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Abstract

Up-stream stimulatory factor (USF)' is a human transcription factor which binds specifically to the E-box in the Ad
MLP located at —58 from the start site. The nature of USF binding on a Ad MLP DNA fragment was investigated in the
presence of DTT and also in the presence of purified HMG-1 using electrophoretic mobility shift assay. We show that the
binding capacity of USF for the E-box increases significantly with increasing DTT concentrations. At the higher DTT
levels, a second USF-DNA complex is formed in which there is co-occupation of both the E-box and the initiator sequence.
The stability of the second complex is largely refractory to an excess of unlabeled oligonucleotide which contains the
initiator sequence. These findings indicate a cooperative binding interaction between USF ligands bound simultaneously at
the E-box and the Inr sequence. Two models are proposed which are consistent with these data. Furthermore, experiments
indicate that the presence of HMG-1, a nuclear protein known to influence transcriptional activity, increases USF binding
activity at the E-box by as much as 100%. These findings indicate that both reducing conditions and HMG-1 may act as
modulators of USF-regulated transcription. © 1998 Elsevier Science B.V.
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1. Introduction

Initiation of basal level transcription by RNA poly-
merase 1l occurs only after the assembly of the
preinitiation complex (PIC), with the critical nucle-
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fluoride; b/HLH /Z protein, basic helix-loop-helix leucine zipper
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ation event being the sequence-specific binding of the
(TBP) to the TATA box, located ca. 25 nucleotides
upstream of the initiation site [1,2]. The level of
transcriptional activity may be controlled by any of a
multitude of interactions involving additional factors,
called transcriptional regulatory proteins. The mecha-
nistic diversity by which each of these proteins mani-
fests their influence is continually emerging [1].
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However, in most cases, these factors control the rate
of initiation by RNA polymerase II by binding to
DNA sequences up-stream of the TATA box and /or,
in a number of cases, interact with the initiation site
(Inr) and thereby modulate transcriptional activity
[2,3]. Transcriptional regulation for a number of genes
has been shown to involve DNA loop formation, with
the bacteriophage A\ repressor, lac repressor and araC
proteins, binding in their respective operons, provid-
ing perhaps the most extensivelv characterized
paradigms [4-7]. In addition, the activity of a number
of regulatory proteins, in both prokaryotic and eu-
karyotic organisms, are modulated by a redox control
[8-10]. It has been shown, for example, that the
DNA-binding potential of Fos and Jun [10], NF-kB
[11,12] and USF [13,14] is modulated in a redox-de-
pendent manner. One source of the redox potential
for Fos and Jun was identified as a polypeptide called
Ref. [15,16], while no other specific protein sources
in eukaryotic systems have been reported.

To further understand the events occurring during
transcriptional initiation by RNA poiymerase II, the
well characterized Ad MLP has been widely utilized
as a model promoter for eukaryotic transcription. It is
representative of a composite promoter, which con-
tains a TATA sequence and an associated initiator
element, both of which influence basal-level tran-
scription [1]. In addition, there is an up-stream acti-
vating sequence, at which the binding of the USF
protein can enhance the level of transcription [16-23].
USF is a 34 kDa basic helix-loop-helix-leucine zipper
protein and is a member of the c-myc family of
proteins [25]. Tt was identified by in vitro studies as
the gene-specific factor which binds 1o the up-stream
stimulatory core sequence, CACGTG. located at — 58
of the Ad MLP [17-24]. Physical studies indicate
that USF occurs as a dimer or bivalent tetramer in
dilute solution and although it extensively aggregates
in more concentrated solution, it binds strongly to its
DNA recognition sequence as a dimer [25-27]. It
was demonstrated that redox condit.ons affect both
the DNA-binding and activating potential of USF
[13,14]. Furthermore, USF was reported to also bind
to the Inr site in the Ad MLP and HIV-1 promoters,
resulting in transcriptional stimulation through its
interaction with the initiator element [19]. USF bind-
ing to either the E-box or the Inr element was found
to be cooperatively enhanced through interaction with

TFII-I, the initiator site binding protein, which was
found to be immunologically related to USF [28-30].

