGGAGCTGAGACAGAGTAACCTGCGCCTCTCTG
T K T 6 Q S K G G I L sS KAOCDYTIOQETLIRU QS SNILITRTIL S E

AGGAACTGCAGAACCTGGACCAATTGCAAATGGACAATGAGGTGCTCAGGCAGCAGGTGGAAGATCTTAAAAACAATAATCTGACCCTTC
E L Q NL D QL OQHDNUEUVLROQOQVET DT LI KNNNIULTLR
Xb2: CAC
GGACCCAGCTGCGCCATCATGGGGTGGAGATCATCATTAAAAGCGACACGCACTGAATGGGGCGACATGACTTGATGGAAGACCCCCCAA
T Q LR HH GV E I ITTIK S DT TUH *

AACAAACTCTAGCTCAACAGACCAAGTTTGTGTTGTAGCTCTTATTCACCCGTCTCCTTGGTTCCCCCAGTCTCCTTTTCTATTGGTGCT

CAGCCCATTTCTACAATAATGTAAATATCCTGTGCGAGCAATAAGATGGGAGGAGCCTGGTGGGCGGTACCAGAACATCACTAGCCTACT

CCCTTCTCCATGCTTGGGAATTAATTGTATAAAGTGTATATTTGTCTGTTTTGTTTTTTATGTGACAGCCCATCTCTTAGGACCGACTGA
CCCTTCTCCATGCTTGGGAATTAATTGTATAAAGTGTATATTTGTCTGTTTTGTTTTTTATGTGACA ccC C T
CCCTTCTCCATGCTTGGGAATTAATTGTATAAAGTGTATATTTGTCTGTTTTGTTTTTTATGTGACACTAGCCCCCCCCCCTCTCCATTT

CCCATGTTCAACTGCTGTTCACATGGAACCCTTCTCCACTTCGGCCTTCAAAGTTCTCGTTTGAATATTTGCTACTACCACCAAGATCTG
T AC TGTT C T TCT T C TC TTT TTTGCT A
TTTTTTGAGGACAAATGTTACCCTTTGCTTTATCTTTGGGTTCTGTCACTGTCCATTCTTTTCTG~-~-TTTGCTTTGGAAAGACCCTCAGC

CACCCGCGGCGGCT - CCACCCGGGCCCTCGCCCGGGGCTTCCGCGCGCACCGCGGCGGCCCTCCTACTCGTC
G GGC G cca G C GCTTC CAC C GCC
ACTGGGTGGCAGGGGCCAAAGAAGAAAACCCACCCATGGTGCCATCTTGTTTCTGCTTCTATTGCCACTTCTATAGCCACAAATACTTCT

GCGGCCTAGCCCCCGCGGACTGACCCAGCGCCGGCGACGGACGGGTATGGGCCCGACGCTCCAGGC-~~CATCCATTTTCAGGGCTAGTT
GGCCTA C CCAG C GGC C G CAG CAT TTT AGG AT
CTGGCCTATATTAGTCTT-~-~~--~ CCAGAACTGGCATGTTCTTTAACATTCCTGCGTGTGTCAGTTGGACATTGGTTTAGAGGAGAAATG
GATTCGGCAGGTGAGCTGTTA----- CACACTCCTTAGCGGATTCCGACTGTTCTTTCCTGCCAGATATATATCTATATGATGCAGATTT

GTC TG T CACA T GCGGA T CT G C

GCTCCTTGTTTTGCTTCCCTGAATGCCACAGGGTTGGGCGGAAGAGACTTTGGCCTGTAGGACC——-———=

CTTTACAAGCATGTTCTTCACTTCCTTCATAGTTTTGGTTCTTGTGAAGTCTCTCTCCATGTAGATATTAGACTGCAGCTGTGAAGACTC

AGC G C CAC C 1TC TTT CTTGTG (o TG TATT A A CTC
——————— AGCTGGGGCACCACCGCTCTCCATCTTTC----CTTGTGCCAGCATGGCTGCTGGG--TATTTAATAAAGAACTAACACTCTC
TCCAAACTGTTCTAACAAGTACTTGTCTGGAAAAAAATATCCTTTCCTACAGAACCAAAGTACTATATATATTTTTTTCCAGACAAGTAC

