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The adenovirus major late transcription
factor USF is a member of the helix—
loop—helix group of regulatory proteins
and binds to DNA as a dimer

Polly D. Gregor, Michele Sawadogo,! and Robert G. Roeder
Laboratory of Biochemistry and Molecular Biology, The Rockefeller University, New York, New York 10021-6999 USA

We isolated full-length cDNAs encoding the 43-kD form of human upstream stimulatory factor (USF), a cellular
factor required for efficient transcription of the adenovirus major late (AdML) promoter in vitro. Sequence
analysis showed USF to be a member of the c-myc-related family of DNA-binding proteins. Using proteins
translated in vitro, we identified a DNA-binding domain near the carboxyl terminus, which includes both a
helix—loop—helix motif and a leucine repeat. We show that USF interacts with its target DNA as a dimer. The
leucine repeat is required for efficient DNA binding of the intact protein and for interactions between full-
length and truncated USF proteins. Interestingly, it is not required for DNA binding of the isolated helix-loop—
helix domain. The structure of different cDNA clones indicates that USF RNA is differentially spliced, and
alternative exon usage may regulate the levels of functional USF protein.
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Sequences within the adenovirus major late (AdML) pro-
moter that are required for its efficient expression in
vitro and in vivo have been identified by extensive mu-
tational analysis in several laboratories (Hu and Manley
1981; Hen et al. 1982; Concino et al. 1984; Miyamoto et
al. 1984; Yu and Manley 1984; Sawadogo and Roeder
1985; Logan and Shenk 1986; Brunet et al. 1987; Lee et
al. 1988; Smale and Baltimore 1989]. Altogether, these
studies have identified three promoter elements; the up-
stream activating element {UAE) centered at position
—63 to —52, the TATA box located at position —31 to
—25, and the initiator at position —6 to +4.

Sawadogo and Roeder {1985) and others {Carthew et al.
1985; Miyamoto et al. 1985) have described a cellular
factor, upstream stimulatory factor (USF, or MLTFI or
UEF) that both stimulates transcription of the AdML
promoter up to 10-fold in vitro and binds to an upstream
element that is essential for this stimulation. Glycerol
gradient sedimentation studies indicate a size of 45—-60
kD for USF {Chodosh et al. 1986; Moncollin et al. 1986).
Near homogeneous preparations of USF contain two
polypeptides of 43 and 44 kD, and each form binds DNA
specifically (Sawadogo et al. 1988). These preparations
also stimulate in vitro transcription but less dramati-
cally than the partially purified factor (Sawadogo 1988).
DNase I and MPE - Fe (II} footprinting (Carthew et al.
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1985; Sawadogo and Roeder 1985; Lennard and Egly
1987 and methylation interference (Carthew et al. 1987;
Lennard and Egly 1987) studies have identified the site
of USF binding as the nearly symmetrical sequence
GGCCACGTGACC.

USF is present in diverse cell types (Carthew et al.
1987). DNA-binding and transcriptional studies have
implicated USF in the expression of several tissue-spe-
cific or developmentally regulated genes, including
human growth hormone {Peritz et al. 1988), mouse me-
tallothionein I (Carthew et al. 1987), rat vy fibrinogen
{Chodosh et al. 1987), and Xenopus TFIIA (Scotto et al.
1989). In addition, USF interacts with an essential DNA
motif (uE3) in the immunoglobulin heavy-chain en-
hancer (L. Poellinger et al., in prep.). This broad range of
functions suggests that USF interacts with both general
and cell-type-specific factors. Potentially relevant to its
mechanism of action, cooperative interactions between
USF and the TATA-binding factor TFIID were demon-
strated on the ML promoter {Sawadogo and Roeder 1985;
Sawadogo 1988; Workman et al. 1990).

To examine in detail the mechanisms by which USF
activates transcription, we have isolated human USF-
specific cDNAs. Here, we describe these clones and
present a preliminary characterization of the USF DNA-
binding domain. We show that USF is a member of a
c-myc-related family of regulatory factors containing
helix—loop—helix domains (Murre et al. 1989a) and that
it binds to DNA as a dimer. USF also contains a leucine
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repeat (Landschulz et al. 1988a) that is required for effi-
cient DNA binding of the full-length protein, and for di-
merization of both full-length and truncated proteins.
Interestingly, a truncated protein containing the helix—
loop—helix domain but lacking the leucine repeat binds
DNA specifically but does not dimerize with other USF
proteins. Thus, the leucine repeat has a complicated role
in DNA recognition by USF. We propose that in the con-
text of the full-length protein the leucine repeat is re-
quired to maintain the helix—loop—helix domain in a
functional conformation and that it could also promote
interactions between USF and other proteins in vivo.

Results
Isolation of USF ¢cDNA clones

USF was purified to near homogeneity by conventional
chromatography {Sawadogo et al. 1988), and the 43- and
44-kD subspecies were resolved by SDS—polyacrylamide
gel electrophoresis (SDS-PAGE). One-hundred pico-
moles of the 43-kD form of USF was transferred to Im-
mobilon (Millipore}, allowing the amino-terminal se-
quence to be obtained. Residues 1-25 were identified,
with positions 2—14 unambiguous (Materials and
methods). In a parallel experiment, 30 pmoles of the
44-kD USF protein yielded no sequence, suggesting the
presence of a blocked amino terminus. A synthetic pep-
tide containing residues 2— 14 of the 43-kD form of USF
was used to raise a rabbit antisera that showed speci-
ficity to USF both in Western blots and by interaction
with USF-DNA complexes in a mobility-shift assay
{data not shown). This analysis provided confirming evi-
dence that the experimentally determined amino acid
sequence was indeed from USF.

For cloning, the sequence of residues 1-14 was used
to synthesize a 42-nucleotide “best guess” oligonucleo-
tide (Lathe 1985), which was used to screen a human
Namalwa cell cDNA library cloned in X ZAP by Strata-
gene. Eight phage clones were plaque-purified from 17
primary positives detected in a screen of 2 x 10¢ phage.
Sequence analysis of the excised inserts yielded three in-
dependent clones, z6b, z18, and z32, which contained
sequences encoding amino acids 1-25 in USF, in com-
plete agreement with the data obtained from microse-
quencing of the purified protein {Materials and
methods).

