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Induction of c-fos transcription by serum growth factors requires the serum response element (SRE). The
SRE is a multifunctional element which responds to several positively and negatively acting signals. To identify
cellular proteins that might mediate functions of the SRE, we screened a human cDNA expression library with
an SRE probe. We report the isolation and characterization of SRE-ZBP, a previously unidentified
SRE-binding protein. SRE-ZBP is a member of the C,H, zinc finger family of proteins exemplified by TFIIIA
and the Drosophila Kriippel protein. The seven tandemly repeated zinc finger motifs in SRE-ZBP are sufficient
for high-affinity binding to the SRE. We show that SRE-ZBP is a nuclear protein and identify a candidate
cellular protein encoded by the SRE-ZBP gene. Because we cannot detect any DNA-binding activity
attributable to the endogenous protein, we propose that SRE-ZBP activity may be subject to posttranslational
regulation. Like c-fos mRNA, SRE-ZBP mRNA is serum inducible in HeLa cells, but with slower kinetics. The
role of SRE-ZBP in the regulation of c-fos transcription remains unestablished, but this protein binds to a
region of the SRE where mutations lead to derepression.

The events that end in the regulation of cellular prolifera-
tion and differentiation start with a signal transduction
mechanism in which an extracellular signal is turned into a
precise adjustment of the genetic program of that cell. The
first class of genes whose transcription is modified by this
flow of signals is the ‘‘immediate-early’’ genes (2). Many of
these genes encode transcription factors, including the
proto-oncogenes c-fos, c-jun, c-myc, and members of the
ziflkrox family of zinc finger genes, which are presumed to
control subsequent waves of gene transcription.

The best studied of the immediate-early genes is the c-fos
proto-oncogene. Transcription of the c-fos gene can be
triggered by several signal transduction pathways, each of
which can independently activate transcription of the gene
(for a review, see reference 17). Many of these signals act
through a sequence located in the 5’ flanking region of the
cfos gene, termed the serum response element (SRE).
Several other immediate-early gene promoters contain SRE-
like sequences, and in some cases SRE activity has been
demonstrated (for a review, see reference 74). The SRE is
required for response to activators of protein kinase C and
for growth factor-induced signals independent of protein
kinase C (7, 21, 23, 26, 60, 62, 67). SRE oligonucleotides
restore serum responsiveness to both deleted c-fos and
heterologous promoters (23, 28, 44, 52, 60, 73). In addition,
microinjection of SRE oligonucleotides blocks induction of
c-fos expression by serum (5, 24, 37). These observations
argue that the SRE operates in vivo at least in part as a
positively acting element. On the other hand, the serum
response conferred by SRE oligonucleotides on heterolo-
gous promoters is both transient and superinducible with
cycloheximide (62, 69), suggesting that the SRE is also a
target for transcriptional repression following serum stimu-
lation. Moreover, cotransfection experiments suggest that
the SRE is subject to negative regulation by the Fos protein
itself (35, 56, 58, 78). Thus, the SRE is a multifunctional
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element that may involve the action of multiple SRE-binding
proteins.

One of these proteins is the serum response factor (SRF),
which binds in a symmetrical fashion to the SRE dyad (25,
28, 46, 49, 73). The precise function of SRF in the regulation
of cfos transcription is not yet clear. SRE mutagenesis
experiments suggest that SRF is required for all SRE func-
tions in vivo, but there is no detectable change in any
property of SRF isolated from stimulated cells (25, 28, 49,
60, 67, 73). Moreover, the SRE remains constitutively bound
by protein in cells regardless of the state of transcription of
the gene (30, 34).

Two additional proteins bind to the SRE in vitro. One,
p62T<F (ternary complex factor), recognizes the SRE-SRF
complex to form a ternary complex (59). SRE mutants that
fail to form this ternary complex but still bind SRF lose
response to some but not all si%mls acting at the SRE (26,
59). An additional protein, p62°BF (direct binding factor),
binds directly and asymmetrically to the 5’ side of the SRE
(55, 76). There are no data yet about the function of p62°BF
in the regulation of c-fos transcription.

In an attempt to clone p62°BF or other previously uniden-
tified SRE-binding proteins, we screened a HeLa cell cDNA
expression library with SRE oligonucleotides by the in situ
DNA filter detection method (63, 65, 75). We report here the
isolation of a human cDNA clone encoding a novel SRE-
binding protein (distinct from p62PBF) that is a member of
the Kriippel family of zinc finger proteins.

MATERIALS AND METHODS

Isolation of AA,. An oligo(dT)-primed HeLa cell cDNA
expression library constructed in the bacteriophage Agtll
was generously provided by Paula Henthorn and Tom Ka-
desch (29). Bacteriophage infection and plating of infected
cells was carried out as described elsewhere (79). Screening
of the library followed published procedures (75) with some
modifications.

Approximately 30,000 PFU per 150-mm dish were plated
and incubated for 3 h at 42°C. Each plate was overlaid with
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a dry nitrocellulose filter impregnated with isopropyl-p-D-
thiogalactopyranoside (IPTG) and incubated for 6 h at 37°C.
The plates were cooled at 4°C for 1 h, and the filters were
removed. A second IPTG-impregnated filter was overlaid on
each plate and incubated for 2 h more at 37°C. All subse-
quent procedures were carried out at 4°C. The filters were
submerged in 250 ml of binding buffer (20 mM HEPES
[N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid] [pH
7.9], 1 mM MgCl,, 40 mM KCl, 1 mM dithiothreitol [DTT])
supplemented with 6 M guanidine hydrochloride. After
gentle shaking for 5 min, the solution was changed to an
identical buffer containing 3 M guanidine hydrochloride, and
the filters were shaken for 5 min. The filters were incubated
in four subsequent serial twofold dilutions of guanidine
hydrochloride, after which the filters were washed twice for
5 min with binding buffer lacking guanidine hydrochloride.
The filters were transferred to a baking dish containing
binding buffer supplemented with 5% Carnation nonfat dry
milk (43) and gently shaken for 30 min. The filters were then
washed twice for 5 min in binding buffer supplemented with
0.25% dry milk. Exposure of filters to the probe was carried
out in 100 ml of binding buffer plus 0.25% dry milk with 10°
cpm of radiolabeled probe per ml and S pg of salmon sperm
DNA per ml for 6 h with gentle shaking. The filters were
washed three times for 5 min with 500 ml of the binding
buffer plus 0.25% dry milk. The filters were blotted on
Whatman 3MM filter paper, allowed to air dry, and exposed
to Kodak X-Omat AR film overnight at —70°C with the aid of
a Dupont Lightning-Plus intensifying screen.