AAAAAARAAAAAAAAAAAAAAAA

TTGTTAGAACAGTTTGGGCAGGCGAAGCCAGAGGAAACTCTGGTGGAGGTCCGTAGCGGTCCTGACGTGCAAATCGGTCGTCCGACCTGG
GTATAGGGGCGAAAGACTAATCGAACCATCTAGTAGCTGGTTCCCTCCGAAGTTTCCCTCAGGATACGTGGCGCTCGTCCGTCGCAGTTT
TATCCGGTAAAGCGAATGATTAGAGGTCTTGGGGCCGAAACGATCTCAACCTATTCTCAAACTTTAAATGGGTAAGAAGCCCGGCTCGCT
GGCTTGGAGCCGGGCGTGGAATGC 2184
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ATGAAGGGGCAACAAAAAGTGGCGGATATTGAAGAAGGAAGTGTGCGGGTGCAGGAGGGA
M K G Q Q KV A DTIUETETGS SV RV QE G

GCTGTAGCAACAGGGGAAGATCCCACCAGTGTAGCAATCGCCAGTATCCAATCAGCTGCC
A V ATGEDUPT S V AIA AS STIQSAA

ACATTCTCTGATCCCAATGTGAAATACGTGTTCCGCACGGAGAATGGGGGGACACAGGTG
T F S D PNV KYVFRTENGGTOQV

ATGTATCGAGTTATACAGCTGGCAGAGGGGCAGCTGGATGGGCAGACAGAGGGCACCGGG
M Y RV IQULAEGA QLUDSGU QTETGT G

GCTATTAGTGGCTTCCCGGCCACCCAATCCATGAGCCAGGCTGTGATCCAGGGGGCATTC
A I S GF P A T Q S M S Q AV IQGATF

ACCAGCGATGATGCCGGAGAGACTGATGCGTCGGGGCCAGAGACTCACTACACCTACTTT
T $ DD AGETUDA ASGZPETHYTYTF

CCCACCACAGTCACAGACTCCAGCACTTCCACTGTAGTGACCACCCACACCACTGACACT
p T TV TD S S T S TV VTTHTTTDT

CTCATAGGACAGGCCGGATCCACGGCCCCGGGTCAGTTCTATGTGATGATGTCACCACAA
L I GQ AG S T APGA QT FYUVMMSUPQ

GATGTTCTACAGGGAGGGTCCCAGAGGTCCATAGCACCCAGAACTCATCCATATTCTCCA
D VL QGG S QR S I APIRTHUPY S P

AAGTCCGATGGCCCACGAACTACTCGAGATGACAAAAGACGAGCGCAGCACAATGAGGTG
K $ D GP RTTIRUDUDI K RIRAIOQHNEV

GAACGGCGCCGTCGGGACAAAATCAACAACTGGATCGTTCAGCTGTCTAAAATCATCCCT
E R R RRDKINNUWIUVQUL S K I I P

GACTGCTCTATGGAGAGCACCAAATCCGGGCAGAGCAAAGGCGGCATTTTGTCCAAGGCC
D C S ME ST K S G QS K GG I L S KA

TGCGACTATATCCAGGAATTGCGACAGAGCAACCTGCGCCTCTCGGAGGAACTGCAGAAT
C DY I Q ELRQSNULIRUILSGSETETLUG QN

GTGGACCAATTGCAAATGGACAATGAGTTGCTCAGGCAGCAGGTGGAAGATCTTAAAAAC
VD QLQMDNUETLTLI RO QAOQVETDTLIKN

AAAAATCTGATCCTTCGGACCCAGCTGCGCCATCATGGGGTGGAGATCATCATTAAAAGC
K N L I L RTOQULRUHUHGVETITITIIK S

GATGGGCGATGAATGGAGCGATGTGAGCCGACGGGAGACCCCAAAACTAACTCTTGCCCA
D G R *

