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Combinatorial interaction among cardiac tissue-restricted enriched transcription factors may facilitate the
expression of cardiac tissue-restricted genes. Here we show that the MADS box factor serum response factor
(SRF) cooperates with the zinc finger protein GATA-4 to synergistically activate numerous myogenic and
nonmyogenic serum response element (SRE)-dependent promoters in CV1 fibroblasts. In the absence of GATA
binding sites, synergistic activation depends on binding of SRF to the proximal CArG box sequence in the
cardiac and skeletal a-actin promoter. GATA-4’s C-terminal activation domain is obligatory for synergistic
coactivation with SRF, and its N-terminal domain and first zinc finger are inhibitory. SRF and GATA-4
physically associate both in vivo and in vitro through their MADS box and the second zinc finger domains as
determined by protein A pullout assays and by in vivo one-hybrid transfection assays using Gal4 fusion
proteins. Other cardiovascular tissue-restricted GATA factors, such as GATA-5 and GATA-6, were equivalent
to GATA-4 in coactivating SRE-dependent targets. Thus, interaction between the MADS box and C4 zinc finger
proteins, a novel regulatory paradigm, mediates activation of SRF-dependent gene expression.

Serum response factor (SRF) may play a leading role in the
commitment of cardiac progenitors by virtue of its requirement
for mesoderm formation and by its ability to activate target
genes via specific protein-protein associations with other early
cardiac enriched transcription factors. SRF, a member of an
ancient DNA-binding protein family, shares a highly conserved
DNA-binding and dimerization domain of 90 amino acids,
termed the MADS box (reviewed in references 53 and 56).
SRF, yeast transcription factors MCM1 and ARG80, and sev-
eral plant proteins, such as Deficiens, all have a related MADS
box and similar DNA sequence binding specificity. In addition,
SRF-related proteins (RSRF and MEF-2) constitute a subfam-
ily of the MADS box family of transcription factors (49, 59).
SRF is especially abundant in embryonic and adult cardiac,
skeletal, and smooth muscle cells (2, 12). The recent homolo-
gous recombinant knockout of the murine SRF gene locus
demonstrated that SRF is absolutely required for the appear-
ance of mesoderm and muscle lineages during mouse embryo-
genesis (1).

SRF interacts with other regulatory proteins and ultimately
alters the regulation of specific gene programs. Studies regard-
ing the regulation of the c-fos gene by SRF have led to the
identification of several SRF accessory factors, including
SAP-1, Elk-1, and Phox-1 (15, 21, 25). All of these SRF acces-
sory factors appear to potentiate SRF’s transcriptional activity
on the c-fos serum response element (SRE), although the
mechanisms are somewhat different. Grueneberg et al. (21)
demonstrated that human SRF interacts with a novel human
homeodomain protein, Phox, which enhances the exchange of
SRF with its binding site in the c-fos promoter and does not
require specific homeodomain DNA binding activity. Although
neither Phox nor Mhox was able to activate cardiac-specified

genes in the presence of SRF, our studies suggest that SRF
facilitates binding of another murine homeobox transcription
factor, Nkx-2.5, to SREs, resulting in the activation of the
endogenous a-cardiac actin gene in fibroblasts (11). Nkx-2.5 is
a potential vertebrate homologue of tinman, a factor required
for Drosophila heart development (7) and the earliest known
marker of vertebrate heart development.