USF mRNAs are differentially spliced

Clones z18 and z32 were sequenced in their entirety,
and z6b was characterized by restriction enzyme map-
ping and partial sequencing. All three clones are as-
sumed to be full length, as they each contain the amino-
terminal USF sequence at the start of an open reading
frame and terminate in a poly(A) tail. Clones z18 and z32
diverge in the 5’-untranslated region 50 bp upstream of
the initiating AUG, and the natural start site for tran-
scription has not been determined. The 3’-untranslated
region is identical in z18 and z32, differing only in the
length of the poly(A) tail. A potential polyadenylation
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signal sequence (GATAAA) is located 19 bp 5’ of this
poly(A) tail and is preceded by a stretch of 27 Ts.

As summarized in Figure 1, clone z18 includes two
sequences of 133 and 245 bp that are not found in z32.
These sequence elements could be exons that are some-
times excised by differential RNA splicing. A genomic
clone is required to confirm this hypothesis, and here
these regions are referred to simply as optional domains
1 and 2 (OD1 and OD2). OD1 contains a single contin-
uous open reading frame. Its absence in z32 results in a
frameshift that introduces a stop codon after 2 residues,
thus predicting a 49-amino-acid polypeptide. Clone z18
has an open reading frame of 244 amino acids, termi-
nating 6 amino acids within OD2. Clone z6b contains
OD1, but not OD2, and has an open reading frame of 310
amino acids, encoding a protein of 33,517 daltons. This
open reading frame includes three blocks of c-myc-re-
lated amino acids: the myc similarity regions one and
two {MSR1 and MSR2) and a leucine repeat {LR). This
sequence places USF in the c-myc-related family of nu-
clear proteins, which includes the enhancer-binding pro-
teins E12, E47 (Murre et al. 1989a), and TFE3 (Beckmann
et al. 1990} and cell determination factors achaete-scute
(Villares and Cabrera 1987), daughterless (Caudy et al.
1988}, MyoD (Davis et al. 1987), and myogenin {Wright
et al. 1989). Interestingly, MSR1 and MSR2 are separated
by OD2 in z18 (Fig. 1).

Polymerase chain reaction (PCR) analysis was used to
identify USF cDNAs in the Namalwa library. By using
oligonucleotides complementary to sequences 5’ of OD1
and 3’ of OD2, PCR products identical in size to those
predicted from the z6b, z18, and z32 sequences were de-
tected when the entire cDNA library was used as sub-
strate (results not shown). To determine the frequency
of each class of cDNA, a panel of 54 primary positives,
isolated by homology either to the 42-mer best guess
probe or the entire z18 insert, was screened by using
PCR. Initially, pools of nine clones were tested.
Members of pools that directed the synthesis of discrete
PCR products were assayed individually. These positive
clones included two identical to z18, five identical to
z6b, and none identical to z32 (data not shown).

In an electrophoretic mobility-shift assay, neither of
the proteins encoded by z18 and z32 retarded an oligo-
nucleotide probe containing the USF-binding site from
the AML promoter {data not shown). In our initial anal-
ysis, the EcoRI-Kpnl fragment from z18 was ligated to
the KpnI—EcoRI fragment of z32 to create a clone (dI2)
with the splice pattern of z6b. The protein produced by
in vitro transcription and translation of either z6b or dI2
has an apparent molecular mass of 43 kD by SDS-PAGE
(Fig. 4C) and binds DNA in a sequence-specific manner
(e.g., see Fig. 4A, lane 2). The nucleotide and deduced
amino acid sequence of dI2 is presented in Figure 2. Be-
cause the coding regions of clones z6b and dI2 appear to
be identical, we used them interchangeably.

As described above, we cloned the 43-kD form of USF
on the basis of amino acid sequence obtained from a pu-
rified, transcriptionally active protein. To obtain further
evidence that our cDNA encodes a transcriptionally ac-
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Figure 1. cDNAs encoding USF. Line drawing of EcoRI inserts. OD1 and OD2 are indicated by open boxes, MSR1 and MSR2 are
indicated by stippled boxes, and the leucine repeat is indicated by a striped box. Bent arrows are located at initiating methionines, and
straight vertical arrows {t) are located at translation termination sites. Protein sizes predicted from the DNA sequence are at right. The
locations of oligonucleotides used for PCR analysis are indicated below the line by solid (Nco) and open (LR) boxes. Restriction sites

are EcoRI (E) and Kpnl (K).

tive protein, it was expressed in bacteria, and the re-
sulting protein was purified and assayed in a system re-
constituted with purified general transcription factors.
The transcriptional activity of the bacterially expressed
protein (M. Meisterernst, P. Pognonec, P.D. Gregor, and
R.G. Roeder, unpubl.) was equivalent to that observed
for the highly purified HeLa USF (Sawadogo 1988); how-
ever, both USF sources stimulated weakly when com-
pared to a crude HeLa USF preparation, suggesting the
involvement of an additional cofactor not present in the
purified reconstituted system.

The involvement of the 43-kD protein in transcription
was also demonstrated by using USF-specific antisera
raised in rabbits against the bacterially expressed pro-
tein. Specific immunodepletion of HeLa nuclear extracts
reduced transcription of a wild-type AML promoter
that contained an intact UAE but had no effect on tran-
scription of the same promoter truncated at position
—53. Immunodepletion with naive serum had no effect
on transcription from either promoter (P. Pognonec and
R.G. Roeder, unpubl.]. The reduction in USF-dependent
transcription was comparable to that seen for nuclear
extracts depleted using a USF-specific oligonucleotide—
sepharose affinity matrix. Together, these results clearly
indicate that the 43-kD form of USF is an essential com-
ponent of the previously described USF activity but do
not exclude the possibility that other components may
contribute to that activity.