Plasmid constructions. The pBSM13*/SRE-ZBP/Eco2 plas-
mid carries the entire cDNA insert from the AA, phage. It was
obtained by partial digestion of phage DNA with EcoRI. For
the construction of pCGN/SRE-ZBP, an Spel site was in-
serted at position 1 of the coding sequence of the SRE-ZBP
gene by site-directed mutagenesis (36) of the pBSM13*/SRE-
ZBP/Eco2 plasmid. The SRE-ZBP-encoding fragment was
excised from the mutant plasmid with Spel and BamHI and
subcloned in the eukaryotic expression vector pCGN (71)
previously digested with Xbal and BamHI.

The pET11c-GST/Znd plasmid was constructed by a pro-
cedure devised in reference 3. An Xbal (position 626)-to-
BamHI fragment of pBSM13*/SRE-ZBP/Eco2 was isolated
and ligated together with pET1lc (66) digested with Ndel
and BamHI and an Ndel-Xbal fragment encoding glutathi-
one S transferase (GST) (64).

Production of B-galactosidase fusion protein and Southwest-
ern (DNA-protein) blotting. Large scale infection of Esche-
richia coli Y1089 with the Agtll and AA, phages and South-
western blotting were carried out as described previously
(68). B-Galactosidase fusion protein extracts for mobility
shift assays were prepared by washing the pellet from 50 ml
of infected bacteria with 1 ml of ice-cold 50 mM Tris-HCI
(pH 7.5)-5 mM EDTA, and then by resuspension in 1 ml of
a solution containing 50 mM HEPES-HCI (pH 7.5), 200 mM
NaCl, 1 mM EDTA, 1 mM DTT, 0.1% (vol/vol) Nonidet P-40
(NP-40), 10% glycerol, 5 M urea, and 1 mM phenylmethyl-
sulfonyl fluoride. The cells were lysed by sonication. Insol-
uble material was removed by centrifugation, and the super-
natant was dialyzed against 25 mM HEPES-HCI (pH 7.6), 1
mM MgCl,, 1 mM DTT, 20% glycerol, 0.1% NP-40, 40 mM
KCl, and 1 mM phenylmethylsulfonyl fluoride to allow
renaturation of the DNA binding activity.

Expression of GST fusion proteins in E. coli. The E. coli
strain BL21 (DE3) was transformed with the plasmid
pET11c-GST/Znd. A single colony was grown in 5 ml of
M9ZB at room temperature. At an Agy, of 0.3 to 0.5, IPTG
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was added to a final concentration of 0.5 mM, and the culture
was incubated for 5 more h at room temperature. The
bacteria were centrifuged, resuspended in ice-cold phos-
phate-buffered saline (PBS) (1/5 of the original volume), and
incubated for 15 min at 30°C in the presence of 100 pg of
lysozyme per ml. After the addition of NP-40 to a final
concentration of 0.2%, the cells were lysed by 3 cycles of
freeze-thawing and sonication. The insoluble material was
removed by centrifugation, and 1/10 volume of 50% gluta-
thione-agarose (Sigma) slurry in PBS was added to the
supernatant. After 10 min of incubation at room temperature
with rocking, the beads were washed three times with
PBS-0.1% NP-40 and eluted with 2 pellet volumes of 50 mM
HCI-Tris (pH 8.0)-5 mM glutathione. One volume of 50%
glycerol was added to the eluted protein, which was stored at
-70°C.

Generation of rabbit anti-SRE-ZBP antisera. A, fusion
protein expressed in strain Y1089 as described above was
purified for use as antigen by preparative sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis of the total
cell lysate on 4% gels. The 160-kDa B-galactosidase-SRE-
ZBP fusion protein was visualized by briefly staining the gel
with 0.05% Coomassie brillant blue R-250 and then extensive
destaining with water. The protein was electroeluted from
the gel and washed with PBS by centrifugation in Centricon
30 concentrators (Amicon). Two New Zealand White rabbits
were injected in the popliteal lymph nodes every 2 weeks
with 6 ug of the purified fusion protein. Preimmune sera
were obtained prior to the first injections.

Preparation of DNA probes. All oligonucleotides used in
this work were gel purified prior to use. To generate probes
for library screening, the oligonucleotides were annealed in a
volume of 170 pl containing 6 nmol of each strand, 50 mM
Tris-HCI (pH 7.5), and 10 mM MgCl,. The mix was heated at
85°C for 2 min and then incubated at 65°C for 10 min, at 37°C
for 10 min, and at room temperature for 5 min. The annealed
oligonucleotides (35 pmol) were phosphorylated in a reaction
mixture containing 5 mM DTT, 0.5 mM spermidine, 0.58
mCi of [y->?P]ATP (specific activity, 7,000 Ci/mmol), and 10
U of T4 polynucleotide kinase, for 2 h at 37°C. ATP (final
concentration, 1.5 mM) and 10 U of T4 DNA ligase were
added, and the reaction mixture was incubated overnight at
15°C. Radiolabeled ligated probe was separated from free
nucleotides by chromatography on Bio-Gel P60.

Probes for mobility shift assays were prepared by two
different methods. For the experiments shown in Fig. 2, 5
pmol of double-stranded oligonucleotides was incubated
with 10 wCi of each [a->?P]-labeled deoxynucleoside triphos-
phate and 2 U of E. coli DNA polymerase I Klenow fragment
for 30 min at room temperature. After phenol extraction, the
probes were ethanol precipitated and purified on a native 4%
polyacrylamide gel. The excised bands were eluted in water
overnight at 4°C.

For the experiments shown in Fig. 4 and 5, probes were
prepared by polymerase chain reaction (PCR) by using one
primer complementary to the sense strand of the mouse c-fos
promoter from position —207 (5') to position —226 (3') and
one primer identical to the sense strand of the promoter from
position —354 (5') to position —335 (3'). The PCR templates
were derivatives of the plasmid p301-356 (24, 26), which
contains the mouse c-fos promoter (either the wild-type
promoter or promoters carrying mutations in the SRE). The
amplification reaction was carried out with primers labeled
with T4 polynucleotide kinase. All probes were prepared
simultaneously with the same labeled primers, ensuring that
they were of identical specific activities. For the preparation
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of probes labeled at one end only for dimethyl sulfate (DMS)
interference assays, only one of the primers was labeled in
each reaction. After PCR, the probes were gel purified as
described above.

Mobility shift assays. Mobility shift assays were carried out
with a 10-pl reaction mixture containing 10 mM Tris-HCI
(pH 7.5), 5 mM DTT, 0.5 mM MgCl,, 5 mM NaCl, 1 pg of
poly(dI-dC) - poly(dI-dC), 10 pM ZnCl,, 0.1 mM EDTA, 5%
glycerol, and 5 to 10 pg of protein. The mixture was
preincubated for 10 min at room temperature. Then, 20,000
cpm (0.2 ng) of probe was added, and after 10 min of
incubation at room temperature, the samples were loaded
onto a 4% native polyacrylamide gel (acrylamide/bis ratio of
29:1). The gels were run at 8 to 10 V/cm in a buffer containing
45 mM Tris-borate and 1 mM EDTA.

