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EivF, a factor required for transcription ot
the adenovirus EIV promoter, binds to an
element involved in Ela-dependent
activation and cAMP induction
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The isolation of a cellular factor that was specifically required for transcription from the promoter of the
adenovirus early gene iv, an Ela-activated promoter, is described. This factor (EivF) was purified from HeLa cells
using a functional transcription assay and identified as a 72,000- to 65,000-dalton protein. DNase I footprinting
experiments demonstrated that purified EivF bound to the sequence 5'-GT(G/T)ACGT-3’ present two times
upstream of the Eiv TATA box. Nuclear extracts prepared from HeLa cells contained more than one factor
capable of binding to the EivF recognition site. Previous studies have indicated that a sequence similar to the
EivF-binding site was recognized by a 43,000-dalton protein and participated in the cAMP response of the
somatostatin promoter. The purified and transcriptionally active EivF also bound to DNA sequence elements
present in the somatostatin and a-gonadotropin promoters shown previously to be responsive to cAMP.
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The control region for genes transcribed by the RNA
polymerase II machinery appears to consist of a complex
variety of functional domains of DNA sequences
{Breathnach and Chambon 1981; Dynan and Tjian 1985).
One of them, the TATA box, is usually located 20-30
nucleotides upstream from the transcription initiation
site (cap site) and appears to position the start site of
transcription (Breathnach and Chambon 1981). Previous
studies have indicated that at least five protein factors,
the so-called general transcription factors, were required
for transcription from a promoter that contained the
minimum DNA sequence elements {the TATA box and
cap site) {Reinberg and Roeder 1987; Reinberg et al.
1987). Other DNA sequence elements important for
transcription were found upstream of the TATA box.
These upstream elements serve as recognition sites for
specific DNA-binding proteins whose roles remain to be
elucidated {(Dynan and Tjian 1985). It is clear that there
are many different upstream promoter elements. Some
promoters may contain only one, whereas other pro-
moters have been found to contain many of these ele-
ments arranged in mosaic {Dynan and Tjian 1985). Be-
cause one particular type of upstream element has been
found in a number of different promoters, the same

factor may be utilized for the control of expression of
different genes (Dynan and Tjian 1985; McKnight and
Tjian 1987), or different factors may be able to recognize
the same sequence but induce activation from different
promoters (Dorn et al. 1987). A third type of control ele-
ment is the enhancer, which is capable of functioning in
an orientation-independent fashion at a great distance
from the promoter (Khoury and Gruss 1983).

It thus appears that differential gene expression can be
mediated by the interaction of one or many specific
transcription factors with critical DNA element(s)
present in the promoter and/or the enhancer (Dynan and
Tjian 1983a,b; Dynan and Tjian 1985; McKnight and
Tjian 1987). This interaction could ultimately result in
the activation (Dynan and Tjian 1983a,b; Lee et al. 1987)
or repression (Nasmyth et al. 1987) of the expression of a
gene. The mosaic arrangement of upstream promoter el-
ements and enhancers suggests that the different spe-
cific transcription factors must communicate either di-
rectly (by protein—protein interactions) or indirectly (via
DNA-mediated interactions), with one another and with
those factors that operate by binding to the TATA se-
quence.

An attractive system that can be used to explore some

GENES & DEVELOPMENT 2:975-990 © 1988 by Cold Spring Harbor Laboratory ISSN 0890-9369/88 $1.00 975


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on April 27, 2024 - Published by Cold Spring Harbor Laboratory Press

Cortes et al.

of the mechanisms that operate to control gene expres-
sion is the regulation of transcription of the adenovirus
early genes by the adenovirus Ela gene products. The Ela
transcription unit encodes two polypeptides, p243 and
p289, which have identical amino- and carboxy-terminal
ends but differ by an internal 46 amino acids that are
missing in the smaller polypeptide (Berk and Sharp
1978; Chow et al. 1979; Perricaudet et al. 1979). p289
was shown to participate in the stimulation of transcrip-
tion of six adenoviral genes (Gilardi and Perricaudet
1984; Berk 1986; Nevins 1981}, as well as some cellular
genes (Green et al. 1983; Kao and Nevins 1983; Allan et
al. 1984; Stein and Ziff 1984; Svensson and Akusjardi
1984). In most cases, the DNA sequences important for
transcription of the Ela-activated promoter are known
(for review, see Berk 1986); however, a common regula-
tory element has not been identified. This is consistent
with the observation that the Ela-encoded proteins do
not specifically bind DNA.

To gain insight into the molecular and biochemical
mechanisms that operate during Ela-mediated activa-
tion of the adenovirus early genes, we reconstituted
transcription using purified proteins from the adeno-
virus-encoded Eiv promoter. The Eiv cap site is located
330 nucleotides from the right-hand end of adenovirus
DNA,; the first 103 nucleotides correspond to the virus
inverted terminal repeats. Previous studies have indi-
cated that transcription from this promoter was stimu-
lated by the larger protein encoded by the Ela gene (Gi-
lardi and Perricaudet 1984). Furthermore, it has also
been demonstrated that two DNA sequence elements
present in the Eiv promoter, one located between posi-
tions —239 and —218 and the other between positions
—179 and - 158, possessed enhancer-like properties and
were involved in the activation process (Gilardi and Per-
ricaudet 1986). In addition, Lee and Green (1987) have
shown that a factor present in extracts from uninfected
HeLa cells was able to bind to the DNA sequence ele-
ment present between positions —179 and — 158 and to
a similar sequence element present immediately up-
stream of the TATA box.

Montminy and Bilezikjian (1987) have isolated a
43,000-dalton phosphoprotein, from PC12 cells, that
binds to the cAMP-responsive element present in the so-
matostatin gene. The sequence recognized by this factor
is similar to the repeated motif in the Eiv promoter that
has been shown to be important in Ela-mediated activa-
tion (Lee and Green 1987). This suggested that transcrip-
tion from the somatostatin and Eiv promoters may be
controlled by the same factor.

In this paper we report the isolation, using a func-
tional transcription assay, of a cellular factor (EivF) that
was required specifically to initiate transcription from
the Eiv promoter. EivF was shown to be a protein of
72,000-65,000 daltons. Purified EivF bound specifically
to the DNA sequence GT{G/T)ACGT present in the Eiv
promoter. Extracts prepared from HeLa cells contained
more than one factor that could bind to the EivF recogni-
tion. EivF was also able to bind to elements that had
been shown previously to be responsive to cAMP, which
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were present in the somatostatin and a-gonadotropin
promoters.

Results

Characterization of the cis-acting DNA sequence
elements required for transcription from the Eiv
promoter

Previous studies have indicated that DNA sequences
starting at the Eiv cap site and extending 240 nucleo-
tides upstream were required for efficient transcription
from the Eiv promoter (Gilardi and Perricaudet 1984;
Berk 1986). Analysis of the Eiv promoter sequences indi-
cated the presence of two copies of an element that had
similarity to the Ela enhancer core sequences defined
previously {Hearing and Shenk 1983), three copies of a
5'-GT|{G/T)ACG(T/A)-3’ heptanucleotide (one within
each of the Ela enhancer core sequences and one imme-
diately upstream of the TATA box), and two Spl-binding
sites (Dynan and Tjian 1983b). These elements are orga-
nized as indicated in Figure 1A. To assess the role of
these various DNA sequence elements during transcrip-
tion from the Eiv promoter, we studied the transcrip-
tional template activity of various deletions of the Eiv
promoter using a HeLa cell nuclear extract as a source of
transcription factors. Removal of sequences from the left
up to —195 (including the ITR element and an Spl-
binding site} had no effect on Eiv transcription (Fig. 1B).
A gradual decrease of transcriptional template activity
was observed upon deletion of each of the Ela enhancer
core elements {Fig. 1B). Further deletions to —62 had no
effect; however, removal of the sequences between —62
and —46 decreased activity further, and transcription
was abolished by the deletion of the TATA box (Fig. 1B).
These results suggested that the Ela enhancer elements
and sequences between —62 and ~ 46 were required, in
addition to the TATA box, for optimal transcription
from the Eiv promoter in vitro.