GATA factors also play an important role in early cardio-
genesis. The GATA family has been subdivided, with the
GATA-1/2/3 subfamily being linked to hematopoiesis, while
GATA-4/5/6 is thought to be involved with cardiac, gut, and
blood vessel formation (reviewed in references 46 and 48).
Each of the six GATA proteins contains a highly conserved
DNA-binding domain consisting of two C4 zinc fingers of the
motif Cys-X2-Cys-X17-Cys-X2-Cys. These two zinc fingers have
been shown to direct binding to the DNA sequence element (A
or T)GATA(A or G) (32, 40), although the carboxy zinc finger
is sufficient for site-specific binding (39). Examination of the
DNA-binding site specificity of all six GATA factors indicates
that they are capable of binding to the same target sequence,
thus suggesting their potential to substitute for one another in
cells in which they are coexpressed. GATA-4 is expressed in a
developmental and lineage-specific pattern within the cardiac
mesoderm and gut epithelium (24, 30, 34). GATA-4 expression
regulates expression of cardiac-specific genes, such as cardiac
troponin C (45) and a-myosin heavy chain (41), and leads to
the precocious activation of cardiac a-actin and a-myosin
heavy chain gene expression when expressed in Xenopus em-
bryos (27). GATA-4 null mice display a severe defect in for-
mation of the cardiac tube, which is required for the migration
and folding morphogenesis of the precardiogenic splanchnic
mesodermal cells (33, 43). Although forced expression of an-
tisense DNA for GATA-4 blocked expression of cardiac-spe-
cific genes in P19 cells (19), the rather normal expression of
cardiac-specific genes observed in these homozygous GATA-4
knockout embryos probably reflects the redundancy of some
functions in the GATA-4/5/6 subfamily. Sepulveda et al. (52)
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demonstrated that GATA-4 synergizes with Nkx-2.5 to activate
the chicken cardiac a-actin promoter and that this activation is
dependent on DNA binding by Nkx-2.5 but not by GATA-4.
GATA-4 cooperates with Nkx-2.5 to activate the ANF and
BNP promoters (16, 35) and synthetic promoters containing
multimerized high-affinity Nkx-2.5 DNA-binding sites (NKEs)
(52).

Activation of SRE-dependent muscle tissue-restricted pro-
moters, such as a-actins, appears to be mediated through com-
binatorial interaction of SRF with muscle tissue-restricted
transcription factors, such as Nkx-2.5 (11) and MyoD (20). We
asked whether the pairing of GATA-4 and SRF activates SRE-
dependent promoters. We found that SRF and GATA-4 pro-
vide robust coactivation with myogenic and smooth muscle a-
actin promoters and the nonmyogenic c-fos promoter. Using
isolated SREs from cardiac and skeletal a-actin promoters,
we asked whether a single SRE can mediate this synergistic co-
activation by SRF and GATA-4. We report here that pro-
tein-protein associations shared between SRF and GATA-4
transactivate via the SRE-laden cardiac a-actin promoter.
Interactive protein regions were delineated to the SRF’s
MADS box and to GATA-4’s second zinc finger and the
C-terminal basic region. Transcriptional coactivation of the
cardiac a-actin promoter depended upon the C-terminal re-
gion of GATA-4 but was inhibited by its N-terminal region and
the first zinc finger. Other GATA factors expressed in the heart,
such as GATA-5 and GATA-6, were equivalent to GATA-4 in
coactivating cardiac a-actin promoter activity. In vivo one-
hybrid assays also demonstrated coactivation of Gal4 target
sequences via Gal4 fusion proteins containing either GATA-
4 or SRF. Accordingly, the paired interactions of SRF with
tissue-restricted cardiogenic GATA-4 confer robust levels of
transcriptional activity on the cardiac a-actin promoter and
tissue specificity on SRF. Thus, their coassociation in vivo
might underly a primary mechanism for forming protein-pro-
tein complexes, in which each perhaps facilitates the other’s
recruitment to its primary DNA-binding site.

MATERIALS AND METHODS

Recombinant DNA clones. Luciferase reporter plasmids Gal4Luc (G5Luc),
c-fos, D56 fos, skeletal a-actin, skeletal a-actin SRE1, smooth muscle a-actin,
smooth muscle g-actin, SM22a, cardiac a-actin wild type and deletion mutants,
and expression vectors for SRF, SRFpm1, SRFDC, Gal DB, GATA-6, and the
wild type and various mutants of GATA-4 have been described earlier (3, 9,
10, 16, 28, 36, 38, 52). pCGNSRFDMADS was derived from an intermediate
construct, pBSSRFDMADS. pBSSRFDMADS was constructed by digesting
pBSKSSRF with NarI (nucleotide [nt] 565) and BglII (nt 1094) and blunt
ending and religating the large fragment. The XbaI-to-BamHI fragment from
pBSSRFDMADS was subcloned into cognate sites of the pCGN vector to con-
struct pCGNSRFDMADS. pCDNA3GATA-5 (a gift from Mona Nemer) was
constructed by subcloning the rat GATA-5 cDNA into the pCDNA3 (Clonetech)
vector. pCGNGATA-4DZF was constructed by subcloning the XbaI-BamHI
fragment containing GATA-4, with the second zinc finger deleted, from pAC
XVPG4DZF into the pCGN vector. This plasmid contains an intact nuclear
localization signal sequence. pACXVPG4DZF will be described elsewhere
(Sepulveda et al., unpublished data). Gal ZF1 1 2 was constructed by ligating the
PCR-amplified fragment containing both the zinc fingers and the C-terminal
basic region (nt 619 to 1051) of GATA-4 into the EcoRI- and BamHI-digested
pMFH2/GAL4 vector (58). MADS Gal was constructed by subcloning the 315-bp
SmaI-to-BamHI fragment of human SRF in frame with the Gal4 DNA binding
domain in the vector pMFH2/GAL4.