DMS interference. DMS interference assays were done as
detailed elsewhere (25, 55), except that the probes were
prepared by PCR as described above and bound and free
DNA was electroeluted onto Hybond M&G paper (Amer-
sham). The paper was rinsed twice in water and once in
ethanol and incubated in 1 M piperidine for 30 min at 90°C.
The paper was discarded, and the cleaved DNA was purified
by repeated lyophilization and phenol-chloroform-isoamyl
alcohol extraction, followed by ethanol precipitation in the
presence of 10 pg of glycogen.

COS transfection and preparation of extracts. Plates of
COS cells that were 70% confluent were trypsinized,
counted, and resuspended in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal calf serum
(FCS) and 5 mM BES {N,N-bis(2-hydroxyethyl)-2-amino-
ethanesulfonic acid; 2-[bis(2-hydroxyethyl)amino]ethanesul-
fonic acid} (Sigma) at 2 x 107 cells per ml. A 250-ul volume
of cell suspension was electroporated (180 V; 960 wF) in the
presence of 1 ug of pCGN/SRE-ZBP and 5 pg of salmon
sperm DNA. The cells were allowed to recover for 10 min at
room temperature, rinsed in 10 ml of DMEM supplemented
with 5% FCS-5 mM BES, and plated in one 10-cm plate.
After 48 h of incubation, nuclear extracts were prepared
essentially as described elsewhere (19).

Immunofluorescence. Transfected COS cells were fixed by
sequential immersion for 10 min at room temperature in PBS
containing 3.7% formaldehyde, 0.5% Triton X-100, and
0.05% Tween 20. Rabbit anti-SRE-ZBP serum was used as
primary antibody at a dilution of 1:100 in PBS containing 1%
bovine serum albumin. The secondary antibody used was
biotinylated donkey anti-rabbit immunoglobulin G, which
was followed by streptavidin-conjugated Texas-Red. Both
secondary and tertiary stages were at 1:150 dilutions and
were obtained from Amersham. Cells on coverslips were
mounted in a solution of 90% glycerol and 10% PBS con-
taining 3% (wt/vol) N-propyl gallate (as an antiquenching
agent) at pH 7.5. Photomicroscopy was done as described
previously (51) by using a Zeiss III RS fluorescence micro-
scope.

Immunoprecipitation. Transfected COS cells were plated
in DMEM supplemented with 5% FCS. After 48 h, the cells
were washed twice with DMEM minus methionine (DMEM-
Met) and incubated for 4 h at 37°C in DMEM-Met containing
0.3 mCi of [**S]methionine per ml. Following incubation, the
cells were washed with ice-cold PBS and harvested on ice by
the addition of ice-cold RIPA buffer (20 mM Tris-HCI [pH
7.5], 100 mM NaCl, 5 mM KCl, 1 mM EDTA, 0.25% [wt/vol]
deoxycholate, 0.25% [vol/vol] NP-40, and 0.25% [vol/vol]
Tween 20). The lysates were briefly sonicated, cleared by
centrifugation for 2 min at 4°C, and preadsorbed with protein
A-Sepharose for 30 min at 4°C. Aliquots of each lysate were
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FIG. 1. SRE oligonucleotides used for library screening. The
sequence shown is the 22-bp c-fos SRE. Below the sequence is a
summary of methylation interference data for each of the known
SRE-binding proteins (25, 55, 59, 73). The dots indicate guanine
residues (on either strand) at which methylation interferes with
protein binding. Above the sequence are the two oligonucleotides
used for screening of the HeLa cDNA expression library. pm12
contains four substitutions which reduce the binding affinity of all
the proteins represented in the figure. The two substitutions present
in pm34 confer to it a higher affinity for p62PBF than the wild-type
SRE.

assayed by scintillation counting, and identical numbers of
counts were incubated with an excess of preimmune serum,
anti-SRE-ZBP, or 12CAS monoclonal antibody (20) for 2 h at
4°C with rocking. Antibody-antigen complexes were recov-
ered on protein A-Sepharose beads, which were washed five
times in ice-cold RIPA buffer and boiled in Laemmli sample
buffer prior to gel electrophoresis (22).

RNA analysis. HeLa cells were grown in DMEM contain-
ing 10% FCS. At 70% confluence, the cells were starved for
48 h in DMEM containing 0.5% FCS. For the serum stimu-
lation experiment, the medium was changed to DMEM plus
10% FCS at various times. All cultures were harvested at the
same time. Total cytoplasmic RNA was isolated and ana-
lyzed by RNase protection assay as described previously
(23).

The SRE-ZBP probe was prepared from a plasmid carry-
ing SRE-ZBP sequences from nucleotides 929 to 1465. After
linearization of the template with EcoRV and in vitro tran-
scription with T3 RNA polymerase, an antisense probe of
282 nucleotides was obtained. Protection of this probe by
SRE-ZBP mRNA yields a protected fragment of 257 nucle-
otides.

The pBSKS*ocz-1BS 231 plasmid carrying a 231-bp frag-
ment of Oct-1B cDNA (18) was digested with BamHI and
transcribed with T7 RNA polymerase, generating a 311-
nucleotide antisense probe.

Nucleotide sequence accession number. The sequences de-
scribed in this paper can be found in the GenBank and
EMBL data bases under sequence numbers M88579 and
711773, respectively.

RESULTS

Isolation of AA,: a Agtll human cDNA recombinant encod-
ing a B-galactosidase-SRE-binding fusion protein. To isolate
cDNA clones encoding SRE-binding proteins, we probed a
HeLa cell cDNA Agtll expression library (29) for SRE-
specific DNA-binding proteins by the in situ filter detection
method (63, 65), using denaturation and renaturation of
filter-bound proteins to enhance the signal (75). As probes
we used the two double-stranded oligonucleotides shown in
Fig. 1. One, pm34, contains two substitutions in the 5’ side
of the SRE dyad that confer to this oligonucleotide higher
affinity for p62°PF than the wild-type SRE in mobility shift
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FIG. 2. The AA, phage encodes an SRE-binding protein. (A) One
milliliter of log-phase E. coli Y1089 infected with Agtll or with AA,
at 5 PFU per cell was heat shocked and subsequently treated with 10
mM IPTG for 1 h. The cells were collected by centrifugation, and
20% of the total-cell protein was fractionated on an SDS-7%
polyacrylamide gel. The fractionated proteins were visualized by
Coomassie blue staining. Lanes: 1, Agtll-infected cells; 2, AA,-
infected cells; 3, markers. (B) Southwestern blot analysis was
performed on lanes from the gel in panel A. Following electrotrans-
fer to nitrocellulose, the filters were denatured and renatured with
guanidine hydrochloride (75) and probed with the radiolabeled
multimerized pm34 (lanes 4 and S) or pm12 (lanes 6 and 7) probe. (C)
Mobility shift assays of the Agtll (lanes 8, 9, and 10)- and A, (lanes
11, 12, and 13)-infected cell extracts (0.2 pl each). The probes were
pm12 (lanes 8 and 11), pm34 (lanes 9 and 12), and wild-type (wt)
SRE (lanes 10 and 13).