Previous studies have demonstrated that the Eiv pro-
moter was activated by Ela (Gilardi and Perricaudet
1984) and the sequences upstream of — 160 were impor-
tant in this process (Gilardi and Perricaudet 1986; Lee
and Green 1987; Handa and Sharp 1984; Hanaka et al.
1987). This was confirmed by the demonstration that
the ability of the Eiv promoter deletion mutant DNAs to
drive expression of the bacterial chloramphenicol ace-
tyltransferase (CAT) gene, as assayed by a transient ex-
pression assay in transfected HeLa cells, was dependent
on cotransfection of the Ela gene (Table 1). Maximal ac-
tivation required the ITR; deletion of these sequences
resulted in a threefold decrease in CAT activity (Table
1). Ela-mediated activation of a promoter that did not
possess the ITR required the distal Ela enhancer core se-
quences for maximal activity {see Fig. 1). Deletion of
this element caused a 2.5-fold decrease in activation, as
well as a 3-fold decrease in basal levels of transcription
(in the absence of Ela). Deletion of the proximal Ela en-
hancer core element affected basal levels of transcription
but did not affect Ela-mediated activation (Table 1). The
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Figure 1. (A) Schematic representation of the different ele-
ments of the Eiv promoter. The GT{G/TJACG(T/A) sequence is
represent by solid squares. Solid ovals represent Spl-binding
sites. Open squares represent the Ela enhancer core sequence.
(B) Transcriptional template activity of various deletions of the
Eiv promoter in HeLa cell nuclear extracts. DNA containing
the wild-type Eiv promoter or the different deletions (0.2 pg), as
indicated at the top, were mixed with a control DNA carrying
the Ad-MLP (0.2 png) and with HeLa cell nuclear extract (90 pg).
Reactions were incubated under transcription conditions, as de-
scribed in Experimental procedures, and the products separated
by electrophoresis on polyacrylamide—urea gels.

removal of sequences between —131 and —104 {a GT-
rich region) reduced Ela-mediated induction further. The
removal of the Spl-binding site located at position —100
abolished activation (Table 1).

These results suggested that the ITR sequence, the
distal Ela enhancer core element, and sequences present
downstream of —130 were involved in activation. Fur-
thermore, they also indicated that the proximal (relative
to the cap site) Ela enhancer core sequence had no effect
on Ela-mediated activation. Previous studies did not de-
tect an effect on Ela-mediated activation by sequences
downstream of —158 (Gilardi and Perricaudet 1984,
1986; Lee and Green 1987). These differences could be
attributed to the differential sensitivities of the assays
employed.

Isolation of cellular factor EivF

Purification of a factor specifically required for
transcription from the Eiv promoter

The mechanism(s| by which Ela mediates activation is
not clear. It appears that the Ela proteins do not directly
recognize specific DNA sequences in the inducible
genes (Nevins 1981; Berk 1986). Thus, it has been sug-
gested that Ela acts indirectly by modifying preexisting
cellular factors (Nevins 1981; Kovesdi 1986). To gain in-
sight into the mechanism(s) of activation, we attempted
to reconstitute transcription from the Eiv promoter
using purified components. It has been shown that tran-
scription from the adenovirus major late promoter (Ad-
MLP), containing the minimal promoter elements (the
TATA box and cap site), required at least five general
transcription factors (IIA, IIB, IIE, IIF, and IID), in addi-
tion to RNA polymerase II (Reinberg and Roeder 1987,
Reinberg et al. 1987). Transcriptional template activity
from the Eiv promoter was not observed when reaction
mixtures containing these partially purified general
transcription factors, RNA polymerase II, and DNA car-
rying the Eiv promoter were incubated under transcrip-
tion conditions; whereas the Ad-MLP included in the
same reaction was transcribed. However, when different
amounts of nuclear extract (prepared from uninfected
HeLa or Ad-5-infected HeLa cells) were added to the re-
action mixture, the Eiv promoter became transcription-
ally active {data not shown; see below). This functional
complementation assay was used to isolate a factor nec-
essary for Eiv transcription (EivF) from nuclear extracts.

The purification of EivF is summarized in Table 2 and
described in Experimental procedures. The HeLa factor
copurified during the first two steps of the procedure
(phosphocellulose and DEAE—Sephacel) with the gen-
eral transcription factor IIB. These two factors could be
separated after gel filtration through a column of Sepha-
cryl 8-300 in the presence of high salt (1.0 m KCl}. Tran-
scriptionally active EivF eluted with an apparent molec-
ular weight of 57,000—-89,000, whereas TFIIB activity
eluted (Reinberg and Roeder 1987) with an apparent mo-
lecular weight of 29,000~32,000, as reported previously
(data not shown). When the column fractions were as-
sayed for their ability to bind to the Eiv promoter on a
gel retardation assay, binding activity specific for the Eiv
recognition site [GT(G/T)ACGT] was present in a broad
peak, including almost all the fractions of the column
and producing DNA-protein complexes that had dif-
ferent electrophoretic mobilities (data not shown). To
investigate this further, the binding activity was ana-
lyzed by DNase I footprinting experiments. Footprints to
the 5'-GTGACGT-3' sequence in the distal Ela enhancer
core sequence (between —170 and —163) and to the 5'-
GTTACGTCA-3’ sequence in the site proximal to the
TATA box (between —58 and —47) were observed in al-
most all of the fractions analyzed (Fig. 2). Also, fractions
numbered 162—-168 yielded two additional weak foot-
prints. One mapped to the sequence 5-GTGACGA-3' in
the proximal Ela enhancer core sequence (between nu-
cleotides — 147 and —140), and the other was located
between nucleotides —128 and —120 (for details, see
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Table 1. CAT activity in soluble extracts derived from cells transfected with DNAs carrying different Eiv promoter—deletion mu-

tant—CAT constructs

( *H) ACETYLATED CHLORAMPHENICOL

PROMOTER CONSTRUCT -Ela +Ela *Ela -
- a
(pmol)
ITR m T FT.T @ l_' 316 9,400 29
-227 -195 -161 -131 -104-62 -46
TATA r’
,J'.il,lf‘I j-_r[LCD 269 3,300 12
-195 <161 -131-104 -62 -46
1,278 14
W _an @~ 87
-161 -131-104 -62 -46
@ 27 1,106 40
-131-104 -62-48
Gara 23 493 21
-104 -62-46
QD 37 94 35
.62 -46
32 43 13

Transfection and CAT assays were carried out as described in Experimental procedures. The different Eiv promoter constructs (5 p.g)
used in the transfection experiments are indicated in the table. Cells were also cotransfected with a plasmid DNA containing the Ela
gene or pJAM (5 pg) and a plasmid DNA containing the B-globin promoter (5 wg). Extracts were diluted to the same protein concentra-
tion. To be certain that assays were carried out on a linear range, three different amounts of extracts were assayed. Values represent an
average of four independent assays, using 60 pg of extract. The efficiency of transfection was monitored by analyzing the amount of
B-globin RNA produced as described previously (Costa et al. 1986).