Amino acid sequence of dI2

As noted above, USF contains a region of 99 amino acids
with significant sequence similarity to c-myc. This re-
gion can be subdivided into a basic region, two potential
amphipathic helices separated by a putative “loop”
{Murre et al. 1989a), and a leucine repeat (Landschulz et
al. 1988a). In Figure 3, the amino acid sequence of USF is
compared to other c-myc-related proteins. Within the
putative amphipathic helices and the leucine repeat,
similarities between family members are restricted to
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the conserved residues (shaded) that are believed to
confer structure to these domains. In no case does the
sequence homology between USF and other family
members extend beyond the myc similarity regions
(comprising the basic region/helix 1 and helix 2 regions)
and the leucine repeat motifs.

Acidic residues are distributed evenly in USF, with no
clusters like those identified in the transcriptional acti-
vation domains of other proteins (Ma and Ptashne 1987;
Hope et al. 1988). However, computer projections pre-
dict that the amino-terminal 22 residues can adopt an
amphipathic helical structure with charged or polar res-
idues at positions 1, 3, and 4 in the helix. This region
may be important for transcriptional activity, as it re-
sembles the structure, although not the sequence, of a
transcriptional activation domain in TFE3 (Beckmann et
al. 1990).

Regions rich either in glutamine residues or in serine
and threonine residues are important in transcriptional
activation by SP1 (Mitchell and Tjian 1989) and OTF2
(Gerster et al. 1990; Muller-Immergluck et al. 1990;
Tanaka and Herr 1990). USF contains 29 glutamines
(9.4%) that are distributed evenly throughout the pro-
tein. However, 4 glutamine residues within the putative
a-helix at the amino terminus contribute to its amphi-
pathic nature. In addition, we noticed that of the 15 glu-
tamine residues within the first 160 amino acids of USF,
6 are directly preceded by a glycine, 4 by an isoleucine,
and 3 by a threonine residue. There are no obvious
pairings of amino acids with glutamine elsewhere in the
protein. Serines and threonines are evenly distributed in
USF, except for the virtual absence of threonine (1 of 28
residues) in the myc similarity regions and the leucine
repeat and a cluster of serines and threonines (5 of 6 res-
idues) from 131-136. There is also a cluster of serines (5
of 17 residues) in the putative loop between MSR1 and
MSR2.

A repeated sequence S—S-APRT—S-S-APRT lies be-
tween residues 174 and 195. This short repeat resembles
sequences in the hinge region of immunoglobulin genes
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CTATGGGGAT TCAGGGGCTT TGGGCICAAG  AACTGCAGAT  AGCCCAGGAG  CAACAGCCTA

ATCCCOTGCC CCTTTCCTIC ACTGCCCCAC  TTCTGGCATG  GGACAGGGGG  AAGTTCAGAA

GGTGTGTCCT  TGAACTOAGG CCCTGIGATA  TGGCGGCCTG  CAGTGGTGTG  AAGCACACAA

TOTGBAACGT GCACTGACAG CCTTGCCCAC CCCCACCATG  CAGCCCCTGG  GCCTTGTGCT

TUTCTCOCAC AATGLATGTG CTGICICCAT  GCTGGATACT  GOGACACACTA  AACTCTGGGG

CTTGTCCTGT G6CTTGCTTAG AGTGLCCAGE  AGAGGTTTGC  TGACAGG]GA IGCICIGGLT

TGCOCCAGGA CTCTGBCACT TCCATTGGTT  CTTCCITTICC  CTGGAGCTGA  GGTTTAGATG

TGCAACITGT GGCTCAGGGE AGCAAGITTA  CACAAGAAGT GAGGGAAGGA TGTTTAGCAG

TGGCTGGTGC CCATGAAGAG GAGATTSGCC  AGTGAGAAGL 1GAGGCCTAT GCAGACATCT

CTGGASCCAG AGAGAACAAC AGGCAGGGGC  CCACTTGGGG CCTTCCCCCT  TGTGGGGGGT

COGTTTIITTT TTTTCTITIC TTITITTIL0T TTTTITTITTITIT  TTITTTTAAG  ATAAAATTGT

TCAAAGCCAA AAAAAAAAGG AATTCC
Figure 2. Nucleotide and deduced protein sequence of the
¢DNA dI2. Numbers to the left of the sequence indicate amino
acids; those to the right indicate nucleotides. The 5'-untrans-
lated region and the entire coding region were sequenced in
both directions. Portions of the 3'-untranslated region were se-
quenced on only one strand. The left and right boundaries of
ODI1 are indicated by flags. The location of excised OD2 is in-
dicated by a solid inverted triangle. Solid lines above the se-
quence locate restriction sites used to subclone or truncate
templates (see text), and the accompanying numbers give the
expected size of the resulting protein. The nucleotide sequence
data reported has been submitted to the EMBL/GenBank and

DDBJ Nucleotide Sequence Databases.

and could serve an analogous function in USF by sepa-
rating DNA-binding and transcriptional activation do-
mains. A second repeated peptide sequence, TEGT-A-S-
Y..//. TEGT-A-T-Y is located between residues 74 and
116.