8 91011 1213

assays (27). In contrast, the pm12 oligonucleotide is a mutant
containing four substitutions that abolish binding of SRF,
p62TCF, and p62PBF and that inactivate the SRE in vivo (25,
55).

We screened 4 x 10° plaques in duplicate with a radiola-
beled multimerized pm34 probe. In the first round of screen-
ing, we identified four positive phages. These phages were
screened a second time in duplicate with the radiolabeled,
multimerized pm34 probe and with the pm12 mutant probe.
Two of the four bound specifically to the pm34 probe. After
three rounds of plaque purification and screening, these two
phages were isolated. For one of them, we were never able
to demonstrate specific DNA-binding activity for either the
phage-encoded fusion protein or the protein produced by in
vitro transcription and translation of the insert, so we have
not characterized this phage further. We show below that the
other positive phage, which we called AA,, encoded a
protein that bound the pm34 and but not the pm12 oligonu-
cleotides.

DNA-binding specificity of the AA, fusion protein. To
establish the authenticity of the SRE-specific DNA-binding
activity of the AA,-encoded fusion protein, we produced the
protein in E. coli by large-scale infection with the recombi-
nant phage (Fig. 2A) and we tested its activity by Southwest-
ern blot (Fig. 2B) and mobility shift assay (Fig. 2C).

Figure 2A shows a Coomassie blue-stained portion of an
SDS-polyacrylamide gel of bacterial extracts infected with
Agtll (lane 1) or AA, phage (lane 2). Whereas Agtll-infected
cells produced a wild-type 116-kDa B-galactosidase protein,
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AA,-infected cells produced a fusion protein of approxi-
mately 160 kDa. Replicas of these gel lanes were transferred
to nitrocellulose and probed with the pm34 and pm12 oligo-
nucleotides. The result is shown in Fig. 2B. Cells infected
with Agtll contained no proteins with significant affinity for
either probe (lanes 4 and 6). In contrast, AA,-infected cells
contained a protein with mobility corresponding to that of
the B-galactosidase fusion protein that bound strongly to the
pm34 probe (lane 5) but only very weakly to the pm12 probe
(lane 7). This experiment suggests that the SRE-specific
DNA-binding activity detected in the plaque assay was
encoded by the cDNA insert carried in AA,.

To confirm by a second assay that AA, encoded an
SRE-specific DNA-binding protein, we tested the activity of
infected bacterial extracts in a mobility shift assay. As
shown in Fig. 2C, MA,-infected cells contained an activity
that bound to the pm34 and wild-type SRE probes but not to
the pm12 mutant SRE (lanes 11 to 13). This activity was not
observed in the Agtll-infected cells (lanes 8 to 10). These
results show that the recombinant AA, phage contained a
cDNA encoding a DNA-binding protein that specifically
recognizes the SRE.

Sequence analysis of the AA, cDNA. Figure 3A shows the
sequence of a 1,664-bp portion of the 2.2-kb AA,; insert. The
nucleotide sequence of the AA, insert revealed an open
reading frame of 410 amino acids in frame with the B-galac-
tosidase protein. This open reading frame encodes a poly-
peptide with a predicted M, of 47,623. Neither a candidate
for an initiating ATG initiation codon nor poly(A) sequences
were found in'this cDNA, suggesting that it is incomplete at
both ends. This is consistent with our observation that the
cDNA hybridizes to an mRNA of approximately 3.5 kb (data
not shown).

Comparison of the nucleotide sequence with those in
computer data bases revealed that this cDNA encodes a
previously unreported gene. However, it contains a domain
in which it is closely related to a number of other genes.
These genes, typified by the Drosophila gap gene Kriippel,
carry sequence motifs believed to encode zinc fingers of the
C,H, class (4, 13, 42, 48, 54). As shown in Fig. 3B, the
M\A,-encoded protein contains seven of these zinc finger
motifs, and the invariant amino acids within the finger loops,
Cys-X,-Cys-X;-Phe-Xs-Leu-X,-His-X;-His (see reference
42 for details), are completely conserved in this protein.
Moreover, the zinc fingers in this protein family are linked
by another conserved protein sequence, Thr-Gly-Glu-Lys-
Pro-Phe or Tyr-X, called the ‘““H/C-link”’ (57). This sequence
is completely conserved in the A,-encoded protein fingers 11
and V and partially conserved in fingers I (six of seven amino
acids) and VI (five of seven amino acids). Because of the
structural features of this cDNA, we have named the AA,-
encoded protein SRE-ZBP (zinc finger domain-binding pro-
tein).

Figure 3C compares the sequence of the SRE-ZBP zinc
finger domain with those of the five most closely related
sequences in the GenBank and EMBL data bases. The
similarity of these proteins to SRE-ZBP ranges from 46 to
56% in the zinc finger domain, but outside this domain these
proteins are not closely related to SRE-ZBP.

Contacts between SRE-ZBP and SRE DNA. To investigate
further the DNA-binding properties of the SRE-ZBP protein,
we produced the putative DNA-binding domain of SRE-ZBP
in E. coli as a fusion protein with GST (Fig. 4A). This
protein, composed only of the seven zinc finger motifs, binds
DNA with the same specificity as the longer protein encoded
by the 2.2-kb cDNA but with substantially higher affinity
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GAA TTC CGG CTC CGG GAG CTC TGT CAA CAG TGG CTA CAG CCC GAG ACC CAT ACC AAG GAG CAG ATC CTG GAG CTG CTG GTG CTG GAG CAG TIT CTG ATC ATC CTG CCT AAG GAG CTC CAG GCC CGG GTG CAG GAG
Glu Phe Arg Leu Arg Glu leu Cys Gln Gln Trp Leu Gln Pro Glu Thr His Thr Lys Glu Gln Ile Leu Glu Leu Leu Val Leu Glu Gin Phe Leu Ile Ile Leu Pro Lys Glu Leu Gln Ala Arg Val Gla Glu

CAT CAC CCA GAG AGC AGG GAG GAC GTG GTT GIT GIT CTG GAG GAT TTG CAG CTG GAT CTT GGA GAA ACA GGA CAA CAG GAC CCA GAC CAG CCA AAG AAA CAA AAA ATA CTT GTG GAG GAG ATG GCC CCT CTG AAA
Bis His Pro Glu Ser Arg Glu Asp Val Val Vel Val Leu Glu Asp Leu Gln Leu Asp Leu Gly Glu Thr Gly Gln Gln Asp Pro Asp Gln Pro lys Lys Gln Lys Ile Leu Val Slu Glu MET Ala Pro Leu Lys