ATTGAACGTCTCCTTGGTTCCCCCAGCTTCCTTTTCTATTGGTGCTTTGCCCATTTCTAC
AATAATGTAAATATTGTGTGTGAGCAATAAGATGGGAGGAGCCTGGTGTTTTGTGGGCGG
TGCAGAACATCACTATCCTTCTCCATGCTTGGGAATGGGTTGTATAATGTGTATATTTGT
CTGTTTTCTATGTCACACTTGCCCCCACCCCCCCCTTTTTTTTTTTGAGGACAAATGTTA
TCCTTCGCTTTATGTTCGGGTTCTGTCCATACTTTTCTGTTTGCTTTGGAAAGACCCTCA
GGGGCCAAAGAAGAAAATCCACCCACGGTGCCATCTACTTTCTGTTGCCAGTTCCATAGC
CACACTGGGACCCTAATCAAATGGACTATTTTAGTCTTCCACAACTTCATTGGCATTCCT
GCAAGTGGCAGTTGTACATTGGGCACCTTGTCTTGCTTCCCTGAAGGCCAGAGTGTTGCC
CAGATGAGACTTGTAGGACCAGCTGGGGCCCCACCACTCTCCTCTCTCCTTGTGCCAGCG
TGGCTGCTGGGTATTTAATAAACAAGTAATACTCTCAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAARAA
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FIG. S. Nucleotide and predicted amino acid sequences of the full-length XI cDNA. The sequence encoding the first 6 amino acids
MKGQQXK is dictated by the primer sequence used to clone the amino-terminal 42 amino acid residues (Materials and Methods). The
polyadenylation signal AATAAA preceding the poly(A) tail is underlined. Nucleotides are numbered on the left; amino acids, represented in
one-letter code, are numbered on the right. The EcoRI linkers at each end of the cDNA sequence are not shown.

otide. We attribute the minor faster-migrating complexes
(Fig. 8) to proteolysis products.

RNA blots reveal only one USF mRNA species in oocytes
and somatic cells. The data presented above suggest that the
X. laevis oocyte-derived USF cDNA encodes the oocyte B1
protein or a closely related protein but provides no explana-
tion regarding the molecular difference between the oocyte
and somatic B1 proteins. To address this question, X. laevis
oocyte and somatic (liver) poly(A)* mRNAs were analyzed
by hybridization to different subfragments of the Xl cDNA
clone. The first probe tested was a 213-bp DNA fragment
spanning the DNA binding domain (the basic region and the