Efficient DNA binding requires an intact leucine repeat

To map the sequences required for DNA binding, cDNA
templates were cleaved at restriction sites in the 3’ po-
lylinker or within the coding region and transcribed
with T7 RNA polymerase. The transcripts were trans-
lated in a rabbit reticulocyte lysate to produce full-
length or carboxy-terminal-truncated proteins (Fig. 4CJ.
The full-length protein of 310 amino acids bound a ra-
diolabeled oligonucleotide (ML; see Materials and
methods) containing sequences corresponding to posi-

Structure of human USF
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c-myc QKLISEEDLLRKRREQLKAKLEQLRNSCA  COOH
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da ERRNLNPKAACLKRREEEKAEDGPKESAQHHMIPKPQQVCGTPGSS~--~-. . . COOH
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Figure 3. Sequence alignment in the MSR of USF. Sequences
are from human c-myc (amino acids 341-429; Battey et al.
1983), CBF1 (amino acids 217-278; Cai and Davis 1990), TFE3
(amino acids 134—199; Beckmann et al. 1990), E12 (amino acids
331-395; Murre et al. 1989a), MyoD (amino acids 104-167;
Davis et al. 1987), Lyl-1 {amino acids 132—196; Mellentin et al.
1989), daughterless {amino acids 613—657; Caudy et al. 1988),
myogenin (amino acids 123-158; Wright et al. 1989}, and c-Jun
{amino acids 299—-340; Bohmann et al. 1987). The basic region
(BR), proposed amphipathic helices 1 and 2 (AH1 and AH2)
(Murre et al. 1989a), and leucine repeat are indicated. The most
conserved residues are shaded.

tions —75 to —45 of the AAML promoter, and binding
was specifically inhibited by an excess of the corre-
sponding unlabeled ML oligonucleotide (Fig. 4A, lanes 1
and 2). The major DNA-protein complex comigrated
with the larger of two complexes observed with natural
HeLa-derived USF (lane 3). A control lane with lysate
programmed with Brome mosaic virus (BMV) RNA
showed a small amount of specific complex that repre-
sents endogenous rabbit USF. This complex was both
competed by the ML oligonucleotide (Fig. 4A, lane 1;
Fig. 7, lanes 2—4 and 9-11} and recognized by a mouse
polyclonal anti-HeLa USF sera (results not shown).

To define the carboxy-terminal residues required for
efficient DNA binding, USF ¢cDNA templates were di-
gested with restriction enzymes, and truncated proteins
were assayed for DNA binding (Materials and methods).
A protein containing amino acids 1-292 bound DNA
less strongly than the wild-type protein and gave a
fainter, more diffuse band (Fig. 4B, lane 2. This may re-
sult from an instability of these DNA—protein com-
plexes. A protein containing amino acids 1-284, in-
cluding only half of the leucine repeat, showed a further
reduction in binding to a level equivalent to that ob-
served with the BMV control RNA (Fig. 4B, lanes 3 and
4). Increasing the amount of the 1- to 284-amino acid
protein in the assay resulted in a small but significant
increase in DNA binding relative to a BMV control (re-
sults not shown). From this, we conclude that the leu-
cine repeat and possibly other carboxy-terminal residues
are required for efficient DNA binding.

USF binds to DNA as a dimer

DNA-binding proteins that recognize palindromic DNA
sequences commonly bind DNA as dimers (Pabo and
Sauer 1984). However, analysis by scanning transmis-
sion electron microscopy (Hough et al. 1987) and kinetic
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Figure 4. Sequence-specific binding of the dI2 protein requires
the leucine repeat domain. (A) Mobility shift assays, using the
ML oligonucleotide as probe. Protein sources were {1-310) re-
ticulocyte lysate programmed with the full-length cDNA;
(USF) partially purified human USF; (BMV) reticulocyte lysate
programmed with Brome mosaic virus RNA. One-hundred
nanograms of unlabeled ML oligonucleotide was added to one
reaction (1-310+ C). HeLa USF gives a doublet; the intensity of
the lower band varies from preparation to preparation and may
therefore arise from proteolysis. The minor band {of higher mo-
bility) in the USF programmed lysate may result from initiation
of an internal methionine. {B) Mobility-shift assays, using the
ML oligonucleotide as probe. Proteins were produced by se-
quential in vitro transcription and translation by using tem-
plates linearized with restriction enzymes Xhol (amino acids
1-310), Sacl {amino acids 1-292), or Bg/II (amino acids 1—284).
The map (bottom) indicates the sites of template truncation,
and the location of the hinge (H}, MSR1, MSR2, and leucine
repeat domains (LR) {see text). (C) SDS-PAGE of in vitro trans-
lation products. Proteins (5-ul lysate) translated from z6b or dI2
templates were separated by SDS-PAGE and transferred to ni-
trocellulose. Molecular weight markers were provided by 1 ul
of BMV-programmed lysate. The labeled USF proteins comi-
grate exactly with USF isolated from HeLa cells and electropho-
resed in parallel, as seen in Western blots stained with the
rabbit antipeptide antiserum {data not shown).

analysis of USF-DNA interactions (Lennard and Egly
1987} indicated that USF binds DNA as a monomer. The
amino acid sequence of the cloned protein predicts a
monomer of 33.5 kD or a dimer of 67 kD. Neither possi-
bility is precluded by the previously determined mass of
USF in solution (45-60 kD). To determine experimen-
tally whether our recombinant USF binds DNA as a
monomer or as a dimer, wild-type (1-310) and amino-
terminally truncated (181-310) USF proteins were
translated together or separately and assayed for DNA
binding (Fig. 5). The truncated protein 181-310, protein
B in Figure 5, apparently contains all residues required
for sequence-specific DNA binding.
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Upon cotranslation of proteins A {1-310) and B
(181—-310) a DNA-protein complex of intermediate mo-
bility appeared, which we believe reflects a heteromer
comprised of both proteins A and B. The presence of a
single intermediate is most consistent with a dimeric
structure for the heteromer, but the data would also be
consistent with a tetramer if the interactions were sub-
ject to symmetry constraints (e.g., if only symmetrical
dimers could form and interact). This heteromer was not
seen when proteins derived from individually translated
RNAs were simply mixed, indicating that heteromers,
once formed, are extremely stable and that monomers
do not exchange freely in solution. These data are con-
sistent both with the prediction of a protein dimer(s) in-
teracting with a symmetrical DNA-binding site and
with the apparent size (45—-60 kD) of the protein in solu-
tion {Chodosh et al. 1986; Moncollin et al. 1986) and
bound to DNA (Hough et al. 1987; Lennard and Egly
1987). Given these observations and for purposes of dis-
cussion, we tentatively refer to the heteromer as a
dimer.