Cell culture and transfections. CV1 monkey kidney cells were maintained in
Dulbecco modified Eagle medium containing 10% fetal bovine serum. Subcon-
fluent cells in 60-mm plates were transfected with 1 mg of reporter, 150 ng of
wild-type pCGNSRF, and 400 ng of the wild type and deletion mutants of
GATA-4 expressed from the pCG vector. For the experiment comparing tran-
scriptional coactivation by GATA-4, -5, and -6, 200 ng of reporter and 200 ng of
pCGNSRF with or without 800 ng of pCDNA3-based GATA-4, -5, and -6 were
transfected. For one-hybrid analysis of recruitment of GATA-4 by a MADS-Gal
fusion, 200 ng of Gal4 luciferase reporter, 200 ng of Gal DB or MADS Gal, and
750 ng of GATA-4 were used. For the analysis of recruitment of SRF by Gal
ZF1 1 2, 1 mg of Gal4 reporter, 1 mg of Gal DB or Gal ZF1 1 2, and 100 ng of

SRF were used. Following transfection, cells were maintained in Dulbecco mod-
ified Eagle medium containing 2% horse serum and 10 mg of insulin/ml for 48 h.
Cells were harvested 48 h posttransfection, and luciferase activity was measured
in a luminometer.

In vitro transcription and translation and GST pull-down assays. Full-length
SRF and various deletion mutants of SRF fused to glutathione S-transferase
(GST) were expressed in bacteria and purified as described earlier (11). GST
pull-down experiments were performed as described by Sepulveda et al. (52).
Approximately 1 mg of fusion protein immobilized on glutathione-agarose beads
was incubated with 100 mg of whole-cell extract prepared from CV1 cells trans-
fected with GATA-4, washed extensively, resolved on a sodium dodecyl sulfate
(SDS)–10% polyacrylamide gel, transferred to a polyvinylidene difluoride mem-
brane, and blotted with GATA-4 antibody. The wild type and various deletion
mutants of GATA-4 hot translated in rabbit reticulocyte lysates were used to
map the domains of GATA-4 required for interaction with SRF, as described
previously (52).

Protein A fusion protein pullout assays. Vectors encoding Staphylococcus
aureus protein A or protein A-SRF and protein A–GATA-4 fusion were cotrans-
fected with hemagglutinin (HA) epitope-tagged SRF and SRFPM1 into CV1
cells. Cells were lysed in EBC buffer (50 mM Tris [pH 8.0]–120 mM NaCl–0.5%
Nonidet P-40 containing 2 mg of aprotinin per ml, 2 mg of leupeptin per ml, 2 mg
of pepstatin per ml, and 1 mM phenylmethylsulfonyl fluoride), and the pullouts
were carried out with immunoglobulin G (IgG)-Sepharose beads as described
earlier (52). Proteins retained by protein A-SRF and protein A–GATA-4 were
visualized by immunoblotting with anti-SRF antibody.

RESULTS

SRE-dependent promoters are coactivated by SRF and
GATA-4. Since Nkx-2.5 interacts with GATA-4 and with SRF,
we reasoned that it was also likely that SRF and GATA-4
function as coaccessory factors. To address this prospect, lu-
ciferase reporter constructs for cardiac-, skeletal-, and smooth
muscle-restricted, SRE-dependent promoters, such as cardiac
a-actin, skeletal a-actin, smooth muscle a-actin, smooth mus-
cle g-actin, and SM22a, and the ubiquitously expressed c-fos
promoter were tested in cotransfection assays. Cotransfection
of these reporter constructs into CV1 fibroblasts along with an
expression vector encoding SRF elicited modest activation
(Fig. 1A). Similarly, expression of GATA-4 with these report-
ers resulted in weak activation. However, coexpression of both
GATA-4 and SRF, from transfected CMV-driven plasmid ex-
pression vectors, resulted in robust activation of both muscle-
restricted and ubiquitous SRE-dependent promoters, as shown
in Fig. 1A.