Fig. 6). One interpretation of these results was that the
footprinting activity to the 5'-GT(G/T)ACG(T/A)-3' se-
quence present in the column fractions could be the re-
sult of different proteins interacting with this sequence,

Table 2. Purification of EivF

Total
mg protein  units Units/mg protein
Nuclear extract 3500 310,000 88
Phosphocellulose 276 205,000 742
DEAE-Sephacel 196 197,000 1000
Sephacryl S-300 25 102,000 4080
DNA affinity 32,000

All steps were as described in Experimental procedures. One
unit of EivF was defined as the amount of protein that catalyzed
the incorporation of 1 pmole of nucleotide into a 1500-nucleo-
tide transcript originated from the Eiv promoter in 45 min
under the conditions specified in Experimental procedures. The
amount of protein in the DNA affinity step is unknown.
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each having a different molecular weight.

Transcriptionally active fractions (150-162) were
pooled. To analyze further whether binding and tran-
scriptional activities copurified, an aliquot of the pool
was sedimented through a high salt (1.0 m KCl) glycerol
gradient, and fractions were assayed for both transcrip-
tional and DNA-binding activities. The transcriptional
activity sedimented at 4.9S in front of the BSA marker
(Fig. 3). Two different peaks of DNA-binding activity
were observed when the fractions were assayed for their
ability to bind to the Eiv promoter. The slower sedimen-
ting form was displaced slightly (by one fraction) from
the transcriptional activity (Fig. 3). This may be due to
interfering activities present in the fractions; such ex-
amples have been observed previously with other tran-
scription factors {Dynan and Tjian 1983b; Reinberg and
Roeder 1987). The faster sedimenting form has not yet
been characterized.

Additional purification of EivF was accomplished by
three passages of EivF through a DNA affinity column
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Figure 2. Fractionation of EivF on a Sephacryl $-300 column. The DEAE—Sephacel fraction {200 mg protein) derived from HeLa cell
extracts was fractionated on a Sephacryl S-300 column (1.4 X 120 cm). The column was equilibrated with buffer C containing 1.0 M
KCl. The fractionation was performed at 9 ml/hr. Fractions of 1.0 ml were collected and dialyzed against buffer C containing 0.1 M
KCl, and aliquots were assayed for DNA binding to the Eiv promoter, as well as in the Eiv-specific transcription assay. DNase I
footprinting reactions were carried out as described in Experimental procedures. Each assay tube received a 10-pl aliquot of a fraction,
as indicated at the top. The DNA fragment used (2 ng) containing the Eiv promoter was 3'-end labeled at the HindIII site located 71 bp
downstream from the cap site (coding strand). The control pattern of DNase I digestion obtained in the absence of protein is indicated
with a negative symbol (—) at the top. The positive symbol ( + ) represents the reaction that received EivF. The boxes at the side of the
figure represent the relative positions of regions protected from DNase I digestion. The EivF transcriptional activity was determined
by assaying an aliquot (5 pl} of the different fractions in the Eiv-specific transcription assay. Reaction mixtures were as described in
Experimental procedures and contained a plasmid DNA carrying the Ad-MLP (0.2 pg) as an internal control and a plasmid DNA
carrying the Eiv promoter from which the ITR sequences had been deleted. In addition, reaction mixtures were supplemented with
partially purified transcription fa#tors IIA (DEAE—cellulose fraction, 2.2 pg), IIB (Sephacryl S-300 fraction, 1.3 pg), IIE/IIF (Sephacryl
$-300 fraction, 2.4 ug), IID (DEAE-cellulose fraction, 2.9 pg), Spl (DNA affinity fraction, 1 pl), and HeLa cell RNA polymerase II (35
ng, 175,000 units/mg protein). The amount of radiolabeled nucleotides incorporated into the Eiv transcript was determined by ex-
cising the corresponding bands and counting in a scintillation counter.

containing multiple copies of the GTGACGT heptanu-
cleotide {see Experimental procedures). The specific
DNA-binding activity associated with EivF (measured
on a gel retardation assay) eluted in a 2.0 m KCl wash
(data not shown). EivF recovered after the third passage
over the DNA affinity column was transcriptionally ac-
tive (see below) and bound to two regions of the Eiv pro-
moter (Fig. 4A).

When fractions of the different steps of the purifica-
tion were analyzed by polyacrylamide—SDS gel electro-
phoresis and the proteins visualized by silver staining, it
was possible to observe that the above purification

scheme resulted in the isolation of two proteins that mi-
grated in the molecular weight range of 72,000 and
65,000 (Fig. 5A). To determine whether the 65,000-
dalton and/or 72,000-dalton protein corresponded to
EivF, the purified protein(s) were separated on a prepara-
tive polyacrylamide—SDS gel. Slices of the gel con-
taining denatured proteins were excised, as indicated on
the left-hand side of Figure 5A, and the proteins eluted
and renatured by the method of Hager and Burgess
(1980). The proteins were assayed for their ability to
bind to the Eiv promoter on a gel retardation assay (Fig.
5C). Bands a and b (migrating as 72,000 and 65,000
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daltons, respectively, when separated for a second time
on polyacrylamide—SDS gel, Fig. 5B} were able to bind to
the Eiv promoter (Fig. 5C, lanes 4 and 6) and yielded a
DNA —protein complex that migrated to the same posi-
tion as one of the complexes formed with the protein
from the DNA affinity step (prior to isolation from the
polyacrylamide—SDS gel). However, band b appeared to
produce a second complex that migrated faster (lane 6).
The binding activity observed with bands a and b was
specific for the EivF recognition site because it could be
competed by oligonucleotides that contained the se-
quence 5'-GTGACGT-3' (lanes 5 and 7). The material
eluted from band c (Fig. 5A) was not able to bind to the
Eiv promoter (Fig. 5C, lanes 8 and 9). The slower mi-
grating DNA-—-protein complex formed with the protein
from the DNA affinity steps probably represents the
binding of EivF to the two sites present in the Eiv pro-
moter. The faster migrating form {lanes 2—4 and 6) prob-
ably represents the binding of EivF to only one site in
the Eiv promoter.

The nature of these two polypeptides is unknown. It is
possible that the 65,000-dalton protein is a proteolized
form of the 72,000-dalton protein; however, it is also
possible that the differences in molecular weight repre-
sent different post-translational modifications. This is
currently under study.

B-Galactosidase
T (116K)

1

Affinity-purified EivF is transcriptionally active

The results described in the previous section indicated
that affintiy-purified EivF could bind to the Eiv pro-
moter (Fig. 4A). To ascertain whether the protein was
also transcriptionally active, different amounts of af-
finity-purified EivF {a mixture of the 65,000 and 72,000
daltons) were added to reaction mixtures containing the
general transcription factors IIA, IIB, IIE/IIF, IID, RNA
polymerase II, the Eiv promoter, and the MLP. In the
absence of EivF, the MLP was transcriptionally active
and low levels of transcription were observed from the
Eiv promoter. There low levels of Eiv transcription were
probably the result of the general transcription factors
operating via the TATA sequence [Fig. 4B, left lane indi-
cated by a negative symbol (—)]. However, the addition
of purified EivF gave specificity to the reaction, as indi-
cated by the suppression of nonspecific transcription ob-
served in its absence (Fig. 4B, left lane), and led to the
production of a specific Eiv transcript (Fig. 4B, lanes la-
beled 1x, 2%, and 4 X ; transcription from the MLP was
not affected. Thus, affinity-purified EivF was specific for
the Eiv promoter and was transcriptionally active.