The leucine repeat region is not required for site-
specific binding of an amino-terminal-truncated USF

Because the leucine repeat is required for efficient DNA
binding (Fig. 4} and because USF binds DNA as a dimer
(Fig. 5}, we tested the role of the leucine repeat in pro-
tein—protein interactions. Proteins containing residues
181-310 and proteins with additional truncations at the
carboxyl terminus were cotranslated with the full-
length 310 amino acid protein. The amount of full-

———‘—'—*—O—H@-"
—- Y- s

181 310

Figure 5. USF binds as a dimer. Mobility-shift assays, using
the ML oligonucleotide as probe. Proteins A [amino acids
1-310) and B (amino acids 180-310) were translated in vitro
together (COTR) or separately and then mixed in the DNA
binding assay (MIX). Predicted dimers A+ A, A-B, and B- B are
indicated. Maps of the A and B proteins are shown (bottom) and
indicate the location of the hinge (H}, MSR1, MSR2, and leu-
cine repeat (LR) domains (see text).
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length (wt} RNA was kept constant in each cotransla-
tion, and increasing amounts of truncated RNAs were
added to the reticulocyte lysate. A heteromer between
1-310 (wt) and 181-310 (a) proteins appeared as a single
species of intermediate mobility and increased in inten-
sity as the 181-310 protein was increased (Fig. 6, left).

The effect of additional carboxy-terminal truncations
on DNA binding of the amino-terminal-truncated pro-
tein containing residues 181-310 is shown in Figure 6
{right). Surprisingly, these did not result in the same
losses of DNA binding activity that were apparent for
the full-length protein. Instead, there was a dramatic
change in the mobility of the resulting DNA-protein
complexes. Thus, protein 181292 (b) bound to DNA as
a ladder of complexes of increasing mobility (lane 5),
whereas protein 181284 (c) showed a single DNA—pro-
tein complex with very high mobility (lane 6).

These changes in complex mobility are dispropor-
tionate to the differences in protein size and could result
from changes in the protein—DNA stoichiometry of
each complex or from changes in protein or DNA con-
formation. The mobilities did not depend on DNA
binding, as the positions of the 35S-labeled proteins in
native polyacrylamide gels were not substantially
changed by the presence or absence of DNA (results not
shown). Consequently, we believe that they are a prop-
erty inherent in these truncated proteins and that they
could represent differences in conformation or in the
subunit composition of the complexes. The heteroge-
neity of the 181-292 protein was reproducible in many
independent translations and was stable to repeated
freeze—thaw cycles. Therefore, the ladder of DNA—pro-
tein complexes is unlikely to result from protein degra-
dation but appears to represent alternative conforma-
tions or stoichiometries of this protein.

The truncated proteins 181-292 and 181-284 were
examined for heteromeric complex formation following
cotranslation with full-length USF (Fig. 6, right). As the
level of 181-292 (b) protein was increased in this anal-
ysis, there was a concurrent increase in the intensity of a
broad, intermediate-sized band, which migrated just
below a background band that was present in all transla-
tions of the full-length protein (lanes 1-5). This novel
band apparently reflects the presence of a heteromer,
and its diffuse appearance may reflect the heterogeneity
of the 181-292 protein. There were no apparent heter-
omers formed between the full-length USF and the
181-284 protein, which was truncated in the middle of
the leucine repeat domain (lanes 6-10). It is possible
that weak interactions between the full-length USF and
the 181284 (c) protein are obscured by the background
band. In this experiment we added an excess of the
181-284 protein specifically to test this point but could
not detect any complexes above background. Further-
more, the 181284 protein did not form detectable he-
teromers when cotranslated with the 181-310 protein
(results not shown). We interpret these data to mean
that the leucine repeat region is required for certain pro-
tein—protein interactions but not for DNA binding per
se. Because the 181284 protein apparently cannot form

Structure of human USF
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Figure 6. The leucine repeat is required for protein—protein
interaction but not DNA binding. Mobility-shift assays, using
the ML oligonucleotide as probe. The input (in microliters} of
RNA added to each in vitro cotranslation reaction is noted
above the lanes. The proteins were wt (1-310), a (181-310), b
(181-292), and c (181-284). The free probe is not shown. The
map (bottom) indicates the sites of template truncation and the
location of the hinge (H), MSR1, MSR2, and leucine repeat (LR}
domains (see text). :

heteromers, and given its relatively rapid mobility in na-
tive gels, it may represent a monomeric form of USF.
Alternatively, it could represent a dimer whose confor-
mation restricts its ability to form functional heter-
omers with other proteins; more specifically, it might
dimerize through the helix—loop—helix region but only
with a protein of equivalent overall conformation.

We compared the DNA sequence specificity of pro-
teins 181-310 and 181-284. If the 181-284 protein
binds DNA as a monomer, it may recognize one-half of
the symmetrical binding site GGCCACGTGACC, one
DNA strand, or one face of the helix. To test these possi-
bilities, unlabeled competitor oligonucleotides were
added to the gel retardation assays. These included
each single strand that contributes to the ML oligo-
nucleotide used as a probe and a double-stranded oligonu-
cleotide (AAGCTTCGGTGACCGGGATCC) contain-
ing half of the binding site (Fig. 7). No differences in af-
finity for the ML oligonucleotide were seen between
proteins 181-310 and 181-284. Furthermore, neither
protein was competed by the half-site oligonucleotide
(Fig. 7) or by either single strand {results not shown).

Discussion

We described the isolation and preliminary characteriza-
tion of cDNAs encoding USF, a cellular transcription
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factor, and a sequence-specific DNA-binding protein im-
plicated in the regulation of a variety of cellular and viral
promoters. Here, we describe the USF DNA-binding do-
main and its similarity to those of other c-myc-related
proteins. We have shown that USF contains two do-
mains, the helix—loop—helix and leucine repeat, which
can independently mediate dimerization in other pro-
teins. Thus, USF could, in principle, interact with other
cellular factors via either or both of these domains, thus
creating unique transcriptional modulators. Functional
interactions with basic transcription factors, especially
TFIID, and other c-myc-related proteins are currently
under study. The interaction between TFIID and USF
described previously is of special interest in view of se-
quence similarities between TFIID and the helix—loop—
helix domains of the myc-related proteins (Gasch et al.
1990; Hoffmann et al. 1990).