helix-loop-helix region) from amino acid residues 189 to 258,
on the assumption that this region might be conserved
among mRNAs encoding proteins having closely related
DNA binding specificities. We observed an mRNA species
of 1.7 kb, in close agreement with the size of the Xl clone
(Fig. 9, lanes 3 and 4). High-resolution gel electrophoresis
(data not shown) failed to detect any difference in size
between the oocyte and somatic XI-USF messages. Given
that comparable amounts of poly(A)* mRNA were analyzed
(Fig. 9, lanes 1 and 2), the relative hybridization signals
indicate a higher abundance of XI mRNA in oocytes than in
somatic cells.
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10v 20v 30v 40v S50v 60v 70v 80v
Xb-USF MKGQQKVADIEEGTVRVQEEGAVATGEDPTSVAIASIQSAATF SDPNVKYVFRTENGGAQVMYRVIQVAEGQLDGQTEGT
(AR RN RN N N R R R R RN R RN R N R R RN R RN R R RN R RN R RN RN R RN RR R AR RN NN RE
X1-USF MKGQQKVADIEEGSVRVQE~GAVATGEDPTSVAIASIQSAATF SDPNVKYVFRTENGGTQVMYRVIQLAEGQLDGQTEGT
NN A O R R R R RN RN N R R R R R R RN R R RN NN R R N R R R RN R R RN
h-USF MKGQQKTAETEEGTVQIQE-GAVATGEDPTSVAIASIQSAATFPDPNVKYVFRTENGG-QVMYRVIQVSEGQLDGQTEGT
90v 100v 110v 120v 130v 140v 150v 160v
Xb-USF GAISGFPATQSMTQAVIQGAFTSDDNGETDASGPETHYTYFP————~ TDSSTSVGGTPTTVVTTHNSDTLLGQAASTGTG
FEERREEELRE bbbt rrn et oottt (R R AN R R N |
X1-USF GAISGFPATQSMSQAVIQGAFTSDDAGETDASGPETHYTYFP--TTVIDSSTS————~~ TVVTTHTTDTLIGQAGSTAPG
(NN ER N R RN R N AR RN IR I A N N N N B [N R R N I |
h-USF GAISGYPATQSMTQAVIQGAFTSDDAVDTEGTAAETHYTYFPSTAVGDGAGGTTSGSTAAVVTTQGSEALLGQATPPGTG
basic helix 1
170v 180v 190v 200 230v 240v
Xb-USF QFYVMMSSQDVLQGGSQRS IAPRTHPYSPKSDGPRTTRDDKRRAQHNEVE PDCSMESTKTGQ
(RN RN RN A RN RN N RN R R R R RN RN R R R RN N RN RR RN IRRERE RN
X1-USF QFYVMMSPQDVLQGGSQRSIAPRTHPYSPKSDGPRTTRDDKRRAQHNEVERRRR PDCSMESTKSGQ
(AR AR R RN R R RN R RN RN A R A RN RN R R RN R R N E RN NN RER RN IRRRNR RN RN
h-USF QFFVMMSPQEVLQGGSQRSIAPRTHPYSPKSEAPRTTRDEKRRAQHNEVERRRRDKINNWIVQLSKIIPDCSMESTKSGQ
helix 2
250v ov 270v 280v 290v 300v 310v

Xb-USF GGILSKACDYIQE SNLRLSEELQONLDQLOMDNEVLRQQVEDLKNNNLTLRTQLRHHGVEIIIKSDTH

IR R RN NN RN RN N R N RN R RN RN R AR N RS R RN RREE RN

X1-USF GGILSKACDYIQE SNLRLSEELQNVDQLQMDNELLRQQVEDLKNKNLILRTQLRHHGVEIIIKSDGR

NN (N RN R NP NN R A N AR R AN N RN R RN AR R N NN NN R N A

h-USF

GGILSKACDYIQELRQSNHRLSEELQGLDQLQLDNDVLRQQVEDLKNKNLLLRAQLRHHGLEVVIKNDSN
* * * *

FIG. 6. Amino acid sequence comparison of XI-USF with Xb-USF and hUSF. Sequences were analyzed with the GAP program, using
software from DNAstar, Inc. Vertical bars signify amino acid identities; colons and periods represent conservative amino acid replacements.
The basic region, the helix 1-loop-helix 2 region, and the leucine repeat domain are indicated. Amino acid identity is 80.1% between hUSF
and Xb-USF, 80.3% between hUSF and XI-USF, and 90.2% between Xb-USF and XI-USF.

Reprobing the same RNA blot with cDNA subfragments
corresponding to three different parts of the XI-USF amino
terminus gave hybridization patterns that were identical with
respect to signal intensities and sizes of the hybridizing
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FIG. 7. In vitro-synthesized Xl, Xb-1, and Xb-2 polypeptides.
Proteins were synthesized in rabbit reticulocyte lysates as described
in Materials and Methods. Translation of brome mosaic virus
(BMYV) RNA yields four viral proteins of 20, 35, 97, and 110 kDa in
size. A 1-pl sample from each 50-pl translation reaction was
electrophoresed on a 15% SDS-polyacrylamide gel, dried, and
exposed. Size standards (shown on the left): 26.6 kDa, triosephos-
phate isomerase; 36.5 kDa, lactic dehydrogenase; 48.5 kDa, fuma-
rase; 58 kDa, pyruvate kinase; 84 kDa, fructose-6-phosphate kinase;
116 kDa, B-galactosidase.