Promoter-proximal SRE in cardiac a-actin and skeletal
a-actin is both necessary and sufficient for SRF- and GATA-
4-mediated coactivation. Deletion mutants were used to map
the 59 regulatory borders of the cardiac a-actin promoter re-
sponsible for mediating the potent transcription activity. De-
leting the cardiac a-actin promoter to 2100 retained a single
SRE, and this truncated cardiac a-actin promoter was suffi-
cient for SRF- and GATA-4-mediated activation (Fig. 1C).
These findings indicated that potential GATA sites located at
positions 2304 and 2161 of the cardiac a-actin promoter were
dispensable. Deletion of the proximal SRE, evaluated with the
258 bp mutant, and site-specific mutation of this SRE in the
context of the 2100 promoter totally abolished SRF- and
GATA-4-dependent coactivation, indicating a requirement
for the proximal SRE1 (Fig. 1C and D). Transfections with
a dominant negative SRF mutant, SRFpm1, also blocked
GATA-4-dependent activation of the cardiac a-actin promoter
(Fig. 1B), thus demonstrating a dependency on intact SRE and
SRF for GATA-4.

To confirm that SRE is both necessary and sufficient for
mediating the SRF- and GATA-4-dependent coactivation, we
used the skeletal a-actin promoter-proximal SRE cloned up-
stream of a heterologous c-fos minimal promoter. This con-
struct was activated sevenfold by SRF and did not respond to
GATA-4. However, coexpression of both SRF and GATA-4
very strongly activated this single SRE-containing promoter to

VOL. 20, 2000 SRF AND GATA-4 ARE MUTUAL COREGULATORS 7551



34-fold over background levels (Fig. 1D). In contrast, the plas-
mid lacking the SRE, the D56 fos vector, was activated sixfold.

GATA-5 and GATA-6 are equivalent to GATA-4 in cotrans-
fection assays with SRF. Given the extensive homology be-
tween the zinc finger domains and the activation domains of
GATA-4, GATA-5, and GATA-6 (45) and the fact that these
GATA factors exhibited similar but nonidentical expression
patterns during cardiac morphogenesis, we wanted to deter-
mine their ability to substitute for GATA-4 in transfection
assays. As shown in Fig. 2, both GATA-5 and GATA-6 coac-
tivated the cardiac a-actin promoter when cotransfected with
SRF, virtually to the same extent as GATA-4 (Fig. 2). Thus,
GATA factors expressed in the embryonic heart were equiva-
lent in their abilities to drive cardiac a-actin gene activity.

GATA-4 and SRF associate in vivo. We asked whether
GATA-4 and SRF physically associate in the cellular environ-
ment. The S. aureus protein A IgG binding domain fused to the
N termini of GATA-4 and SRF was employed to immobilize
protein complexes associated with these fusion proteins in
transfected CV1 cells. This method allows rapid purification of
associated proteins with IgG-Sepharose. When pCGN-SRFpm
(which expresses the HA epitope) was cotransfected with
pA-SRF in CV1 cells, a significant amount of HA-SRFpm
was dimerized to pA-SRF (data not shown). Similarly, pA–
GATA-4 was able to pull down HA-SRFpm, indicating that

FIG. 1. SRF and GATA-4 synergistically activate the cardiac a-actin promoter. (A) Subconfluent CV1 cells were transfected with 1 mg of numerous myogenic and
nonmyogenic promoter luciferase reporters (indicated), along with 150 ng of expression vector for SRF alone or in combination with 400 ng of GATA-4. (B) A
DNA-binding mutant of SRF (SRFpm1) (150 ng) was used in addition to wild-type SRF and GATA-4. (C) The wild type and deletion mutants of the cardiac a-actin
promoter and the control pGL2 basic luciferase reporters were used. (D) A deletion mutant of cardiac a-actin containing a single wild-type or mutated SRE1 and a
truncated c-fos minimal promoter (D56 c-fos) with or without skeletal a-actin SRE1 cloned upstream was used in the cotransfection assay. The total amount of DNA
was adjusted to 2 mg by balancing with the pCGN empty vector. Cells were harvested 48 h posttranscription, and the luciferase activity was measured. Results shown
are means 6 the standard errors of the means for three duplicate experiments (B and C) and two duplicate experiments (A and D).