GGA GTA CAG GAA CAG CAG GTT CGG CAT GAG TGT GAA GTT ACA AAG CCT GAG AAA GAG AAG GGT GAG GAG ACA AGG ATT GAG AAT GGG AAG CTT ATT GTA GTA ACA GAC TCT TGT GGA AGA GTA GAG TCA TCT GGG
Gly Val Gln Glu Gln Gln Val Arg His Glu Cys Glu Val Thr Lys Pro Glu Lys Glu lys Gly Glu Glu Thr Arg Ile Glu Asn Gly Lys Leu Ile Val Val Thr Asp Ser Cys Gly Arg Val Glu Ser Ser Gly

AAA ATA TCT GAA CCC ATG GAG GCT CAT AAT GAG GGC TCT AAC TTG GAA AGG CAT CAG GCC AAG CCC AAA GAG AAG ATT GAG TAT AM TGC TCA GAA CGT GAG CAG AGA TTC ATC CAG CAC TTG GAC CTG ATT GAA
Lys Ile Ser Glu Pro MET Glu Alas His Asn Glu Gly Ser Asn Leu Glu Arg His Gln Ala Lys Pro Lys Glu Lys Ile Glu Tyr Lys Cys Ser Glu Arg Glu Gln Arq Phe Ile Gln His Leu Asp Leu Ile Glu

CAT GCG AGT ACA CAC ACG GGA ARG AAA TCC TGC GAG TCT GAT GTG TGT CAG AGT TCC AGT CTT ACA GGA CAT AAG AAA GTC CTC TCT AGA GAG AAA GGT CAT CAG TGT CAT GAG TGT GGG AAA GCC TTT CAG AGG
Ris Ala Ser Thr His Thr Gly Lys Lys Ser Cys Glu Ser Asp Val Cys Gln Ser Ser Ser Leu Thr Gly His Lys Lys Val Leu Ser Arg Glu Lys Gly His Gln Cya His Glu Cya Gly Lys Ala Phe Gln Arg

AGT TCA CAC CTC GTC AGA CAT CAG AAA ATC CAT CTT GGT GAG AAG CCT TAT CAG TGC AAT GAG TGT GGC AAA GTC TTT AGC CAG AAT GCA GGC CTT TTG GAA CAT CTC AGA ATT CAT ACT GGA GAG AAA CCT TAT
Ser Ser His lau Val Arg Hia Gln Lys Ile Hia Leu Gly Glu lys Bra Tyr Gln Cya Asn Glu Cya Gly lys Val Pha Ser Gln Asn Ala Gly Lau leu Glu Hia Leu Arg Ile Hia Thr

CTA TGT ATC CAT TGT GGA AAA AAT TTT AGG CGC AGC TCT CAC CTT AAT CGA CAT CAG AGA ATT CAC AGT CAG GAG GAG CCC TGT GAG TGC AAG GAG TGT GGA AAA ACC TTT AGT CAG GCC TTA CTC CTC ACC CAC
Leu Cya Ile His Cya Gly Lys Asn Rha Arg Arg Ser Ser His leu Asn Arg Hia Gln Arg Ile is Ser Gla Glu Glu Pra Cys Glu Cya Lys Glu Cya Gly Lys Thr Pha Ser Gln Ala Leu Leu Lau Thr Hie

CAT CAG AGA ATC CAT AGT CAC TCC AAA AGC CAT CAA TGT AAC GAG TGT GGA AAA GCT TTC AGT TIG ACC TCA GAC CTT ATT CGA CAC CAC AGA ATT CAT ACT GGA GAA AAA CCT TTC AAG TGT AAC ATA TGC CAG
Hla Gln Arg Ile Hia Ser His Ser Lya Ser His Gln Cya Asn Glu Gya Gly Lys Ala Rha Ser Leu Thr Ser Asp Lsu Ile Arg His His Arg Ile Hia Thr Gly Glu Lya Pro Phe lys Cys Asn Ile Cya Gla

AAA GCC TTC CGA CTA AAC TCA CAC CTT GCT CAG CAT GTA AGA ATC CAC AAT GAA GAA AAA CCC TAT CAG TGT AGT GAA TGT GGA GAA GCC TTC AGG CAA AGG TCA GGT CTT TTT CAA CAT CAG AGA TAT CAC CAC
Lys Ala Pha Arg Leu Asn Ser His Lau Ale Gln Hia Val Arg Ile Hia Asn Glu Glu Lya Pro Tyr Gln Cya Ser Glu Cya Gly Glu Ala Phe Arg Gln Arg Ser Gly lau Phe Gln His Gln Arg Tyr Hia His

AMA GAC AMA CTG GCT
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FIG. 3. Nucleotide and deduced amino acid sequences of SRE-ZBP. (A) The DNA sequence and deduced amino acid sequence of the
SRE-ZBP cDNA derived from the AA,; clone. The numbering system shown at the right of the sequence begins at the EcoRI site at the 5’ end
of the cDNA. The conserved amino acids forming the putative zinc fingers are underlined. (B) The amino acid sequences of the seven
SRE-ZBP zinc fingers aligned and compared with the C,H,-Kriippel family zinc finger consensus sequence (4, 13, 42, 57). (C) The primary
structure of the SRE-ZBP zinc finger domain (amino acids 207 to 410) is aligned with those of the zinc finger domains of the most closely
related proteins in the GenBank and EMBL data bases. These are MUSMKR?2 (amino acids 148 to 347) (12), MUSZFP35 (amino acids 153
to 356) (16), MUS2NF5MK (amino acids 244 to 447) (13), HSZNF?2 (amino acids 152 to 355, numbered from the first in-frame ATG) (53), and
HUMHPLK (amino acids 186 to 389) (32). The underlined amino acids are the conserved residues in the seven C,H, zinc fingers of SRE-ZBP.

(data not shown). Thus, the DNA-binding domain of SRE-
ZBP resides within the zinc finger domain. To identify
SRE-ZBP contacts with the SRE DNA probe, we performed
interference assays. For these assays, a wild-type SRE
probe 5’ end labeled on either the coding or the noncoding
strand was partially methylated with DMS and used in
preparative mobility shift assays. The DNA in the shifted

complexes was eluted, cleaved with piperidine at the posi-
tion of modified guanines, and analyzed on a sequencing gel.
The interference pattern obtained with the purified GST-
SRE-ZBP zinc finger domain is shown in Fig. 4B (lanes 3 and
6) and summarized in Fig. 4C. Interference was observed on
one guanine residue in each strand. Both residues lie on the
3’ side of the SRE dyad. One of the guanines forms part of
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FIG. 4. DMS interference assay. (A) Schematic representation
of the vector used to produce the GST-SRE-ZBP zinc finger domain
fusion protein utilized in the assay. (B) DMS interference assay. The
wild-type SRE fragment was 5' end labeled on the coding strand
(lanes 1 to 4) or on the noncoding strand (lanes S to 7). The purine
and guanidine ladders are shown in lanes 1 and 8 and lanes 2 and 7,
respectively. Bound fragments are shown in lanes 3 and 6. Free
fragments are shown in lanes 4 and 5. Guanine bands suppressed in
the bound lane and are indicated by arrows. (C) Summary of the
DMS interference results.

the core sequence found in all SREs (74). This result
suggests that SRE-ZBP makes asymmetric contacts with the
SRE confined to the 3’ side of the dyad. This pattern of
interference is different from that observed with p67S®F or
p62PBF (25, 55, 73), suggesting that this cDNA encodes a
novel SRE-binding protein distinct from those previously
characterized.