mRNA species (data not shown). The Xl cDNA fragments
used spanned sequences encoding amino acid residues 43 to
71, 127 to 150, and 43 to 188 of XI-USF. It is interesting that
the fragment spanning amino acids 127 to 150 contains the
most divergent portion of the USF proteins and is thus fairly
specific for the X. laevis gene. These hybridization patterns
demonstrate a similarity between the oocyte and liver
mRNAs that encompasses a large portion of the coding
region of XI-USF and strongly suggest that the liver and
oocyte mRNAs encode the same protein. Altogether, these
data point to identical or very similar primary structures for
the oocyte and somatic forms of the Bl protein. Thus, it
seems highly probable that the oocyte and somatic Bl
proteins are derived not from different genes but rather from
minor splicing variations or posttranslational modifications.

A proteolytic clipping band shift assay reveals that the
oocyte and somatic forms of the B1 protein are most likely
modified or altered versions of the same protein. Protease
treatment of DN A-protein complexes followed by electro-
phoretic analysis provides a convenient method to monitor
differences in DNA-binding proteins without purification
(34). This method was used to compare the Xl and Xb-2
cDNA-encoded polypeptides and the oocyte and somatic
forms of the B1 protein. Each expressed protein or extract
was incubated with the 3?P-labeled B1 site oligonucleotide
under conditions in which the nonspecific binding activity
initially observed with oocyte extracts was completely sup-
pressed by a selected batch of poly(dI-dC). After treatment
of preformed protein-DNA complexes with varying concen-
trations of endoprotease ArgC (Fig. 10), electrophoresis
revealed several novel, faster-migrating complexes. These
represent truncated forms of the proteins bound to DNA,
with the fastest-migrating complexes representing limit di-
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FIG. 8. Demonstration that in vitro-synthesized Xl, Xb-1, and Xb-2 polypeptides bind the B1 site oligonucleotide specifically. A 1-pl
sample of a 50-pl in vitro translation reaction was used in a gel shift analysis and reacted with 32P-labeled B1 site oligonucleotide. Standard
gel shift reactions using 30 pg of whole ovary extract (WOE) and 17 pg of X58 somatic cell extract are included for reference. Samples (100
ng) of double-stranded B1, USF, or H2B (NS) oligonucleotides (corresponding to a 200-fold molar excess) were included as indicated. The
complexes were separated on a 6% native polyacrylamide gel. BMV, Brome mosaic virus.

gests that presumably contain mainly the DNA binding
domain portion of the protein.

Notably, the endoprotease ArgC-derived limit digest com-
plexes obtained with the Xb-2 and Xl proteins showed
similar but distinct mobilities (Fig. 10). An amino acid
sequence comparison of the Xl and Xb-2 proteins revealed
90% sequence identity overall and a conservation of the
number and position of arginines, which are the target sites
for this particular protease. However, at pH 8 these proteins
have a significant intrinsic charge difference (—6.54 for
XI1-USF versus —9.51 for Xb-2-USF) which resides mainly in

kbs o0 s o

1234

FIG. 9. RNA blot analysis. A 32P-labeled 213-bp fragment span-
ning the basic region and the helix-loop-helix region of the Xl cDNA
was used to probe a RNA blot containing 4 pg of poly(A)* ovary
mRNA or 4 pg of poly(A)* somatic mRNA from X. laevis (lanes 3
and lane 4). The final washing steps were performed at 1x SSC,
0.1% SDS, and 65°C. The ethidium bromide-stained 1.5% agarose
gel featuring both mRNAs (lane 1 and lane 2) is shown to demon-
strate that equal amounts were loaded. The positions of RNA
markers (lane kb) are indicated. o, Oocyte mRNA; s, somatic
mRNA.

the leucine zipper region of the DNA binding domain. This
charge difference can readily explain the different absolute
migration behavior of the protease-generated complexes,
with the more negatively charged Xb-2 moving more rapidly
to the anode.