The above results demonstrated that the mixture of
the 65,000- and 72,000-dalton proteins was able to spe-
cifically drive transcription from the Eiv promoter. Be-
cause we have not been able to recover a transcription-
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Figure 3. Cosedimentation through a glycerol gradient of the DNA-binding and transcription activities associated with EivF. A
300-pl aliquot of EivF from the Sephacryl S-300 pool was dialyzed against buffer C containing 10% glycerol and 1.0 M KCl and loaded
onto a 5-ml, 15-35% glycerol gradient formed in buffer C containing 1.0 M KCI. Sedimentation was at 45,000 rpm for 24 hr at 4°C in
an SW 55 rotor. Fractions of ~ 160 ul were collected from the bottom of the tube and dialyzed against buffer C containing 0.1 M KCL
An aliquot (5 pl) was removed from each fraction and assayed for transcription activity, as indicated in the legend to Figure 2. Another
aliquot {5 ul) was assayed for DNA-binding activity, as described in Experimental procedures. A 328-bp DNA fragment containing the
Eiv promoter up to —228 was used. The transcription and DNA-binding activities are superimposed.
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Figure 4. (A) DNase I footprinting analysis of affinity-purified EivF on the Eiv promoter. The footprinting reaction was carried out as
described in Experimental procedures and contained DNA (~ 2 ng) and affintiy-purified EivF (as indicated at the top). The control
pattern of DNase I digestion obtained in the absence of EivF is indicated with a negative symbol { — ) at the top. The relative position of
regions protected from DNase I digestion are indicated as open boxes (right). {B) Affinity-purified EivF is transcriptionally active.
Reaction conditions were as described in Experimental procedures and contained transcription factors IIA [single-stranded (ss) DNA
agarose fraction, 0.9 pg], IB (ssDNA agarose fraction, 0.25 ug), IIE (Affi-gel blue fraction, 0.9 ug), IID (ssDNA agarose fraction, 0.3 pg),
Spl (DNA affinity step, 1 pl), RNA polymerase II (35 ng, 175,000 units/mg protein), and a plasmid DNA containing the Eiv promoter
(0.2 pg). In addition, transcription reactions were supplemented with different amounts of affinity-purified EivF, as indicated at the
top. The amount of radiolabeled nucleotide incorporated into the specific transcripts was measured by excising the bands of the dry
gel and counting in a scintillation counter. The numbers expressed in pmoles of [32P|JUMP incorporated into the Eiv and ML tran-
scripts were no EivF(—), 0.15 and 0.3; 1 x EivF, 0.35 and 0.3; 2 x EivF, 1.2 and 0.4; 4 x EivF, 1.0 and 0.4, respectively.

ally active form of the proteins after renaturation from
the polyacrylamide—SDS gel, it is currently unknown

HeLa cells contained an activity that bound to two sites
(sites A and B) within the Eiv promoter. However, their

whether either polypeptide can drive transcription inde-
pendently. However, the ratio of the two proteins varied
between preparations and appears to have no relation
with transcription activity. Preparations containing ap-
proximately equal amounts of the 72,000- and 65,000-
dalton proteins (Fig. 5A) were as active as preparations
that were enriched in the 65,000-dalton protein (Fig. 5B).

Binding of EivF and EivF-related factors to the Eiv
promoter

The Eiv promoter contains three sites that should serve
as recognition sequences for EivF (see Fig. 1A). Lee and
Green (1987) demonstrated that nuclear extracts from

footprints to site A extended over both of the two Ela
enhancer core sequences (from —178 to —138) at high
concentrations of nuclear extract. A possible explana-
tion, as suggested by these investigators, was the pres-
ence of two sites, each with different binding affinity.
Another possibility raised was that a factor other than
the transcriptionally active EivF was binding to the
proximal Ela enhancer core sequence.

Footprinting studies with purified EivF indicated that
only two sites in the promoter, one located upstream
from the TATA box between nucleotides —57 and —46
and one located in the distal Ela enhancer core sequence
between nucleotides — 170 and — 163, were actually rec-
ognized (Fig. 4A). Footprinting to the 5'-GTGACGA-3’
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Figure 5. Analysis of the polypeptides containing EivF activity. [A) SDS—polyacrylamide gel electrophoresis of the different steps in
the purification of EivF visualized by silver staining. The lanes display the polypeptides present in the different stages of purification,
as indicated at the top, when equivalent amounts of EivF {160 units, transcription activity) were analyzed on a 10% gel. {B) Analysis
{by SDS—polyacrylamide gel electrophoresis) of the proteins eluted from an SDS—polyacrylamide gel. Protein bands labeled a, b, and ¢
in the SDS—polyacrylamide gel in A were cut and eluted as described in the text. A fraction of the renatured protein (10 pl) was
analyzed on a 10% SDS—polyacrylamide gel. Lanes represent the polypeptides present in the DNA affinity step and in the material
eluted from bands a and b, as indicated at the top. The lane on the right contained protein molecular weight markers. (C) DNA-
binding activity in the renatured proteins isolated from an SDS—polyacrylamide gel. Binding assays were as described in Experimental
procedures and contained an aliquot (as indicated at the top) of proteins in the DNA affinity step or of the material isolated from bands
a, b, or c. Reaction mixtures received a 3’ end-labeled 328-bp DNA fragment (9 ng) containing the Eiv promoter and competitor DNA.
Lanes 1—4, 6, and 8 received 0.4 pg of plasmid DNA containing the Eiv promoter in which the elements upstreams of —46 were
deleted. Lanes 5, 7, and 9 received 9.0 ng of a double-stranded oligonucleotide that contained the EivF recognition site. The slow
migrating band observed in lane 1, representing a low percentage of the labeled DNA added, probably represents an anomalous

migration of the probe, which is present occasionally. We do not yet understand its origin.

sequence located in the proximal Ela enhancer core se-
quence (between nucleotides —147 and — 140} was not
detected with transcriptionally active EivE. The in-
ability of EivF to bind to the proximal Ela enhancer core
sequence correlates well with the deletion experiments
indicating that the removal of this element did not affect
Ela-mediated activation of the Eiv promoter (Table 1).
However, a fraction that eluted from a gel filtration
column within a molecular weight range of 47,000
daltons (relative to protein standards) contained a
factor(s) capable of binding to the sequence GTGACGA
(Fig. 2). To analyze this further, variable amounts of
three fractions of the Sephacryl S-300 column, each rep-
resenting a different molecular weight [fractions 153,
167, and 186, named EivF, AP1,” and CREB, respectively
(see below)] were analyzed in a footprinting experiment.
As expected, the transcriptionally active fraction 153,
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EivF, bound to two different regions on the Eiv pro-
moter, mapping to the distal Ela enhancer core sequence
and to a site located upstream of the TATA box (Fig. 6,
lanes 3—7). Fraction 167, AP1°, gave protection at five
different sites in the promoter (lanes 8-11). Two
mapped to the same locations obtained with fraction
153; however, three additional footprints were observed.
One mapped between position — 147 and —140 and in-
cluded the sequences 5'-GTGACGA-3’, located in the
proximal Ela enhancer core sequence (see Fig. 1A). An-
other site was observed between nucleotides — 130 and
~120 and included the sequence 5'-GTTGTGGG-3'. In-
terestingly, the sequence GTGGG also appears between
the two Ela enhancer core sequences [nucleotides — 160
and —155). In this case, the footprint appeared as an ex-
tension of the protection observed in the distal Ela en-
hancer core sequence (see Fig. 6; lane 11). Fraction 186,


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on April 27, 2024 - Published by Cold Spring Harbor Laboratory Press

CREB, transcriptionally inactive, yielded two footprints
similar to those obtained with fraction 153 (lanes
12—15). The above results suggested that the binding ac-
tivity to the proximal Ela enhancer core sequence was
due to an activity different from EivF, which was present
in fraction 167.