FIG. 2. GATA-5 and GATA-6 can substitute for GATA-4 in coactivation of
the cardiac a-actin promoter. Subconfluent CV1 cells were transfected with 200
ng of wild-type cardiac a-actin luciferase reporter and 200 ng of an expression
vector for SRF (pCGNSRF) either alone or in combination with 800 ng of
pCDNA3GATA-4, -5, or -6. Cells were harvested 48 h posttranscription, and the
luciferase activity was measured. Results shown are means 6 standard errors of
the means for two duplicate experiments.
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the two proteins were associated in the extracts and that the
SRFpm mutation did not interfere with GATA-4 binding (Fig.
3, lane 3). In contrast with the isolated protein A, the protein
A–GATA-4 fusion protein bound to coexpressed HA-SRF.
These results indicated that GATA-4 and SRF physically in-
teract when expressed in a mammalian cell. Although interac-
tion after cell lysis cannot be ruled out, these results, together
with those of the cotransfection assays, argue that the interac-
tion between SRF and GATA-4 can occur in vivo.

The second zinc finger and the immediate C-terminal basic
region of GATA-4 are essential for synergistic activation of the
cardiac a-actin promoter. To identify the domains of GATA-4
required with SRF for coactivation of the cardiac a-actin pro-
moter, we transfected CV1 cells with several deletion mutants
of GATA-4 and full-length SRF. Deletion of the first N-ter-
minal activation domain of GATA-4 (GATA-4D127) did not
significantly affect transcriptional activity (Fig. 4A). A further
deletion of both N-terminal activation domains of GATA-4
(GATA-4D199) resulted in a slight increase in promoter ac-
tivity, indicating that the N-terminal activation domains of
GATA-4 were dispensable for coactivation (Fig. 4). Surpris-
ingly, deletion of both the N-terminal activation domains and
the first zinc finger (GATA-4D244) enhanced transactivation,
and these data suggest that this region overlapping a portion of
the second activation domain and the entire first zinc finger
(amino acids [aa] 199 to 244) revealed inhibitory sequences
that might interfere with SRF. Deletion of 110 C-terminal
amino acids (GATA-4 aa 1 to 332) severely reduced the ability

FIG. 3. GATA-4 and SRF associate in vivo. Bottom panel, CV1 cells trans-
fected with HA-tagged SRFpm1 with either protein A (lane 2) or protein
A–GATA-4 (lane 3) fusions. For lane 1, protein A vector was transfected alone.
Cells were lysed, and the lysates were allowed to react with IgG-Sepharose beads.
After extensive washing, proteins retained by protein A and protein A fusions
were eluted by boiling in SDS sample buffer and analyzed by immunoblotting
with anti-SRF antibody. The top panel shows the Western analysis of input
proteins probed with HA antibody. Protein A and protein A fusions to SRF and
GATA-4, as well as IgG heavy chains (double asterisk) and IgG light chains
(triple asterisk), were visualized due to binding of the secondary antibody. Non-
specific anti-HA immunoreactive bands which migrate close to the pA-GATA4
band are indicated by a single asterisk.

FIG. 4. The second zinc finger and the immediate C-terminal basic region of GATA-4 are essential for synergistic activation of the cardiac a-actin promoter. (A)
Subconfluent CV1 cells were transfected with 1 mg of cardiac a-actin luciferase reporter and 400 ng of the wild type and various deletion mutants of GATA-4, either
alone or in combination with 150 ng of SRF. The total amount of DNA was adjusted to 2 mg by balancing with the pCGN empty vector. (B) The 2100 cardiac a-actin
promoter containing the proximal SRE was used as the reporter. Cells were harvested 48 h posttranscription, and the luciferase activity was measured. Results shown
are means 6 standard errors of the means for three duplicate experiments (A) and two duplicate experiments (B). Domains of GATA-4 that are retained in each
deletion mutant are diagrammatically represented on the left. ZF1 and ZF2 refer to the N- and C-terminal zinc fingers, respectively. The single amino acid mutation
in ZF2 (cysteine 273 to glycine) that abolished DNA-binding activity of GATA-4 is indicated by an X.
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of this GATA-4 mutant to transactivate with SRF. This loss of
coactivation was not recovered by deletion of the N-terminal
activation domains and the first zinc finger region (GATA-4 aa
199 to 332 and aa 244 to 332). These results indicated that the
C-terminal activation domain and the second zinc finger, along
with the immediate C-terminal basic domains, were vital for
imparting transcriptional synergy with SRF.