To confirm this conclusion, we produced SRE-ZBP by
transient expression in COS cells using the vector illustrated
in Fig. SA. We performed mobility shift assays on nuclear
extracts prepared from control COS cells (Fig. 5B, lanes 2 to
7) or cells transfected with the SRE-ZBP expression vector
(lanes 8 to 13). These assays used either a wild-type SRE
probe or mutant probes shown in Fig. 5C.

Control extracts contained two SRE-specific DNA-bind-
ing activities, labeled I and III in Fig. 5B. Complex I
corresponds to p62°PF, as determined by its mobility and
DMS interference pattern (data not shown). The identity of
complex III is not certain, but it may be a degradation
product of p62PPF, since it shows the same pattern of
binding to mutant SREs. As predicted from its previously
reported DMS interference pattern, p62°BF bound to the
wild-type probe (Fig. 5B, lanes 2 and 8) and to a mutant
probe carrying substitutions in the 3’ side of the dyad (pm2;
lanes 4 and 10). It did not, however, bind to probes carrying
substitutions in the 5’ side of the SRE (pm1 and pm12; lanes
3,5,9, and 11).
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FIG. 5. Mobility shift assays of the SRE-ZBP protein produced
in COS cells. (A) Structure of the pCGN/SRE-ZBP expression
vector with, from left to right, the cytomegalovirus (CMV) promot-
er-enhancer, herpes simplex virus (HSV) thymidine kinase (tk) gene
5’ untranslated leader and initiation codon, an epitope tag derived
from the influenza virus hemagglutinin (HA) gene (20), the SRE-
ZBP cDNA including the entire coding sequence shown in Fig. 3A,
and 600 bp of 3’ untranslated (UT) sequence. (B) Mobility shift
assays of nuclear extracts prepared from COS cells transfected with
salmon sperm DNA (lanes 2 to 7) or pPCGN/SRE-ZBP (lanes 8 to 13).
The assays were performed as described in Materials and Methods,
using probes of identical specific activities. The reaction mixtures in
lanes 6 and 12 contained preimmune rabbit serum, while those in
lanes 7 and 13 contained rabbit antiserum against SRE-ZBP. Com-
plex I is due to p62PBF. Complex II is the putative SRE-ZBP
complex. The identity of complex III is unknown but may be a
degradation product of p62PPF. wt, wild type. (C) Sequences of the
wild-type and mutant SRE probes used in these assays.

Nuclear extracts prepared from COS cells transfected
with the SRE-ZBP cDNA expression vector contained an
additional SRE-binding activity, labeled complex II in Fig.
5B (visible in lanes 8, 9, and 12). In contrast to p62PBF,
binding of this protein was abolished by substitutions in the
3’ side of the SRE (pm2 and pm12; lanes 10 and 11) and
unaffected by substitutions in the 5’ side (pm1; lane 9). This
pattern of binding is consistent with the DMS interference
pattern obtained with the E. coli-expressed GST-SRE-ZBP
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FIG. 6. Cellular localization of transfected SRE-ZBP. COS cells were transfected with the pCGN/SRE-ZBP plasmid (A and C) or with
carrier DNA (B and D). After 48 h, the cells were incubated with SRE-ZBP antiserum preadsorbed with the B-galactosidase-SRE-ZBP fusion
protein (A and B) or with the SRE-ZBP antiserum alone (C and D). Then, the cells were processed for indirect immunofluorescence as
described in Materials and Methods. The exposure times are not identical for each panel. Ab, SRE-ZBP antiserum.

zinc finger domain, in which all contacts were confined to the
3’ side of the SRE.

Further evidence that complex II is due to the protein
encoded by the SRE-ZBP cDNA is shown in lanes 12 and 13
of Fig. 5B. We raised a polyclonal antiserum against SRE-
ZBP. Preincubation of the antiserum with nuclear extract
from COS cells expressing the SRE-ZBP cDNA resulted in
loss of complex II (lane 13). Preimmune serum from the
same rabbit had no effect on complex II (lane 12). Thus, we
conclude that this activity is encoded by the SRE-ZBP
cDNA and therefore represents an N-terminal truncation of
the natural protein. We also conclude that SRE-ZBP binds
directly to the 3’ side of the SRE.

Two additional observations deserve comment. First, the
SRE-ZBP antiserum does not affect formation of the p62PBF
complex (Fig. 5B, lanes 7 and 13), confirming that this cDNA
does not encode this protein. Second, none of the DNA-
binding activities in control COS extracts (or in extracts of
HeLa, BALB/c3T3, and HepG2 cells [data not shown]) have
the binding specificity of SRE-ZBP, nor are any endogenous
activities reactive with SRE-ZBP antibodies. Thus, there is
no constitutive DNA-binding activity attributable to SRE-
ZBP in these cells, even though, as we demonstrate below,
they contain immunologically related protein.

Cellular localization of SRE-ZBP. To determine the intra-
cellular localization of SRE-ZBP, in situ immunofluores-
cence assays were performed on COS cells transfected with
the SRE-ZBP cDNA. The transfected cells were maintained

for 48 h in the presence of DMEM supplemented with 5%
FCS, fixed, and incubated with anti-SRE-ZBP serum (Fig.
6C and D) or serum that had been preincubated with purified
B-galactosidase-SRE-ZBP fusion protein (Fig. 6A and B).
The anti-SRE-ZBP serum strongly stained the nuclei of a
fraction of the cells in the COS cultures transfected with the
cDNA (Fig. 6C). This signal was specific because it was
abolished by preincubation of the serum with the purified
B-galactosidase fusion protein (Fig. 6A). A similar number of
nuclei on parallel coverslips were stained with a monoclonal
antibody against an epitope tag incorporated into SRE-ZBP
(Fig. 5A); control nuclei were not stained by this antibody
(data not shown). Together, these data suggest that SRE-
ZBP protein expressed from the cDNA localizes to the
nucleus, as expected for a DNA-binding protein.

With longer exposure of the photomicrographs, fluores-
cence in all nuclei of control COS cell cultures was also
observed (Fig. 6D), suggesting the presence of an endoge-
nous protein in COS cells immunologically related to SRE-
ZBP. This staining was also specific because it was abolished
by preincubation of the antiserum with the B-galactosidase-
SRE-ZBP fusion protein (Fig. 6B).