The abundant nuclear proteins, HMG-1 and HMG-
2, have been reported to function as both activators
and repressers of RNA polymerase II transcription
[31-35]. In a cell-free extract, the binding of USF to
the E-box in the Ad MLP and the level of transcrip-
tion from this promoter was enhanced by the pres-
ence of a mixture of HMG-1 and HMG-2 [31].
However, recent EMSA studies with purified proteins
failed to show evidence for direct physical interaction
between HMG-1 and the USF-DNA complex [34].
HMG-1, however, was found to bind the proges-
terone receptor complex and enhance the binding of
the complex to its cognate promoter recognition site
[33]. This, together with other findings, appears to
suggest that there is an expanding class of diverse
proteins which facilitate transcription factor binding
to their recognition sequences [33,36].

In this work, we confirm and extend previous
reports that the DNA-binding potential of USF to the
E-box in the Ad MLP is enhanced with increasing
DTT concentration. In addition to increasing the sta-
bility of this initial complex, we show that in reduc-
ing conditions, a well-defined second EMSA stable
complex is established. The stability of this complex
is refractory to competition by an oligonucleotide
containing the initiator sequence, and therefore, this
latter complex and its stability cannot be adequately
explained by the addition of a second USF dimer
binding independently to the initiator element. Two
tentative models are proposed which may explain
these findings, both of which invoke the presence of
a USF bivalent homotetramer, exhibiting cooperative
binding as a result of simultaneous binding at the
E-box and the initiator element. Finally, we report
that HMG-1 protein specifically increases the DNA-
binding potential of USF in non-reducing conditions.

2. Materials and methods
2.1. DNA preparation

The pAd2MLP-DG plasmid containing the Ad
MLP sequence (from —400 to + 10), was linearized

by EcoRI digestion and used as a PCR template for
amplification of the 148 bp DNA fragment contain-
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Fig. 1. DNA fragments of the Ad MLP showing the location of the E-box, the TATA box and the initiator sequence. (1) 148 bp (from
—138 to + 10) fragment; (2) 30bp (from — 70 to —40) fragment; (3) 20bp (from — 10 to + 10) fragment.

ing sequences from — 138 to + 10. The primers used
were 5-GTG CAC TCG CAG GGT GTG-3' and
5-GGA AGA GAG TGA GGA CGA ACG-3', corre-
sponding to the sequences from —138 to —118 and
from +11 to —11, respectively. After the PCR, the
DNA fragments were ethanol precipitated, resus-
pended in TE buffer and separated by electrophoresis.
The 148 bp DNA was extracted from the gel, ethanol
precipitated, resuspended in TE buffer and the DNA
concentration determined from the absorbance at
260nm. For EMSA studies, 100-200ng of 148bp
DNA were 5-end labeled with [y-">PJATP with T4
polynucleotide kinase. The 30bp (from —70 to —40
of the Ad MLP) and competitor {(from —10 to + 10)
oligonucleotides were purchased from National
Biosystems. The DNA fragments used in the study,
with the binding sites of interest, are shown in Fig. 1.

2.2. Protein preparations

Recombinant USF purification was isolated and
purified according to the procedure of Pognonec et al.
[37]. The final USF solution was approximately 80%
pure, as shown by SDS-PAGE, and was stored at
4°C in 20mM Tris—HCl (pH 7.4), 10% glycerol,
1 mM EDTA, 100mM NaCl, 1 mM PMSF, 5pg/ml
leupeptin, 10 pg/ml aprotinin, 0.1% NP-40.

HMG-1 protein isolation and purification was per-
formed under non-denaturing conditions [38]. USF
concentration was estimated by Bradford assay.
HMG-1 concentration was estimated by absorbance
reading at 280nm using a extinction coefficient of
0.82g 'em™' [39].