The oocyte stage 4 and X58 somatic cell extracts (Fig. 10)
each revealed the same subset of complexes observed with
the X1 and Xb-2 polypeptides, again with small but signifi-
cant differences in absolute electrophoretic mobility. These
could be due to charge differences, as proposed for the Xl
and Xb-2 complexes, but could as well reflect other modifi-
cations or small differences in primary structure. The fact
that the stage 4 complexes run faster than the complex
derived from the X1 polypeptide suggests that the B1 protein
from oocytes may be more negatively charged than the in
vitro-synthesized Xl polypeptide.

Polyclonal rabbit antibodies against bacterially expressed
USF proteins recognize the oocyte and somatic forms of B1.
RNA and proteolytic clipping band shift analyses pointed to
very similar primary structures for the oocyte and somatic
forms of the B1 protein and suggested that the proteins are
derived from a single gene. To further substantiate this
conclusion, antibodies against the cloned and bacterially
expressed hUSF and XI-USF proteins were raised and used
in a gel shift assay. Polyclonal rabbit antibodies were elicited
against the full-length hUSF protein (h1-310), against XI-
USF spanning amino acid residues 43 through 303 (X143-
303), against subdomains of hUSF spanning amino acid
residues 271 through 310 (h271-310), 106 through 196 (h106-
196), and 18 through 105 (h18-105), and against a subdomain
of XI-USF spanning amino acid residues 126 through 150
(X1126-150).

The antisera were incubated with DN A-protein complexes
formed with whole ovary extract or somatic cell extract. All
antisera reacted with the oocyte Bl complex and resulted in
the formation of specific immunoglobulin-oocyte B1 DNA
complexes, whereas only four of six antisera reacted with
the somatic B1 complex; incubation with naive serum did
not lead to the formation of any immunoglobulin-B1 DNA
complexes (Fig. 11). These data clearly show that the oocyte
and somatic B1 proteins are highly antigenically related and
that the relatedness encompasses a large portion of the
protein. The data also show that the proteins are not
identical. Altogether, these observations are in agreement
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FIG. 10. Proteolytic clipping band shift assay using endoprotease ArgC. Xb-2 and Xl polypeptides (1 pl of a final translation reaction),
stage 4 oocyte extracts (3 oocyte equivalents), and X58 somatic cell extract (17 ug) were incubated with 32p.labeled B1 site oligonucleotide
under standard gel shift conditions. The preformed protein-DNA complexes were subsequently reacted with increasing units of endoprotease
ArgC as indicated to yield a limited proteolysis. The proteolysis-derived complexes were separated on a 6% native polyacrylamide gel.

with our conclusion that the difference between the oocyte
and somatic Bl proteins may reside in posttranslational
modification, differential mRNA splicing, or interaction with
other factors.

DISCUSSION

TFIIIA expression in X. laevis is developmentally regu-
lated, with the highest levels of expression in early oogene-

sis, decreased levels in later-stage oocytes and embryos, and
expression of a distinct form in somatic cells (TFIIIA’) (18,
36, 42). The basis of this regulation is believed to be
transcriptional, but this has not been proved directly. We
have focused on proteins interacting with the B1 binding
site, which is required for efficient TFIIIA transcription in
oocytes (20, 35) but not in somatic cells (20). Here we
describe studies of the oocyte and somatic forms of the Bl
protein. Taking advantage of the apparent similarities be-
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FIG. 11. Interaction of rabbit antibodies raised against bacterially expressed hUSF and XI-USF with the oocyte and somatic forms of B1.
In this assay, 30 pg of whole ovary extract (WOE) or 17 pg of X58 somatic cell extract was incubated with 2 pl of immune serum or naive
serum prior to addition of the labeled B1 site oligonucleotide. The control lane contained no serum. Numbers above the lanes indicate the
amino acid residues in the hUSF or XI-USF protein against which the antibodies are directed. Bl-o, Oocyte B1 complex; Bl-s, somatic Bl
complex; Ig, immunoglobulin. The complexes were resolved on a 4% polyacrylamide gel. The free probe is not shown.
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tween the B1 protein and the human adenovirus major late
transcription factor USF, we have cloned a cDNA encoding
a protein indistinguishable from the oocyte form and present
evidence that the somatic form is a closely related protein.