Heterogeneity of USF protein and RNA

We have shown previously that cellular USF prepara-
tions consist of two polypeptides {43 and 44 kD) that
have identical DNA-binding activities and co-chromato-

181-310 181-284
Ad ML ML/2 Ad ML ML/2

0540 20 5 10:20.0 5 10 .20 5 10 20

— —— —
GGCCACGTGACCGG6

ML promoter

ML half-site GCTTCGGTGACCE6E
Figure 7. A 102-amino-acid fragment of USF shows the same
binding specificity as the full-length protein. Mobility shift
assays, using the ML oligonucleotide as probe. Proteins con-
tained amino acids 181-310 {lanes 1-7) or 181-284 (lanes
8-14). No competitor was added to lanes I and 8. The amount
(in nanograms) and identity of oligonucleotide competitors are
indicated above the lanes. The relevant portion of the oligonu-
cleotide sequences is shown at bottom; the full sequence is
given in Materials and methods. The symmetrical portion of
the ML oligonucleotide is indicated with arrows, and the por-
tion of the ML half-site (ML/2) oligonucleotide that is identical
to the ML oligonucleotide probe is underlined.
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graph over a variety of conventional resins (Sawadogo
1988; Sawadogo et al. 1988). Each form, when isolated
and renatured, gives rise to a unique DNA-—protein
complex, which is also seen in crude nuclear extracts
(Sawadogo et al. 1988). Thus, the coisolation of these
forms appears to reflect a similarity in physical proper-
ties and not an association between the two forms.

Our inability to sequence the 44-kD form of USF sug-
gested that 43- and 44-kD proteins differ at their amino
termini. This is supported by the restricted reactivity of
the rabbit antipeptide serum, which recognizes the 43-
but not the 44-kD species of cellular USF (M. Sawadogo,
unpubl.). These proteins may be the products of different
genes, or of differently spliced RNAs arising from a
single gene. Alternatively, the differences in size and im-
munoreactivity might reflect post-translational modifi-
cations of a common polypeptide. Isolation of additional
related ¢cDNAs and detailed immunological compar-
isons of USF proteins should resolve this question.

The transcriptional activity that defines the USF pro-
tein resides, at least partially, in the protein encoded by
our full-length ¢cDNA. Specific antibodies raised against
the cloned 43-kD protein both depleted HeLa nuclear
extract of UAE-binding activity and specifically reduced
transcription from the AAML promoter. In addition, the
cloned protein stimulated transcription in vitro. How-
ever, studies with both purified and cloned USF compo-
nents suggested that an additional factor(s) is required to
achieve maximal stimulation via the UAE motif on the
AdML promoter {Sawadogo 1988; M. Meisterernst, P.
Pognonec, P.D. Gregor, and R.G. Roeder, unpubl.). This
additional factor(s) is apparently not the 44-kD form of
USF, as this protein is clearly present in highly purified
preparations of USF that show reduced transcriptional
stimulation relative to crude HeLa USF (Sawadogo
1988).

Three classes of cDNAs specific for the 43-kD form of
USF, but differing in internal domains, were identified
in a human B-cell library {Fig. 1). In our limited survey of
the library, the z6b and z18 classes appeared most fre-
quently. The first internal optional domain (OD1) is pro-
tein-encoding but is flanked by weak consensus RNA
donor and acceptor splice sites. Excision of ODI1 in z32
may therefore result from occasional use of these
pseudo-splice sites to remove a portion of a larger exon.
OD1 may also be encoded by a separate exon, which can
be removed by differential RNA splicing. In either case,
z32 is expected to encode a nonfunctional protein. The
inclusion of OD2 in z18 changes the carboxy-terminal
residues and prevents DNA binding. This situation is
reminiscent of the Drosophila sex determination genes
SxI and tra (for review, see Baker 1989}, in which inclu-
sion of an exon in male flies results in premature trans-
lation termination and production of a nonfunctional
protein.

Alternative splicing may represent a point of regula-
tion of USF levels, and inclusion of OD2 may dominate
in some tissues. Alternatively, the truncated proteins
encoded by z18 and z32 may have some distinct biolog-
ical function. If, for example, the amino-terminal por-
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tion of USF contains a transcriptional activation do-
main, it may be expressed in the shorter proteins and
thus modulate the effect of the full-length protein in
vivo. Experiments are under way to express each of these
c¢DNAs in vivo and test this hypothesis.

DNA specificity of c-myc-related proteins

The amino acid sequence of its DNA-binding domain
identifies USF as a member of the c-myc-related family
of regulatory proteins. Nearly 20 such proteins have
been reported, and all have been implicated in transcrip-
tional activation, differentiation, and/or oncogenesis. In-
terestingly, some family members have recently been
shown to form functional heterodimers via interactions
between their helix—loop—helix domains [Murre et al.
1989b; Davis et al. 1990). Specifically, the E12/MyoD
heterodimer is thought to be responsible for initiating
myogenesis (Davis et al. 1990). Myogenesis is repressed
by expression of the c-myc-related protein Id, which
forms complexes with both MyoD and E12 and prevents
their binding to DNA (Benezra et al. 1990).

Interestingly, several c-myc-related proteins specifi-
cally bind to one of two functionally important and
closely related DNA sequences (kE2 and uE3) found
within immunoglobulin light (KE2)- and heavy-chain
(uE3) enhancers. USF and TFE3 each bind to the uE3 se-
quence (TGCCACATGACC) and to the ML promoter
(GGCCACGTGACC), but not to the KkE2 site
(GGCCACCTGCCT) (Beckmann et al. 1990; data not
shown). In contrast, E12 and E47 bind to the KE2 site and
to a closely related sequence in the muscle-specific cre-
atine kinase promoter but not to uE3 (Murre et al.
1989a). Heterodimers E47S/MyoD, E475/AS-C T3, and
da/AS-C T3 are also specific for kKE2 (Murre et al. 1989b).
These interactions may allow novel couplings of DNA
recognition elements with transcriptional activation do-
mains.