To analyze further the specificity of binding present in
fraction 167, competition experiments using oligonu-
cleotides were performed. Previous studies have demon-
strated that the sequence 5'-GTGACTCA-3’, which is
remarkably similar to the EivF core sequence (5'-
GTGACGT-3'), was recognized by a 46,000-dalton pro-
tein (Lee et al. 1987). This sequence, present in the SV40
enhancer and in the enhancer element of the human
metallothionein IIa and human collagenase genes, has
been shown to be recognized by purified transcription
factor AP1 (Lee et al. 1987). Binding activity, in fraction
167, to the proximal and distal Ela enhancer core se-
quences, as well as to the EivF site located proximal to
the TATA box, was competed by oligonucleotides con-
taining the EivF recognition site (Fig. 7A, cf. lane 3 with
lanes 6 and 2). The addition of oligonucleotides con-
taining the APl recognition site (lane 4), resulted in

G G+A fxn ENF

Protein

Isolation of cellular factor EivF

competition of the binding to the proximal Ela enhancer
core sequence (cf. lane 4 with lanes 6 and 2) and to a
partial competition of the binding to the distal Ela en-
hancer core sequence, as well as to the site proximal to
the TATA box (cf. lane 4 with lanes 6 and 2). The addi-
tion of oligonucleotides containing the AP1 and EivF
recognition sites {lane 5) resulted, as expected, in com-
petition of the binding to the Ela enhancer core ele-
ments, as well as to the site proximal to the TATA se-
quence. However, the binding to the two GTGGG boxes
located approximately at positions —125 and —157 was
not affected (cf. lane 5 with lane 6). The binding to the
GTGGG element was competed only by oligonucleo-
tides containing the sequence 5-GTGGG-3' (lane 6).
The binding activity to the EivF recognition sites
present in fractions 153 and 186 was competed by oli-
gonucleotides containing the EivF recognition site (Fig.
7B, lanes 5 and 8, respectively) but was not affected by
oligonucleotides containing the APl recognition site
{lanes 6 and 9). The extent of the area protected in the
distal Ela enhancer core sequence cannot be determined
accurately in this particular analysis; and the protection
from —163 to —180 (indicated on the right-hand side of

fxn AP * fxn CREB
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Figure 6. Analysis of the DNA-binding activities present in three fractions of the Sephacryl $-300 column. DNase I footprinting
reactions were carried out as described in Experimental procedures and contained different amounts of protein from three fractions of
the Sephacryl S-300 column, as indicated at the top. The DNA fragment used (2 ng) containing the Eiv promoter was 3’ end labeled at
the HindIII site located 71 bp downstream from the cap site. The control pattern of DNase I digestion obtained in the absence of
protein is indicated with a negative symbol [ —) at the top. The boxes (right) represent the relative positions of regions protected from

DNase I digestion.
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Figure 7. Competition of the DNA-binding activites present in three fractions of the Sephacryl $-300 column. DNase I footprinting
reactions were carried out as described in Experimental procedures and contained protein (0.8 pg) from the fraction AP1 (A) or from
the fractions EivF and CREB (B, lanes 3—6 and 7-10, respectively) The DNA fragment (2 ng) contained the Eiv promoter and was
labeled at the EcoRI site located 359 nucleotides upstream from the cap site (noncoding strand in A) or at the HindlIII site located 71
nucleotides downstream from the cap site (coding strand in B). The double-stranded oligonucleotides used as specific competitors {100
ng) are indicated at the top. The control pattern of DNase I digestion obtained in the absence of protein is indicated with a negative
symbol (—) at the top. The control pattern of DNase I digestion obtained in the presence of protein but in the absence of the specific
oligonucleotide is indicated by a positive symbol {+] at the top. The boxes in the drawing at the right of A and B represent the relative

positions of regions protected from DNase I digestion.

Fig. 7B) is approximate. The exact limits of the protected
area are from —162 to —173, as indicated on the right-
hand side of Figure 7A. Thus, it appears that the binding
activity to the proximal Ela enhancer core sequence
present in fraction 167 was APl or an APl-like factor
and that this factor could bind to the EivF recognition
site. Furthermore, the above experiments also demon-
strated that the sequence 5'-GTGGG-3' present in the
Eiv promoter (between the two Ela enhancer core se-
quences and also at position — 125 served as recognition
for a factor different from EivF and AP1. Interestingly,
this sequence is also present between the two EivF sites
located in the ITR (P. Cortes and D. Reinberg, unpubl.}.
The role of this element in Eiv transcription is currently
unknown; however, it is interesting to note that a dele-
tion of the sequences in the Eiv promoter from —131 to
—103, including the GTGGG element, resulted in a
threefold decrease in Ela-mediated activation {see Table
1).
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Multiple factors can bind to the EivF recognition site

As indicated previously, transcriptionally active EivF
eluted from a gel filtration column developed with a
buffer containing high salt with an apparent molecular
weight of 57,000—89,000. However, when the column
fractions were assayed for their ability to bind to the Eiv
promoter, binding activity was present in almost all of
the fractions. To investigate further whether this result
was due to the presence of different factors that can bind
to the EivF recognition site and not to protein aggrega-
tion, aliquots of each fraction were removed and pooled,
and the proteins separated according to molecular
weight by electrophoresis on a preparative polyacryl-
amide—SDS gel. Slices of the gel containing denatured
proteins of different molecular weight ranges were ex-
cised and the proteins eluted and renatured as indicated
previously. The proteins were then assayed for their
ability to bind to the Eiv promoter. Different pools of
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proteins could bind to the Eiv promoter, generating dif-
ferent DNA—-protein complexes (Fig. 8A). Two DNA—
protein complexes were formed with protein migrating
in the large molecular weight range. One complex was
formed with protein(s) eluting between 76,000 and
70,000 (lane 4), and another complex with protein(s) mi-
grating between 70,000 and 64,000 (lane 5). The protein
present in these complexes probably represents the two
species that we have purified using a functional tran-
scription assay. Other DNA-protein complexes were
formed with proteins migrating in the molecular weight
range of 48,000-31,000 (lanes 9, 10, 13—17). To analyze
the sequence specificity of the protein(s) in these com-
plexes, DNase I footprinting was performed (Fig. 8B).
The protein(s) present in the different complexes bound
to the same sequence, the EivF recognition site. Some of
the proteins appeared to bind only to the site proximal to
the TATA box; however, this is probably due to low re-
covery of activity from the polyacrylamide—SDS gel and
a higher affinity of the factor(s) for the site located prox-
imal to the TATA box {Lee and Green 1987).