Identification of putative cellular SRE-ZBP. To visualize
directly the proteins recognized by the anti-SRE-ZBP serum
in transfected and control COS cell cultures, an immunopre-
cipitation experiment was performed. COS cells transfected
with the SRE-ZBP cDNA or with carrier DNA were meta-
bolically labeled with [>*S]methionine, and the cell extracts
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FIG. 7. Immunoprecipitation of transfected COS cell extracts
with SRE-ZBP antiserum and 12CAS monoclonal antibody. COS
cells were transfected with carrier DNA (lanes 2, 4, and 6) or with
pPCGN/SRE-ZBP (lanes 3, 5, and 73) After 48 h, the cells were
metabolically labeled for 4 h with [**S]methionine. Extracts were
prepared and immunoprecipitated with preimmune rabbit serum
(lanes 2 and 3), SRE-ZBP antiserum (lanes 4 and 5), or 12CAS
monoclonal antibody against the epitope tag (lanes 6 and 7). Lane 1
shows molecular markers (M). Complex I is putative endogenous
SRE-ZBP protein. Complex II is epitope-tagged SRE-ZBP produced
from the expression vector.

were immunoprecipitated with preimmune serum (Fig. 7,
lanes 2 and 3), SRE-ZBP antiserum (lanes 4 and 5), and
monoclonal antibody against the epitope tag incorporated
into the protein (lanes 6 and 7). The antibody against the
epitope tag precipitated a 48-kDa protein (labeled band II)
from SRE-ZBP-transfected cells (Fig. 7, lane 7). A protein of
identical size was precipitated from the same cells with the
SRE-ZBP antiserum (Fig. 7, lane 5). This protein was absent
from the control cells. Its size is consistent with the coding
capacity of the SRE-ZBP expression plasmid (Fig. SA).
Together, these data identify this protein as the product of
the SRE-ZBP expression vector.

In addition to band II, the SRE-ZBP antiserum precip-
itated a doublet band of approximately 70 kDa (band I).
These proteins were present in control cells as well as cells
transfected with the cDNA (Fig. 7, lanes 4 and 5). The
proteins were not, however, precipitated by either the pre-
immune serum (Fig. 7, lanes 2 and 3) or the monoclonal
antibody against the epitope tag (lanes 6 and 7). These
observations suggest that these 70-kDa proteins may corre-
spond to endogenous SRE-ZBP in COS cells or to proteins
sharing epitopes with SRE-ZBP. Partial proteolytic mapping
of these proteins with V8 protease indicated that these two
bands are nearly identical in structure (1) and therefore likely
derive from the same primary translation product.

Thus, the 70-kDa proteins are candidates for the endoge-
nous full-length SRE-ZBP protein. The larger size of these
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FIG. 8. RNase protection assay of serum-stimulated HeLa cells.
HelLa cells were starved for 48 h in 0.5% FCS and then refed for the
indicated lengths of time with DMEM containing 10% FCS, 10 pg of
cycloheximide (CHX) per ml, or both. The RNase protection assay
was carried out with 10 pg of total cytoplasmic RNA. Lanes: 1 and
2, the input probes; 3 and 4, RNA from serum-stimulated cells (6 h)
probed with Oct-1 or SRE-ZBP probes alone; 5, control hybridiza-
tion to 10 pg of tRNA; 6 to 12, RNA from cells stimulated with
serum for the indicated lengths of time; 13, untreated serum-starved
cells; 14 to 16, cells treated for 6 h with 10% FCS (lane 14), 10 pg of
cycloheximide per ml (lane 15), and FCS and cycloheximide to-
gether (lane 16).

proteins is consistent with the observation that the cDNA we
isolated is incomplete at its 5’ end.

Analysis of the SRE-ZBP RNA. The expression of SRE-
ZBP mRNA in different cell lines was studied by RNase
protection assay. These experiments showed that SRE-ZBP
mRNA was present in detectable but low amounts in most of
the human cell lines tested, including HeLa, H9, Jurkat, 293,
and BJAB. A three- to-sixfold-higher level of RNA was
found in the HepG2 hepatoma and Ntera2D teratocarcinoma
cell lines (data not shown). Northern (RNA) blot experi-
ments show that the size of the SRE-ZBP mRNA is approx-
imately 3.5 kb (data not shown).

To determine whether the SRE-ZBP mRNA was, like
c-fos itself, subject to growth factor control, we performed
an RNase protection assay on RNA from serum-stimulated
HeLa cells. The cells were starved in DMEM supplemented
with 0.5% FCS for 48 h and then incubated for different
lengths of time in DMEM containing 10% FCS. RNA was
isolated from the cells, and RNase protection assays were
performed with an antisense SRE-ZBP probe spanning po-
sitions 1208 to 1465 in the SRE-ZBP cDNA. As an internal
control, a probe specific for the mRNA encoding Oct-1
transcription factor was used. This protein is present in
HeLa cells and is not strongly regulated by serum (18).

Figure 8 shows that the level of SRE-ZBP mRNA in
serum-starved HeLa cells is low (lane 6) but rises signifi-
cantly 2 h after serum stimulation (lane 7), reaching peak
levels at 10 to 12 h (lanes 11 and 12). In contrast, the levels
of Oct-1 RNA remained constant during serum stimulation.
To determine whether induction of SRE-ZBP RNA required
synthesis of new proteins, we measured RNA levels in cells
stimulated with serum for 6 h in the presence of 10 pug of
cycloheximide per ml (Fig. 8, lanes 13 to 16). We observed
that SRE-ZBP mRNA was induced with cycloheximide
alone (Fig. 8, lane 15) and by a combination of cyclohexi-
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mide and serum (lane 16). Strong superinduction of SRE-
ZBP mRNA by cycloheximide and serum, which is charac-
teristic of immediate-early genes, was not observed.
Nevertheless, the induction of SRE-ZBP in the presence of
cycloheximide suggests that induction of SRE-ZBP, like that
of c-fos itself and SRF (46), may be a direct consequence of
second messengers activated by serum growth factors. The
kinetics of SRE-ZBP induction are much delayed relative to
c-fos.

DISCUSSION

We have described the isolation and characterization of a
human cDNA encoding a c-fos SRE-binding protein, SRE-
ZBP. This protein binds directly and asymmetrically to the
3’ side of the SRE. Its binding and antigenic properties
indicate that it does not correspond to any previously
characterized SRE-binding protein.

The sequence of SRE-ZBP indicates that it is a member of
the C,H, class of zinc finger genes, exemplified by the
Xenopus laevis transcription factor TFIIIA and the product
of the Drosophila gap gene Kriippel (42, 48, 54). There is a
large family of such zinc finger genes in the mammalian
genome, and the seven repeats found at the C terminus of
SRE-ZBP match the consensus for these elements precisely
(4, 13, 42). In addition, members of the Kriippel family
contain a conserved protein sequence situated between
adjacent fingers, called the H/C link (57). This sequence is
also well conserved in SRE-ZBP.