We examined the protein sequences for the basis of
their related DNA specificities. In the helix—loop—helix
domain, similarities between family members are re-
stricted to the conserved residues (shaded in Fig. 3) that
are believed to confer the overall structure of the DNA-
binding domain and provide no clues for DNA speci-
ficity. We therefore focused on the cluster of basic res-
idues adjacent to the first amphipathic helix (amino
acids 200-212). In the c-Fos family of proteins, a region
rich in basic residues directly precedes a leucine repeat
and is essential for DNA binding of c-Fos—c-Jun protein
complexes (Kouzarides and Ziff 1988, 1989; Gentz et al.
1989; Turner and Tjian 1989). A structural similarity be-
tween the basic regions of the two families has been
noted (Prendergast and Ziff 1989). A recent mutational
analysis of MyoD showed that the basic region is re-
quired for DNA binding and muscle-specific gene acti-
vation but not protein dimerization, which required
only the helix—loop—helix motif (Davis et al. 1990). The
basic regions were therefore compared. Showing a sim-
ilar overall conservation, USF and TFE3 are identical at
7 of 13 residues and USF and E12 show identity at 6 of 13

Structure of human USF

residues. However, one block of 6 residues that may cor-
relate with DNA specificity is (V/JERRRR in USF and
TFE3 or RER(L/V/I)R(V/I) in E12, E47, and da. The corre-
sponding sequence in MyoD, which binds kE2 weakly,
is RERRRL. Interestingly, the yeast centromere-binding
protein CBF1 both matches USF in this region
(VERRRR) and binds to a motif [PuTCACPuTG
{Pu = purine)] that encompasses the AAML and uE3 se-
quence motifs but differs significantly from the KE2
motif (Cai and Davis 1990). The significance of this dif-
ference in sequence awaits site-directed mutagenesis of
these residues.

In addition to the differences in DNA specificity seen
between c-myc-related proteins, functional differences
exist between proteins with an apparently identical
specificity. For example, TFE3 is a myc-related protein
isolated by virtue of its binding to uE3 (Beckmann et al.
1990). In transient transfection assays, TFE3 stimulates
transcription from a reporter gene containing multiple
copies of the uE3 motif alone or with other enhancer
motifs inserted upstream of a minimal promoter (Beck-
mann et al. 1990). However, despite its high affinity for
the USF-binding site on the AAML promoter, TFE3 does
not stimulate transcription from this promoter. A com-
parison of the activity of each protein on both promoter-
and enhancer-dependent constructions should help de-
termine the functional differences between them.

USF has a second dimerization domain

Following the helix—loop—helix domain is a region with
periodic leucine residues that has been found in or adja-
cent to the DNA-binding domains of the Fos—Jun and
c-myc-related families of proteins {Landschulz et al.
1988a,b). The leucine repeat is required for dimerization
and, thus, DNA binding, of C/EBP (Landschulz et al.
1988a, 1989) homodimers and, as predicted {Landschulz
et al. 1988a), also allows formation of functional hetero-
dimers (Kouzarides and Ziff 1988, 1989, Sassone-Corsi et
al. 1988; Gentz et al. 1989; Schuermann et al. 1989;
Turner and Tjian 1989). c-Fos and c-Jun associate in
vivo, and both are required for full activation of an AP1-
responsive promoter {Chiu et al. 1988; Sassone-Corsi et
al. 1988).

In the c-myc-telated family, the function of the leu-
cine repeat is less clear. The leucine repeat is required
for ras cotransformation activity and protein tetrameri-
zation in c-myc (Dang et al. 1989). In contrast, some
helix—loop—helix proteins that form heterodimers, such
as MyoD/E47S and MyoD/da, lack leucine repeats
{Murre et al. 1989b); of these proteins, only da contains a
leucine repeat. In addition, we notice that USF and the
myc proteins are unique among helix—loop—helix pro-
teins in the extreme carboxy-terminal location of their
helix—loop—helix and leucine repeat domains. This may
suggest a common function for this motif in these two
proteins.

We have shown that the leucine repeat in USF is re-
quired for protein—protein interactions but not DNA
binding per se. In the case of the full-length 310-amino-
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acid protein, these protein interactions may be required
to expose or configure the DNA-binding domain, be-
cause carboxy-terminal truncations that impinge on the
leucine repeat disrupt DNA binding significantly. By
constrast, deletion of the amino-terminal 180 residues
generates a protein that binds DNA independently of the
leucine repeat, apparently reflecting constitutive acces-
sibility of the DNA-binding domain. The properties of
the protein containing amino acids 181-284, notably its
rapid mobility and its inability to interact with longer
USF proteins, are most simply interpreted as resulting
from changes in conformation and the loss of the leucine
repeat. It is also possible that the 181—-284 protein binds
as a monomer that recognizes the full binding site. This
question may be resolved by determining the protein—
DNA stoichiometry of the complexes.

Altogether, our data suggest that the leucine repeat is
required for USF to attain the conformations needed for
both DNA-binding and specific protein—protein interac-
tions. We also infer from these studies that the amino-
terminal 180 amino acids of USF impose a conforma-
tional restraint on the DNA-binding domain, which
must be counteracted by the leucine repeat. We there-
fore speculate that in vivo, USF function may be re-
pressed or enhanced by specific interactions of other
proteins via the leucine repeat or helix—loop—helix do-
mains. In light of this, we attempted to demonstrate spe-
cific interactions between USF and several other pro-
teins containing leucine repeat (c-Jun) or helix—loop—
helix (MyoD, myogenin, and c-myc) motifs, but no such
interactions have yet been seen following cotranslation
in vitro (P.D. Gregor, P. Pognonec, M. Sawadogo, and
R.G. Roeder, unpubl.).