The nature of these smaller molecular weight proteins
{compared to transcriptionally active EivF) is unknown.
It is possible that they are proteolyzed forms of EivF or
that they represent a totally different protein that ex-
hibits the same sequence specificity. The nature of the
observed differences in migration of the DNA—protein
complexes formed with the small molecular weight pro-
teins is also unknown. It is possible that they represent
different forms of proteolysis; on the other hand, it is
also possible that they are post-translationally modified
forms of EivF. It is interesting to note the periodicity in
change of migration of each of the complexes formed
with the small molecular weight protein(s), as if each of
the complexes represents a constant change in the net

Figure 8. Proteins with different electrophoretic mobilities on
polyacrylamide—SDS gels can bind to the GTGACGT sequence
present in the Eiv promoter. A protein mixture (300 wg) derived
from pooling aliquots of each fraction of the Sephacryl S-300
column was precipitated with 10% trichloroacetic acid, resus-
pended in loading buffer, heated at 90°C for 15 min, and the
proteins separated, along with size markers, by electrophoresis
on a slab polyacrylamide—SDS gel. An equal volume was
loaded onto 10 adjacent lanes, and the two flanking lanes re-
ceived half the volume. After electrophoresis, the two flanking
lanes, containing the size markers and a representative aliquot
of the protein mixture, were excised and the proteins visualized
by Coomassie blue staining. The stained gels were aligned with
the unstained gel, and pieces spanning different molecular
weight size ranges, as indicated at the top of A and B, were
generated. The proteins from each slice were eluted, renatured
as described previously {Hager and Burgess 1980), and assayed
in a specific DNA-binding assay (A). The DNA-binding assay
was as described in Experimental procedures and contained a 3’
end-labeled DNA fragment that included the Eiv promoter (up
to —224) and an aliquot {10 pl) derived from the different gel
slices, as indicated at the top of A and B. The specificity of the
DNA-binding activity was analyzed by DNase I footprinting
(panel B), as described in Experimental procedures. A 25-pl ali-
quot of the renatured protein was used in this analysis.

Isolation of cellular factor EivF

charge. Whatever the molecular bases for these changes
are remains to be investigated.

EivF binds to the somatostatin and gonadotropin
cAMP-responsive elements

Cellular genes from which the levels of expression ap-
pear to be regulated by cAMP [somatostatin {(Montminy
et al. 1986), human chorionic a-gonadotropin {Deutsch
et al. 1987), phosphoenolpyruvate carboxykinase (Short
et al. 1986}, and others], have an element [cAMP respon-
sive element {CRE} {Montminy and Bilezikjian 1987)]
that contains the sequence 5-TGACGTCA-3’. This se-
quence is similar to the EivF and API recognition sites.
Furthermore, previous studies have reported the isola-
tion of a 43,000-dalton phosphoprotein that bound to the
CRE element (Montminy and Bilezikjian 1987). Thus,
we investigated whether cAMP-regulated genes could
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bind EivF. The addition of transcriptionally active EivF
to a binding assay that contained the somatostatin or
gonadotropin elements resulted in the formation of
DNA--protein complex(s) that migrated slower than the
unbound fragment (Fig. 9, lanes 2 and 3 and 8 and 9,
respectively). The binding was specific for EivF because
it could be competed by the Eiv promoter or by the
GTGACGT oligonucleotide (lanes 4 and 5 and 10 and
11), but not by an oligonucleotide that contained the
API recognition site {lanes 6 and 12). The ability of EivF
to bind cAMP-responsive elements in vitro does not

Competitor é 2 o é 2le
added Shel= £33
B giois

EIVF added (ng) | - [0.6]1.2[06[06[06 —To.6]1.2]0.6]0.6]06
T [2[3[4|5]6 7[8 90N |2

oo .

Somatostatin a-Gonadotropin

Figure 9. Binding of EivF to the somatostatin and gonado-
tropin promoters. The DNA-binding assays were as described
and contained the somatostatin promoter in a 155-bp DNA
fragment (left) or the human gonadotropin promoter in a 307-bp
DNA fragment (right). The somatostatin fragments were gener-
ated by double digestion with EcoRI and Pstl of plasmid
—100r(sms), containing one copy of the somatostatin CRE (rat
somatostatin —56 to —33) ligated to the human a-gonado-
tropin promoter (—1 to —100) (P. Deutsch et al., unpubl.). The
307-bp DNA fragment containing the gonadotropin CRE was
generated by digestion with BgIII and HindIIl of plasmid DNA
and pA10 + 36CAT]{r), which contains two tandem copies of
the CRE (Deutsch et al. 1987). Variable amounts of EivF (Se-
phacryl S-300 fraction) and different competitors (20-fold molar
excess) were added, as indicated at the top.
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prove that EivF itself mediates the activation of gene
transcription by cAMP in vivo. It is possible that the
43,000-dalton protein isolated by Montminy and Bile-
zikjian (1987) is a proteolized form of EivF. On the other
hand, it is also possible that different proteins can recog-
nize the same core sequence but induce activation of
different promoters.

Discussion

EivF, a factor required for transcription from the Eiv pro-
moter, has been purified from extracts of HeLa cells. The
factor directed transcription by binding to two elements
located upstream of the Eiv cap site. One site was lo-
cated within the distal Ela enhancer core sequence be-
tween nucleotides —170 and —163. The other mapped
near the TATA box between nucleotides —58 and —47.
EivF has an apparent molecular weight of 72,000—
65,000, as determined by gel filtration, glycerol gradient
sedimentation, and renaturation of activity from a poly-
acrylamide—SDS gel.

Eiv promoter

The initial studies of Gilardi and Perricaudet demon-
strated that the Eiv promoter was activated by the large
polypeptide encoded by the Ela gene (Gilardi and Perri-
caudet 1984). Our studies, as well as those of others (Lee
and Green 1987}, confirm these results. The Ela-me-
diated stimulation of the Eiv promoter appears to in-
volve EivF; removal of the distal Ela enhancer core se-
quence affected Ela- activation (Table 1). This is also
supported by the observation that the two EivF-binding
sites located in the ITR sequences (contained in a 49-bp
fragment), were able to restore Ela-mediated activation
of a promoter that contained a deletion of all the ele-
ments upstream of the TATA box (P. Cortes and D.
Reinberg, unpubl.). These studies are in agreement with
the results of Lee and Green {1987), which indicated that
two copies of a 27-bp oligonucleotide containing the
EivF recognition site (extending from —37 to —63 of the
Eiv promoter) were able to stimulate transcription of a
deleted Eiv promoter when inserted at position —138 (a
construct in which the two Ela enhancer core sequences
had been deleted; see Fig. 1).

The deletion studies described here suggest that the
Eiv promoter contains elements downstream of —130,
other than the EivF recognition site, that participated in
Ela-activation, as well as the maintenance of basal levels
of transcription {i.e., in the absence of Ela and in vitro).
One EivF-binding site, together with one Spl recogni-
tion site and the TATA box, were the minimum ele-
ments required for activation (Table 1). Lee and Green
(1987) suggested that EivF was the only sequence-spe-
cific DNA-binding protein, other than the TATA
binding factor, required for full Eiv promoter activity.
Because their replacement experiments were performed
on the Eiv promoter at position — 138 {containing a de-
letion of the two Ela enhancer core sequences but main-
taining a GT-rich region and one Spl-binding site; see
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Fig. 1) and we demonstrated that the deletion of se-
quences between —131 and —104 (containing a 5'-
GTGGG-3' box|, as well as the deletion of the Spl-
binding site located at position — 100, affected Ela-me-
diated activation (Table 1), we suggest that other
sequence-specific factors participated in transcription of
the Eiv promoter. The identity of a factor that binds to
the sequence 5'-GTGGG-3' was confirmed by foot-
printing competition experiments; binding to the
GTGGG box was only competed by oligonucleotides
containing the sequence 5'-GTGGG-3' {Fig. 7). This se-
quence also appears between the two Ela enhancer core
elements and between the two EivF sites present in the
ITR (P. Cortes and D. Reinberg, unpubl.). Thus, it seems
that the EivF recognition site is clustered with sites that
serve as recognition for other DNA-specific transcrip-
tion factors {GTGGG-binding factor and Sp1). Two Spl-
binding sites are also located between the two EivF-
binding sites in the ITR (P. Cortes and D. Reinberg, un-
publ.). Our studes suggest that Ela-mediated activation
of the Eiv promoter occurs via EivF; however, other se-
quence-specific transcription factors are also required.
The role of Spl or the GTGGG box binding-pretein in
Ela activation is unknown; however, they may coop-
erate with EivF and/or the TATA-binding protein to en-
courage stable and productive binding of these factors to
their cognate sites. A phenomenon like the one proposed
here was observed with the glucocorticoid receptor-
binding site and the 5'-CACCC-3' box-binding factor
(Schule et al. 1988} and also between the Ad-MLP up-
stream factor and the TATA-binding protein (Sawadogo
and Roeder 1985).