The heterotypic cooperativity between GATA-4 and GATA-
6 (10) and homotypic cooperativity with GATA-1 (40) appear
to be mediated by the amino acid sequence of the second zinc
finger rather than the structure of the zinc finger. To address
whether the cooperativity between SRF and GATA-4 depends
on the amino acid sequence or the structure of the second zinc
finger, we used two additional mutants of GATA-4, one with a
point mutation in the second zinc finger to alter the zinc finger
structure and the other with a total deletion of the second zinc
finger. As shown in Fig. 4B, the point mutation in the second
zinc finger severely reduced the coactivation by more than
50%, and the deletion of the second zinc finger totally abol-
ished coactivation between SRF and GATA-4. These results
indicate that the coactivation between SRF and GATA-4 de-
pends on the structure of the second zinc finger of GATA-4.

MADS box and the activation domains of SRF are necessary
for coactivation of the cardiac a-actin promoter. The inability
of a DNA-binding-defective point mutant of SRF, SRFpm1, to

support coactivation suggested that the DNA-binding activity
of SRF was necessary for coactivation of the cardiac a-actin
promoter. To confirm this result and to investigate further if
the activation domain of SRF was required for coactivation, we
used mutants of SRF with deletions in the conserved MADS
box domain and the C-terminal activation domain. Deletion of
either the MADS box domain or the activation domain abol-
ished coactivation, suggesting that both the DNA binding and
transcriptional activating activities of SRF were required for
coactivation of the cardiac a-actin promoter (Fig. 5).

Mapping of the physical interaction domains for SRF and
GATA-4. In order to map the domains of GATA-4 interacting
with SRF, various deletion mutants of in vitro-synthesized
[35S]methionine-labeled GATA-4 protein were examined for
their ability to bind GST-SRF. After extensive washings, the
bound material was eluted and analyzed by SDS-polyacryl-
amide gel electrophoresis and autoradiography. As shown in
Fig. 6, GATA-4 interacted with GST-SRF independently of
DNA binding by SRF and GATA-4. Mutants lacking either the
N terminus (aa 127 to 443) or both the N and C termini but
containing both zinc fingers were bound by SRF (aa 201 to
332). The first zinc finger alone did not bind SRF (aa 305 to
332). However, the second zinc finger and the immediate C-
terminal basic extension (aa 243 to 332) strongly interacted
with SRF, indicating that this region of GATA-4 is both nec-

FIG. 5. Subconfluent CV1 cells were transfected with 1 mg of cardiac a-actin luciferase reporter along with 400 ng of GATA-4 and 150 ng of either the wild type
or deletion mutants of SRF. The total amount of DNA was adjusted to 2 mg by balancing with the pCGN empty vector. Cells were harvested 48 h posttranscription,
and the luciferase activity was measured. Results shown are means 6 standard errors of the means for three duplicate experiments. Domains of SRF retained in each
deletion mutant are diagrammatically represented on the left.

FIG. 6. Physical interaction between GATA-4 and SRF is mediated by the second zinc finger and the immediate C-terminal basic region. In vitro-translated
[35S]methionine-labeled wild-type (WT) GATA-4 (lanes 1 to 3), an N-terminally truncated GATA-4 (DN) (lanes 4 to 6), both zinc fingers of GATA-4 (ZF1 1 ZF2)
(lanes 7 to 9), N-terminal GATA-4 with a deletion of ZF1 (DN 1 DZF1) (lanes 10 to 12), the first zinc finger of GATA-4 (ZF1) (lanes 13 to 15), and the second zinc
finger along with the immediate C-terminal basic region of GATA-4 (ZF2) (lanes 16 to 18) (7.5 ml each) were incubated with approximately 1 mg (lanes 2, 5, 8, 11,
14, and 17) of GST or GST-SRF fusion protein (lanes 3, 6, 9, 12, 15, and 18) immobilized on glutathione-agarose beads. The beads were washed extensively, and the
bound proteins were resolved on an SDS–10% protein gel and visualized by autoradiography. For lanes 1, 4, 7, 10, and 16, 0.75-ml volumes of the lysates were run.
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essary and sufficient for interaction with SRF. The specificity of
interaction was demonstrated by a lack of binding of wild-type
and mutant GATA-4 proteins to GST and the inability of
luciferase protein to associate with either GST or GST-SRF
(data not shown).