2.3. DNA-binding studies

Variable concentrations and combinations of USF
and HMG-1, in a final volume of 5 j.1, were mixed in

EMSA buffer (20 mM HEPES-KOH pH 7.9,
67ng/ml BSA, 60mM KCl, 5mM MgCl,, 10%
glycerol, 0.1 mM EDTA, 0.025% NP-40). Ten pl of
the DNA mixture (10fmoles of DNA, 100ng of
poly(dG-dC), a final spermidine concentration of
2mM and EMSA buffer) was then added and the
complete reaction mixture was incubated at 30°C for
30min. At the completion of the incubation period,
each reaction mixture (15u1) was loaded on a pre-
electrophoresed 4% polyacrylamide gel at 4°C, while
the current was on (200 V). The electrophoresis buffer
was 0.5 times TBE. Following electrophoresis, the
gel was dried and exposed to X-ray film at —70°C.
The dried gels were analyzed using an AMBIS phos-
phoimager in order to quantify the amount of pro-
tein—DNA complex.

3. Results

3.1. Stimulation of USF binding activity by reducing
conditions

The specific binding activity of USF on the 148bp
Ad MLP DNA fragment was demonstrated by EMSA
(Fig. 2). Under standard incubation conditions (no
DTT, lanes 1-5), the 148bp oligonucleotide com-
plexed with increasing USF concentrations to yield a
characteristic (USF),-DNA complex (C1). A band of
slightly greater mobility which is also observed, is
reportedly due to a proteolytic product of USF [17].
Quantitation of the radioactivity in both complexed
DNA and free DNA bands was used to calculate the
apparent dissociation constant for USF binding to be
6.3 X 107°M, in good agreement with previously
reported values [25].
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Fig. 2. Titration of 148 bp Ad MLP fragment with USF in the absence (lanes 1-5) or presence of DTT at 0.04 mM (lanes 6—10), 0.4 mM
(lanes 11-15) or 4 mM (lanes 16—20). Each reaction was performed in the presence of 0.1 p.g of the nonspecific poly(dG-dC) competitor
DNA and 10 fmol (6.67 nM final) of the labeled 148 bp fragment (from — 138 to + 10) of the Ad MLP. The USF concentrations are 0.9,
2.7, 8.2, 24 or 74nM. C1 and C2, primary and secondary complexes of USF with Ad MLP DNA; F, free DNA fragment.

USF binding to Ad MLP DNA is reportedly in-
creased by DTT, with an optimal concentration of
4mM DTT [14]. To explore this further, we deter-
mined the effect of a wide range of DTT concentra-
tions on USF binding capacity. Serial dilutions of
USF adjusted to buffer with no DTT or 0.04 mM,
04mM or 4mM DTT were incubated with DNA
solutions which were freshly adjusted to this same
DTT concentration. As shown in Fig. 2, the effi-
ciency of USF binding increases with DTT concen-
tration. An analysis of the results indicate that in
going from DTT-free to 0.04mM DTT containing
buffer, only a modest increase in USF binding activ-
ity was observed, with an apparent dissociation con-
stant of 2.1 X 107" M. On the other hand, increasing
DTT from 0.04 to 0.4 mM DTT produced a dramatic
and reproducible increase in USF binding activity,
while increasing DTT to 4 mM produced further, but
smaller increases. On a comparison of the band inten-
sities for free DNA and the C1 complex, it is appar-
ent that although complete formation of C1 complex
was achieved in DTT-free buffer only at the highest
USF level (74 nM), in 0.4 mM DTT, the complex was
evident at the lowest level of USF (0.9nM). The K,

values obtained in the higher DTT levels were esti-
mated to be greater by as much as 100-fold or more.