The B1 protein is related to hUSF and is a helix-loop-helix
protein. cDNAs encoding the Bl protein that show 80%
amino acid sequence identity with hUSF were isolated from
X. laevis and X. borealis cDNA libraries. The homology
extends throughout the XI-USF, Xb-USF, and hUSF poly-
peptides, which have 303, 307, and 310 amino acid residues,
respectively. Outside of a species-specific domain in the
Xenopus protein, the homology is greater than 90% and
approaches 100% in a helix-loop-helix domain recognized
previously in other regulatory proteins and in hUSF. The
helix-loop-helix family of proteins includes both constitutive
and developmental control factors. Members of the family
include the proto-oncogenes N-myc, L-myc, and c-myc (1),
enhancer-binding proteins E12 and E47 (29) and TFE3 (2),
and cell determination factors MyoD (12, 41), myogenin (48),
the achaete-scute complex (46), daughterless (9), and twist
(43). Murre et al. (29, 30) have demonstrated that certain
pairs of helix-loop-helix proteins form heterodimers, and
Davis et al. (11) showed that these interactions are mediated
by the two amphipathic helices of the helix-loop-helix do-
main, whereas protein-DNA contacts require residues
within the basic region. In addition, certain protein-protein
interactions of hUSF also require an intact leucine repeat
domain (19a).

The potential for heterodimer formation expands the pos-
sibilities for transcriptional regulation because it allows
combinations of factors that recognize the same DNA se-
quence in different cell types. For example, E12-MyoD
heterodimers induce myogenesis but can be dissociated by
competition with a third developmentally regulated helix-
loop-helix protein, Id, which thus represses myogenesis (3,
11). Therefore, although the oocyte B1 protein is present at
a constant concentration throughout oogenesis while TFIIIA
mRNA and protein are decreasing, the B1 protein, like E12,
could modulate TFIIIA gene expression during Xenopus
development by specific interactions with other proteins. It
is possible, in fact, that the labile complex seen with the
oocyte extract represents such an interaction.

Oocyte and somatic forms of B1 protein are modified forms
of a single polypeptide. On the basis of three independent
assays of protein and RNA structure, we believe that the
oocyte and somatic forms of the Bl protein are similar or
identical polypeptides with minor differences that may re-
flect posttranslational modifications, minor splicing varia-
tions, or interactions with other factors. First, analyses of
antisera raised against hUSF and XI-USF and against sub-
domains of the proteins overexpressed in Escherichia coli
clearly showed that the oocyte and somatic forms of B1 are
highly antigenically related but not identical. Second, anal-
ysis of the B1 mRNAs in oocyte and somatic cells shows a
single population of transcripts which hybridize equally well
to several portions of the oocyte Bl cDNA. Third, limited
protease digestions of protein-DNA complexes showed a
close relationship between the two proteins. Each protein
showed a characteristic set of protease-resistant complexes
with the same relative mobility but with a different absolute
mobility. This finding strongly suggests that the primary
structures are very similar or identical and that modifications
might be responsible for the observed differences in absolute
migration.