EivF and EivF-related factors

Different molecular weight proteins were detected that
can bind to the sequence 5'-GT{T/G)JACGT-3’, the EivF
recognition site (Figs. 2 and 8). Using a functional tran-
scription assay, we purified to near homogeneity two
proteins in the molecular weight range of 72,000-
65,000, required for transcription from the Eiv promoter.
Each protein was able to bind independently to the EivF
recognition site. However, we were unable to determine
whether each polypeptide (72,000 or 65,000 dalton) can
direct transcription independently from the Eiv pro-
moter. It is possible that the 65,000-dalton protein is a
proteolized form of the 72,000-dalton protein or that it
represents post-translational modification.

Genes whose expressions are controlled by the intra-
cellular concentration of cAMP contain a CRE. The
DNA sequence of this element is the same as that of the
EivF recognition site. Montminy and Bilezikjian (1987)
have isolated a 43,000-dalton phosphoprotein (CREB),
from PC12 cells, that binds to the CRE. We have de-
tected multiple polypeptides, ranging from molecular
weights of 76,000—30,000, present in HeLa cell extracts,
that can recognize the EivF/CRE sequence (Fig. 8). How-
ever, the transcription activity specific for the Eiv pro-
moter eluted from high salt gel filtration columns with a
relative mass of 89,000—57,000 daltons (Fig. 2) and sedi-
mented through a high salt glycerol gradient with a

Isolation of cellular factor EivF

value of 4.9S (Fig. 3). The fact that the fractionation
steps were performed in the presence of high salt (1.0 M
KCl) argue electrophoretic analysis of the DNA affinity
column step reveals the presence of two polypeptides in
the molecular weight range of 72,000—65,000 (Fig. 5A).
Thus, our results strongly suggest that it is unlikely that
the 43,000-dalton polypeptide is involved in Eiv tran-
scription; however, we cannot rule out the possibility
that EivF is responsible for maintaining basal levels of
transcription, and another factor, perhaps a 43,000-
dalton protein, is responsible in the Ela induction of the
Eiv promoter. Interestingly, Hurst and Jones (1988) have
isolated a 43,000-dalton protein from uninfected HeLa
cells that bound to the sequence 5'-GTGACGA-3' in the
adenovirus early promoter III, as well as to the EivF rec-
ognition site. Our studies indicated that the sequence
5-GTGACGA-3’ was present in the proximal Ela en-
hancer core element. This element did not serve as a rec-
ognition for EivF (measured in a footprinting assay) nor
did it participate in Ela activation, although it did partic-
ipate in the maintenance of basal levels of transcription
(Table 2; Fig. 1B) and served as recognition site for AP1
(Lee et al. 1987) or an APl-like factor {Fig. 7). It is pos-
sible that the 43,000-dalton protein isolated by Hurst
and Jones is equivalent to the AP1-like activity that we
detected in the fractions of the gel filtration column
(Figs. 3 and 9). The functional relationship between the
43,000-dalton protein, CREB, and EivF remains to be an-
alyzed in more detail.

Our results suggest that DNA-binding assays alone,
without functional transcriptional assays, are at best an
uncertain means of isolating factors that may be in-
volved in gene transcription. It is possible that the pro-
tein isolated by Montminy and Bilezikjian (1987) or by
Hurst and Jones (1988) is a proteolyzed form of EivF. On
the other hand, it is also possible that different proteins
can recognize the same core sequences but induce acti-
vation of different promoters. Evidence supporting this
idea has been obtained as indicated by the findings that
multiple factors can bind to the CCAAT box (Dorn et al.
1987) or to the octanucleotide motif (Rosales et al. 1987;
Xiao et al. 1987), present in the immunoglobulin en-
hancer and other promoters. Thus, the development of
functional assays, reconstituted with purified proteins
in which the interaction of the different components of
the transcription machinery can be analyzed at the mo-
lecular level, will help to elucidate the mechanism(s) by
which different promoters are activated.

Experimental procedures
Plasmid DNA molecules and oligonucleotides

The construction of plasmid DNAs containing the Eiv pro-
moter and the different deletions of the Eiv promoter have been
described (Leza and Hearing, in press). The oligonucleotides
used were as follows: AP1l: 5'-GATCCTGACTCACGGG-3’
and its complement 5-GATCCCCGTGAGTCAG-3', Spl: 5'-
GATCGGGGCGGGGC-3' and its complement 5'-
GATCGCCCCGCCCC-3’, E2F: 5'-TCGACTTTTCGCGCGG-
3’ and its complement 5-GATCCCGCGCGAAAAG-3',
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MLTE: 5'-GATCCAGGTGTAGGCCACGTGACCGGGTG-3/,
and its complement 5'-GATCCACCCGGTCACGTGGCCTA-
CACCTG-3'".

In vitro transcription reactions

Transcription reaction mixtures were as described previously
(Reinberg and Roeder 1987); however, 2% polyethylene glycol
(vol/vol) was added to the mixtures. The template DNA mole-
cules used were plasmid DNA pD139 containing the Ad-MLP
linearized with the restriction endonuclease BamHI. Transcrip-
tion initiated from the cap site at the MLP generated an RNA
molecule of 521 nucleotides. Plasmid DNAs containing the Eiv
promoter were pE4 —227/—-46 and pE4 —330/—228 and were
linearized with the restriction endonuclease Hpal. Transcrip-
tion from the Eiv cap site to the Hpal site generated an RNA
molecule of 1500 nucleotides.

Purification of the transcription factors

General transcription factors IIA, IIB, IIE/IIF, IID, and Hela
RNA polymerase II were purified as described previously (Rein-
berg and Roeder 1987; Reinberg et al. 1987). Transcription
factor Spl was purified by DNA affinity chromatography ac-
cording to (Briggs et al. 1986).

Purification of EivF

EivF was purified from HeLa cells (1.3 x 101 cells). Nuclear ex-
tract preparation (Dignam et al. 1983) and fractionation of the
extract by phosphocellulose column chromatography was as de-
scribed previously (Reinberg and Roeder 1987). The 0.5 m KCI
phosphocellulose fraction {276 mg protein) was purified further
by chromatography on a DEAE—Sephacel column (10 mg pro-
tein/ml resin). The column was equilibrated with buffer C [20
mMm Tris-HCl, pH 7.9 {4°C), 20% {(vol/vol) glycerol, 0.2 mm
EDTA, 10 mM B-mercaptoethanol, 0.3 mm phenylmethylsul-
phonyl fluoride {PMSF)] containing 0.1 m KCl. After loading (at
a flow rate of three column volumes per hour), the column was
washed with three column volumes of buffer C containing 0.1
M KCI and eluted with five column volumes of buffer C con-
taining 0.35 M KCl. EivF activity was found in the flow-through
fractions. Fractions were pooled {196 mg protein) and the pro-
tein precipitated by the addition of solid ammonium sulfate
(0.33 g/ml] over the course of 30 min with constant agitation.
The samples were stirred for an additional 30 min, and the pre-
cipitated material was collected by centrifugation at 3.5 x 103
rpm for 60 min in a Ti-45 rotor. The pellet was resuspended to a
total volume of 5 ml with buffer C containing 1.0 m KCI and
0.01% Nonidet P-40 and loaded onto a 420-ml Sephacryl S-300
column (1.4 x 120 cm) equilibrated with buffer C containing
1.0 M KCl and 0.01% Nonidet P-40. The column was developed
at a flow rate of 9 ml/hr, and fractions of 1 ml were collected.
Aliquots of 0.5 ml were withdrawn from every other fraction
and dialyzed for 60 min against 8 liters of buffer C containing
0.1 m KCl. Aliquots (5 pl) of the dialyzed material were then
assayed for EivF activity.