3.2. Reducing conditions promote formation of a
second complex

A second, and more notable effect of DTT on USF
binding, and an effect that has not previously been
reported, is the occurrence of an additional EMSA
stable USF-DNA complex (C2) at the higher DTT
levels. This complex is not observed when there is no
or low (0.04 mM) levels of DTT, irrespect of the USF
concentration used. On the other hand, it is observed
in the presence of 0.4mM DTT at the higher USF
levels (lanes 13—15; 8—32nM USF), while in 4 mM
DTT containing buffer, this second complex is ob-
served at the lowest levels of USF used (lane 16;
2nM). At both these higher levels of DTT, and
especially evident at 4mM DTT, there is a corre-
sponding decrease in the level of the C1 complex.
Similar to C1, the C2 complex is also represented by
two bands, with the one at greater mobility being
DNA complexed with the proteolytic cleavage frag-
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ment of USF, while the band of lower mobility
represents the true C2 complex.

For the second complex, (C2), observed at the
higher DTT levels, we considered the possibility that
it resulted from the simple interaction of two USF
dimers binding independently to the 148 bp DNA
fragment, one to the E-box and the other to the Inr
sequence, respectively. In previous work using a
filter binding assay, Roy et al. [28] have reported the
K, value for the USF/DNA complex on small inde-
pendent DNA fragments. For the complex at the Inr
site. (from —15 to +23 fragment), K, =
0.12 X 107° M~ ' (K, = 8nM), while for the bind-
ing at the E-box (from —75 to —35 fragment),
K,=24%x107°M""' (K; =04nM). These find-
ings indicate that affinity of USF for the E-box is ca.
20 times greater than that at the Inr sequence. Since
this report of the binding constant for USF to small
independent DNA fragments was determined by filter
binding assays and using slightly different size DNA
fragments, we carried out a comparative EMSA study
on two different segments of the Ad MLP, one
containing only the E-box (from — 70 to —40), while
the other contained only the Inr recognition sequence
(from — 10 to + 10) (data not shown). The amount of
USF necessary to bind 90% of the individual probes
was ca. 40 times higher for the DNA fragment con-
taining the Inr site than for the fragment containing
the E-box, results which are in general agreement
with those from the filter binding studies.

DTT - -
Oligo

To investigate the nature of the second complex
further, we performed a competition experiment (Fig.
3) in which USF was incubated with the labeled
148 bp DNA in the presence of an excess of the small
unlabeled 20bp DNA (from — 10 to + 10) that con-
tains the Inr sequence. As expected, the competitor
DNA had virtually no effect on the stability of the C1
complex that forms in the absence of DTT (lanes
6-10). The effect of the competitor DNA on the
stability of the C2 complex observed at higher levels
of DTT was both surprising and intriguing. At a
concentration of inhibitor which is ca. 50 times greater
than the labeled probe, the Inr containing competitor
DNA had only a small effect on reducing the stability
of the secondary complex (cf. lanes 13, 14 and 18,
19). These findings cannot be reconciled with the
independent binding model, in which USF binds
individually to two separate, different and indepen-
dent binding sites.

Additional USF binding studies were carried out at
high DTT and USF levels to compare these binding
results (on the 148 bp fragment) with that on a 30bp
DNA fragment of the Ad MLP (from —70 to — 40),
which contains only the E-box. These parallel experi-
ments (Fig. 4) with a 30bp DNA fragment show that
at 0.4 mM DTT, while a C2 band is clearly distinct,
indicative of strong complex formation on the 148 bp
fragment, only a very faint, but reproducible band, is
just detectable with the 30bp DNA fragment. This
observation (very weak, but reproducible) was unex-
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Fig. 3. Effect of DTT concentration and competitor DNA containing the Inr site on USF binding to the 148 bp Ad MLP DNA fragment.
Only the gel region containing the DNA-USF complexes is shown. Competitor DNA levels are ca. 50 times that of labeled Ad MLP
DNA. Lanes 1-5: no DTT, no competitor DNA; lanes 6—10: no DTT plus competitor DNA; lanes 11-15: 4mM DTT, no competitor
DNA; lanes 16-20: 4mM DTT plus competitor DNA. USF concentrations are 2, 4, 8, 16 and 32nM. Conditions and labels are as
described in Fig. 2.