From kinetic measurements, it was concluded that
USF can transfer directly between unlinked DNA-
binding sites (Sawadogo 1988). This implies the ability
to interact simultaneously with two DNA sequences.
We have shown that USF has both a helix—loop-helix
and leucine repeat, which each serve as dimerization do-
mains in other proteins. Using these two motifs, the
DNA-binding domain of USF might multimerize in
some circumstances and bind two DNA target sites by
passing through a transient doubly bound intermediate
state. The intermediate could, in turn, be stabilized by
additional proteins, forming a USF “bridge” between
two distant sequences and mediating direct communica-
tion between promoter and enhancer regions. In support
of this model, the mouse C2 protein, which shares both
physical properties and DNA-binding specificity with
USF, has been described as a mixture of dimers and te-
tramers {Peterson and Calame 1989).

Materials and methods
USEF protein and oligonucleotide sequences

Five micrograms (100 pmoles, assuming a molecular mass of 43
kD) of USF (mono Q fraction; Sawadogo et al. 1988) were se-
quenced on an Applied Biosystems model 470 A gas-phase se-
quenator equipped with a model 120 A phenylthiohydantoin
analyzer. The initial sequencing yield was 33 pmoles.
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The amino-terminal sequence, with uncertain residues in
parentheses, was NH,-(MJKGQQKTAETEEGT/V)QI(Q)(E)G(A/
V)(V){A)(T)(G). The 42-mer best guess oligonucleotide had the
sequence 5'-ATG AAG GGC CAG CAG AAG ACA GCT GAG
ACA GAG GAG GGC ACC-3'. The sequences of other oligo-
nucleotides described in the text were

Neo: 5-GTGCCCCCTCACAGAGCCATGGTGAAGGGGCAGCAGAAAACAGC 3’
LR: 5-TCTTCCACCTGTTGTCG-3’

ML: 5'-CCGGTCGACGGTGTAGGCCACGTGACCGGGTGTAAGCTT-3'
3'-AGCTGCCACATCCGGTGCACTGGCCCACATTCGAAGGCC-S'

ML/2: 5'-GGCCAAGCTTCGGTGACCGGGATCC-3"
3-GGTTCGAAGCCACTGGCCCTAGGGG-S

DNA sequencing

Double-stranded templates were denatured in alkali, recovered
by ethanol precipitation, and sequenced by using the dideoxy
chain-termination method {Sanger et al. 1977). Sequenase en-
zyme and reagents were purchased from American Biochem-
icals and used according to the manufacturer’s instructions.
Primers were annealed at 37°C for 20 min, and termination re-
actions were commonly run at 45°C.

PCR reactions and analysis of products

Reagents were purchased from Perkin Elmer Cetus and used
according to the manufacturer’s instructions. The oligonucleo-
tide primers, Nco and LR, hybridize to regions 5’ of OD1 and 3’
of OD2, respectively (Fig. 1). Twenty-five pmoles of each
primer and 4.5 pl of a primary phage isolate in SM [10 mM
MgCl,, 150 mm NaCl, 20 mm Tris (pH 7.5)] were heated at 95°C
for 5 min to burst the phage particles. After cooling, 10x reac-
tion buffer, nucleotides, and Taqg polymerase (2.5 units) were
added in a final volume of 50 pl. The reaction mixtures were
overlaid with mineral oil and subjected to 25 cycles of 1 min at
95°C, 2 min at 55°C, and 3 min at 72°C in a Perkin Elmer Cetus
thermocycler. Reactions were cooled to 4°C, and mineral oil
was removed by extraction with CHCl,. PCR products were
analyzed by agarose gel electrophoresis.

Amino-terminal deletion of amino acids 1-181

A Spel-Avrll fragment (from polylinker of pBKS ~ to nucleotide
657; Fig. 3) was deleted from dI2. The truncated insert was then
cloned as an Xbal-EcoRI fragment into the Stul-EcoRI site of
the expression vector pT7 B Stu (a generous gift of Richard
Treisman), in which the human B-globin gene from pSP64-H B
6 (Krainer et al. 1984) was cloned between the HindIIl and Pstl
sites of pGEM2 and a Stul site was inserted immediately fol-
lowing the ATG of B-globin. The B-globin—USF fusion protein
thus contains the first 2 amino acids from B-globin, 3 amino
acids from the pBSK polylinker, and amino acids 181-310 from
di2.

In vitro transcription and translation

One microgram of purified, linearized template was transcribed
in a 25-ul reaction volume of T7 RNA polymerase (Promega).
The RNA was purified by phenol/cholorform extraction and
ethanol precipitation, resuspended in TE, and stored at —20°C.
The quality and quantity of RNA was monitored by ethidium
bromide staining of agarose gels. Additional TE was added if
needed to ensure that the RNA concentrations of each sample
were approximately equal. From one-twentieth to one-tenth of
each transcription reaction was added to a 25-pl in vitro trans-
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lation reaction [Promega) containing 2.5 wl of [*S|methionine
{Amersham). Proteins were examined by SDS-PAGE prior to
their use in other assays.

Mobility-shift assay

Oligonucleotide probes were labeled with [32P|dCTP and the
Klenow subunit of DNA polymerase (New England Biolabs).
Mobility-shift reactions (Fried and Crothers 1981) contained 60
mMm KCl, 5 mm Tris (pH 7.9), 1 pg poly[d{I-C)], 5% (vol/vol)
glycerol, 3 mm DTT, 0.3 ng probe, and 0.5—-1.0 ul rabbit reticu-
locyte lysate in a 10-pl volume. After a 20-min incubation at
30°C, 4 pl of 10% Ficoll was added and samples were loaded
onto a [4% (60 : 1 acrylamide/bisacrylamide) 0.25x TBE] gel.
After electrophoresis at 20 mA, gels were dried and exposed to
X-ray film. Two sheets of paper were used to shield the film
from the [33S]methionine in the rabbit lysates.
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The adenovirus major late transcription factor USF is a member of

the helix-loop-helix group of regulatory proteins and binds to DNA as
adimer.
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