Transcriptionally active EivF eluted from the high salt gel
filtration column between 89,000 and 57,000 (relative to stan-
dard molecular weight markers). The transcriptionally active
fractions were pooled (0.7 mg/ml), dialyzed against 4 liters of
buffer C containing 0.1 M KCl and frozen at —80°C. Further
purification of EivF was attained using a column containing
multiple copies of the EivF DNA-binding site. A fraction of the
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Sephacryl S-300 pool (3.5 mg of protein} was mixed with non-
specific competitor DNAs {100 pg/ml poly[d{I-C)]; 100 pg/ml
poly(dA] and poly(dT); 100 pg/ml poly and a plasmid DNA con-
taining the Eiv promoter (with a deletion of all the elements
upstream to —46, pE4 —330/—46; Leza and Hearing, in press
(15 wg/ml), polyethylene glycol [to 2% (vol/vol) final concentra-
tion], and the mixture loaded onto a 3-ml column equilibrated
with buffer Z [20 mm HEPES (pH 7.9), 20% (vol/vol) glycerol,
0.2 mM EDTA, 10 mM B-mercaptoethanol, 0.2 mm PMSF] con-
taining 0.1 M KCl. The protein mixture and the resin were
mixed in the column (5-ml syringe) and incubated (with occa-
sional stirring) at 20—25°C for 30 min. The column was washed
{at a flow rate of two column volumes per hour) with five
column volumes of buffer Z containing 0.4 M KCl, followed by
successive washes [three column volumes each) with buffer Z
containing 0.5 M KCl and 2.0 M KCl. Fractions of 0.5 ml were
collected, dialyzed against buffer C containing 0.1 M KC], and
assayed for DNA-binding activity specific for the Eiv promoter.
The active fractions were pooled and purified further by two
additional cycles of DNA affinity column chromatography. The
conditions for DNA binding were as described, however, the
concentration of the competitor DNA was reduced to one half
and one quarter of the original concentration for the second and
third cycle, respectively.

Preparation of DNA affinity column

The oligonucleotide 5'-pGATCCGTGACGTGATCGATGT-
GACGTAG-3’ and its complement 5-pGATCCTACGTCA-
CATCGATCACGTCACG-3’ were hybridized and ligated with
T4 DNA ligase. Oligomeric DNA was purified by chromatog-
raphy on a Sephadex G-20 column (formed in a 10-ml plastic
pipette). The excluded material was used to prepare the DNA
affinity column. Columns were prepared as described by Ka-
donaga and Tjian (1986) or Kasner et al. {1986). The amount of
polynucleotide bound to the column was 10 pg of DNA/ml
resin. A ratio of 0.7 mg protein/ml of resin containing 10 pg of
DNA was used during the purification of EivF.

DNA-binding assays

DNA-binding assays were carried out in 25 pl and contained 20
mm HEPES—NaOH buffer (pH 7.9), 60—150 mm KCl, 10% (vol/
vol| glycerol, 0.2 mm EDTA, 2% (vol/vol) polyethylene glycol,
nonspecific competitor DNAs (100 pg/ml poly[d{I-C]]; 100
pg/ml poly(dA) and poly(dT)]) and a plasmid DNA containing
the Eiv promoter ( with a deletion of all the elements upstream
to —45, 15 pg/ml), a-32P end-labeled DNA fragment containing
the Eiv promoter (2-9 ng), and variable amounts of protein
fractions, as indicated in the figures. Reaction mixtures were
incubated at 30°C for 30 min and the DNA-protein complexes
separated on 4% polyacrylamide gel.

DNase I protection experiments

Binding of EivF to a 3’ end-labeled DNA fragment containing
the Eiv promoter was performed as described in the previous
section. After incubation at 30°C for 30 min, the reaction mix-
tures received 3 pl of a solution containing 0.1 m MgCl,, 5 mm
CaCl, and 1 ul of DNase I (Boehringer-Mannheim) that was
freshly diluted to 10 pg/ml. The mixtures were incubated for an
additional 2 min at 25°C. Maxam and Gilbert G and G + A
sequence ladders of DNA probes were prepared as described and
subjected to electrophoresis on urea sequencing gels adjacent to
the footprint reactions.
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Cell culture

HelLa cells used for the preparation of nuclear extracts and sub-
sequent purification of the transcription factors were harvested
in logarithmic growth (7 x 105 to 9 x 10° cell/ml) from sus-
pension culture in Joklick’s modified medium (Hazleton) con-
taining 5% calf serum. HeLa cells (clone 2 or S3) used in DNA
transfection experiments were grown in tissue culture dishes
with Dulbecco’s modified Eagle’s medium [DMEM (GIBCO)]
supplemented with 10% fetal calf serum (FCS).

DNA transfection and transient expression assays

HeLa cells were cultured in DMEM supplemented with 10%
heat-inactivated FCS. Transfection of DNA into cells was by
the calcium phosphate coprecipitation method (Wigler et al.
1977), using 15 pg of total DNA (5 pg plasmid DNA containing
the Eiv promoter, 5 pg of plasmid DNA containing either the
Ela gene of 5 pg of pJAM DNA, and 5 pg of a plasmid DNA
containing the B-globin promoter) per 100-mm dish of cells at
60% confluency. Cells were washed and harvested in ice-cold
phosphate-buffered saline (PBS), collected by centrifugation,
and resuspended in 25 mM Tris—HCI buffer (pH 7.5). The cell
suspension (derived from two plates) was divided in half: One-
half was used for the preparation of RNA to determine the
amount of B-globin mRNA present (analyzed as described by
Costa et al. 1986); the other half of the cell suspension was
lysed by three cycles of freezing and thawing. Soluble extract
was prepared and assayed for CAT activity using 3H-labeled
acetyl-coenzyme A (1.4 Ci/mmole) and chloramphenicol as de-
scribed previously (Sleigh 1986).
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EivF, a factor required for transcription of the adenovirus EIV
promoter, binds to an element involved in Ela-dependent activation

and cAMP induction.
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Genes Dev. 1988, 2:
Access the most recent version at doi:10.1101/gad.2.8.975

References This article cites 45 articles, 13 of which can be accessed free at:
http://genesdev.cshlp.org/content/2/8/975.full.html#ref-list-1

License

Email Alerting  Receive free email alerts when new articles cite this article - sign up in the box at the top
Service right corner of the article or click here.

. . yshH
The NEW Vortex Mixer scichmiric

Copyright © Cold Spring Harbor Laboratory Press


http://genesdev.cshlp.org/lookup/doi/10.1101/gad.2.8.975
http://genesdev.cshlp.org/content/2/8/975.full.html#ref-list-1
http://genesdev.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gad.2.8.975&return_type=article&return_url=http://genesdev.cshlp.org/content/10.1101/gad.2.8.975.full.pdf
http://genesdev.cshlp.org/cgi/adclick/?ad=57163&adclick=true&url=https%3A%2F%2Fwww.usascientific.com%2Fvortex_mixer%3Futm_source%3DCSHL%26utm_medium%3DeTOC_VMX%26utm_campaign%3DVMX
http://genesdev.cshlp.org/
http://www.cshlpress.com