Hall and Taylor (20) have described a protein (TDEF) that
binds to the B1 site in the TFIIIA promoter. TDEF isolated
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from oocytes or somatic cells made identical contacts with
DNA, as determined by orthophenanthroline-Cu?* foot-
printing and methylation interference assays. Furthermore,
Hall and Taylor (20) saw no difference in the gel shift
complexes of these proteins with use of an 81-bp TFIIIA
promoter fragment. We believe that this apparent discrep-
ancy can be explained by the different experimental methods
used by the two laboratories. In our hands, the size of the
oligonucleotide probe is critical, and we were never able to
resolve the oocyte and somatic B1 forms by using a 126-bp
promoter fragment, whereas a 26-bp oligonucleotide was
used successfully. The larger fragments may contribute a
strong negative charge to the complex which obscures the
small difference in migration behavior seen between the
oocyte and somatic proteins.

We have suggested that posttranslational modifications
may explain the observed difference between the oocyte and
somatic forms of the Bl protein. Modifications known to
effect trans-acting factor activity are phosphorylation and
addition of O-linked N-acetylglucosamine residues. Tran-
scription factors affected by phosphorylation include CREB
(19), heat shock factor (37), and TFIIIC (21). RNA polymer-
ase II transcription factors SP1, AP1, and CTF require
O-linked N-acetylglucosamine residues for full activity (22).
Frog USF has a large number of serines and threonines
which are potential phosphorylation sites for cellular ki-
nases. Further experiments will examine phosphorylation
and glycosylation states of the B1 protein.

Implication of the oocyte and somatic forms of the Bl
protein in the regulation of TFIIIA gene expression. The
oocyte and somatic forms of the B1 protein exhibit distinct
gel shift complexes with the B1 site oligonucleotide. Using
this assay, we have determined the developmental profile of
these proteins to compare Bl and TFIIIA levels during
development. We found that the oocyte form of B1 protein
accumulates during oogenesis from 10® molecules at stage 1
to 4 X 10° molecules at stage 6. This reflects a constant
concentration of oocyte B1 protein throughout oogenesis as
the nucleus enlarges and raises the possibility that the B1
protein is not limiting for TFIIIA expression and cannot
account directly for the fivefold decrease in TFIIIA mRNA
seen during oogenesis (18). However, the absence of infor-
mation on TFIIIA mRNA turnover and gene transcription
rates throughout oogenesis precludes firm conclusions on
this point. Other factors which have been implicated in
TFIIIA transcription, and which might be limiting at certain
stages, include the DNA-binding protein B2 (35), which
binds to a sequence required for efficient expression of
TFIIIA in oocytes, and the CCAAT box-binding factor
NF-Y described by Tafuri et al. (40).

An accumulation of the oocyte Bl protein might also
suggest that this factor activates other cellular genes and is
amassed as a maternal factor. Bl is the frog homolog of
hUSF, a ubiquitous transcription factor which activates the
adenovirus major late promoter and the cell-type-specific
mouse metallothionein I (8) and rat y-fibronectin (10) genes.

The somatic form of the B1 protein appears with the first
cleavages, is present with the oocyte form of the B1 protein
in a ratio of approximately 1:1 during gastrula, and domi-
nates from the neurula stage on. Taylor et al. (42) described
a loss of inherited, oocyte TFIIIA mRNA during gastrula-
tion, just at the onset of transcription in X. laevis embryos
after the mid-blastula-stage transition. This loss and the
appearance of a 40-kDa somatic TFIIIA protein (TFIIIA’)
(36) correlates with the appearance of the somatic form of
the B1 protein. Kim et al. (22a) have recently identified a
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somatic TFIIIA transcript which initiates at least 227 bp
upstream of the oocyte start site and encodes a somatic
TFIIIA protein with 22 additional amino acids at the amino
terminus. This finding clearly indicates differential TFIIIA
promoter usage in oocytes versus somatic cells, and we
suggest that the oocyte and somatic forms of the B1 protein
may be involved in the choice between oocyte versus
somatic TFIIIA promoters. Since there are no apparent
differences in DNA binding properties between the oocyte
and somatic forms of the Bl protein (this report; 20),
differential promoter activation could be achieved by spe-
cific interactions between B1 and other factors which in turn
activate the two promoters. The apparent modification of the
B1 protein which accompanies the oocyte-somatic switch
may regulate these factor interactions.
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