Several members of this gene family exhibit developmen-
tal and tissue-specific expression in mammals. For example,
EGR1/Krox-24/Zif268 is expressed at high levels within
adult mouse brain, thymus, lung, and heart (15, 38, 70);
EGR2/Krox 20 is expressed in a specific pattern in the
developing mouse brain and peripheral nervous system, and
in adults it is found in the thymus, spleen, and testis (10, 77).
The Wilms’ tumor gene, another member of this family, is
highly expressed in mouse fetal kidney, and in adult mice
and baboons it is limited to kidney and spleen (6, 8). The
expression of two mouse Kriippel-related genes, mkrl and
mkr2, decreases upon in vitro differentiation of F9 teratocar-
cinoma cells by retinoic acid (11). In adult mice, mkrl is
expressed exclusively in the nervous system.

SRE-ZBP, mkrl, mkr2, and ZNF2 (53) appear to belong to
a subfamily of structurally related finger proteins containing
finger motifs of the Kriippel type at the C terminus (nine in
ZNF2 and seven in SRE-ZBP and mkrl1). A conserved amino
acid module present in the N terminus of the ZNF2 (53) is
not obvious in SRE-ZBP when both polypeptide sequences
are aligned. Interestingly, both mkrl and SRE-ZBP contain
at least one degenerate zinc finger motif; in mkrl it is C
terminal to the seven complete fingers, and in SRE-ZBP it is
N terminal. The similarity among these proteins is approxi-
mately 52 to 54% when the intact zinc fingers are compared.
N terminal to the zinc finger domain, however, there is little
similarity among the proteins.

By producing a fusion protein that contains only the seven
zinc fingers of SRE-ZBP, we found that this portion of the
protein indeed comprises the sequence-specific DNA-bind-
ing domain. Structural studies with the EGR1/Krox-24/
Zif268 protein suggest that a single zinc finger makes contact
with 3 bp in its cognate recognition site (47). It is therefore
somewhat surprising that our DMS interference data suggest
that the only guanine residues in which methylation inter-
feres with SRE-ZBP binding are tightly clustered. This
recognition would appear to require only a small number of
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the seven zinc fingers in the SRE-ZBP DNA-binding do-
main. One possible explanation for this discrepancy is that
the SRE is not a high-affinity binding site for this protein.
Alternatively, SRE-ZBP could make extensive redundant
contacts with the SRE that are not detectable in the DMS
interference assay. A third possibility is that the large
DNA-binding domain of SRE-ZBP could simultaneously
bind two noncontiguous sites in the c-fos promoter region,
forming a specific three-dimensional arrangement of the
DNA.

Antibodies raised against E. coli-expressed SRE-ZBP
react with nuclear proteins present in COS (Fig. 6) and in
HeLa cells and primary human fibroblasts (data not shown).
In immunoprecipitation (Fig. 7) and Western blot (immuno-
blot) assays (data not shown), the antiserum recognizes a
single major protein, which runs as a doublet of approxi-
mately 70 kDa. The size of this protein is consistent with its
being the endogenous product of the SRE-ZBP gene, but we
still cannot rule out the possibility that it is a cross-reacting
protein. But, regardless of the precise identity of the endog-
enous SRE-ZBP protein, the presence of SRE-ZBP-encod-
ing mRNA in all of the cell lines we have tested suggests that
the SRE-ZBP protein is present in these cells. Yet mobility
shift assays with SRE probes have consistently failed to
reveal an activity in cells that has the binding specificity of
SRE-ZBP or that reacts with SRE-ZBP antiserum.

Why is endogenous SRE-ZBP activity not detected in
these assays? One possibility is that the DNA-binding activ-
ity of the endogenous protein is subjected to regulation in
vivo. That regulation may consist of biochemical modifica-
tions that affect SRE-ZBP DNA-binding affinity. In support
of the idea that SRE-ZBP DNA-binding activity may be
regulated, we found that a truncated SRE-ZBP protein
consisting solely of the zinc finger domain binds the SRE
with much higher affinity than does a longer protein contain-
ing all of the N-terminal sequence encoded in the cDNA
(data not shown). This observation is consistent with the
presence of an inhibitory domain in the full-length protein.
Inactivation of this inhibitory domain may require covalent
modification of the protein or association with an accessory
subunit. We note, however, that the B-galactosidase-SRE-
ZBP fusion protein produced by the original recombinant
phage was quite active, suggesting that the putative inhibi-
tory domain in SRE-ZBP is counteracted by B-galactosidase
sequences. Regulation of the activity of a zinc finger protein
has been reported for the Drosophila glass gene. The glass
protein is expressed in all cell types in the developing eye but
is active only in certain cell types (45).

What is the function, if any, of SRE-ZBP in the regulation
of c-fos transcription? Although our data do not show that
SRE-ZBP functionally associates with the SRE in vivo,
genomic footprinting data in A431, NIH 3T3, and F9 cells
(30, 34) indicate that an unidentified cellular protein is bound
to the SRE 3’ to the SRF-binding site, in the region that we
have shown is bound by SRE-ZBP in vitro. This site is also
bound by rNFIL-6, whose activity is induced by treatment
of PC12 cells with forskolin (41). Several mutations in this
region of the SRE have been reported to result in derepres-
sion of c-fos transcription (39, 58). Some of these mutations
affect SRF binding, whereas others affect only the sequences
immediately flanking the SRF binding site. The phenotypes
of these mutations, generally attributed to SRF, may be due
instead to loss of binding of a protein such as SRE-ZBP with
repressor activity. The possibility that SRE-ZBP functions
as a repressor is consistent with the observation that Kriip-
pel acts as a repressor in both Drosophila and mammalian
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cells (40, 80). More recently, a human Kriippel-related
protein, YY1, has been identified as a transcriptional repres-
sor of the adeno-associated virus P5 promoter in the absence
of E1A (61).

An alternative role for SRE-ZBP is in some specific
developmental aspect of c-fos regulation. During mouse
development, several tissues exhibit constitutive high-level
c-fos expression (9). Such regulation may require disruption
of the complexes that keep c-fos transcription under the tight
control seen in most cells. A developmental role for SRE-
ZBP is an attractive one, given the frequent association of
zinc finger proteins with important events in development.

Although many genes encoding members of this family of
DNA-binding proteins have been cloned, specific binding
sites are known for only a few of these proteins (14, 31, 33,
50, 72). In many of these cases, the biological functions of
the binding sites have not been established. Thus, the
association of SRE-ZBP with a well-characterized regula-
tory element provides an important opportunity to study the
structure and function of both the DNA-binding and the
transcriptional regulatory domains of this type of zinc finger
protein.
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