The minimal interactive regions of SRF that are required for
interaction with GATA-4 were mapped by evaluating the avid-
ity of various GST-SRF deletion mutant proteins for pull-out
of the GATA-4 protein that was overexpressed in the CV1 cell
extract. As shown in Fig. 7, deletions in the N and C termini of
SRF (aa 142 to 245; aa 142 to 171) did not compromise the
ability of SRF to interact with GATA-4. Deletion of the
MADS box and dimerization domain abolished binding of
SRF to GATA-4(D46–244). A subdomain of the MADS box
containing part of the a-I helix and its N-terminal extension
were necessary and sufficient for binding GATA-4 (aa 142
to 171). GST alone did not interact with GATA-4 (data not
shown). Together, our mapping experiments identified the
MADS box region of SRF and the second zinc finger and

immediate C-terminal basic region of GATA-4 as the minimal
protein-protein interaction domains.

Reciprocal recruitment of SRF and GATA-4 via one-hybrid
assays. The ability of GATA-4 to activate the cardiac a-actin
promoter independently of GATA binding sites indicated that
GATA-4 was recruited to the promoter through its interaction
with SRF. To address whether the minimal interaction domain
of SRF tethered to DNA can recruit GATA-4 to the promoter
and whether the activation domain of SRF is required for the
transcriptional activity of the SRF–GATA-4 complex, we per-
formed an in vivo one-hybrid analysis. CV1 cells were trans-
fected with expression plasmids encoding the MADS box-Gal4
DNA-binding domain fusion protein (MADS-Gal) and full-
length GATA-4, along with the Gal4 reporter. As shown in
Fig. 8A, GATA-4 alone stimulated the reporter activity non-
specifically about sixfold. Expression of MADS-Gal repressed
the basal activity of the Gal4 reporter by 50%. However, co-
expression of MADS-Gal with GATA-4 relieved this repres-
sion and further enhanced the reporter activity by 45-fold. This

FIG. 7. Physical interaction between SRF and GATA-4 is mediated by the N-terminal portion of the a-I helix of the MADS box of SRF. Approximately 1 mg of
wild-type GST-SRF (lane 1), N- and C-terminally truncated SRF (lane 2), the N-terminal portion of the a-I helix of the MADS box of SRF (lane 3), and the SRF with
a deletion of the MADS box (lane 4) were immobilized on glutathione-Sepharose beads and incubated with 100 mg of CV1 cell extract overexpressing GATA-4. The
beads were washed extensively and resolved on an SDS–10% protein gel, and Western blot analysis was done with an anti-GATA-4 antibody. Ten micrograms of the
lysate was run for lane 5. A schematic diagram at the bottom of the figure shows various regions of SRF retained in the deletion mutants.

FIG. 8. Reciprocal recruitment of SRF and GATA-4 via one-hybrid assays. (A) Subconfluent CV1 cells were transfected with 200 ng of Gal4 luciferase reporter
and 200 ng of Gal4 DNA-binding domain (Gal DB) or Gal DB fused to the MADS box (MADS Gal) in the presence or absence of 750 ng of GATA-4. (B) One
microgram of Gal4 reporter and 1 mg of Gal DB or Gal DB fused to the first and the second zinc fingers of GATA-4 (Gal ZF1 1 2) were transfected in the presence
or absence of 100 ng of SRF. Cells were harvested 48 h posttranscription, and the luciferase activity was measured. Results shown are means 6 standard errors of the
means for two duplicate experiments.
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result suggested that the MADS box domain of SRF bound to
DNA was sufficient for recruitment of GATA-4 to the pro-
moter and that the activation domain of SRF was dispensable
for the transcriptional activity of the SRF–GATA-4 complex.

We also asked if the zinc finger domains of GATA-4 can
reciprocally recruit SRF to the promoter and if the activation
domains of GATA-4 are necessary for the transcriptional ac-
tivity of the GATA-4–SRF complex. In CV1 cells, coexpression
of the GATA-4 zinc finger–Gal4 DNA-binding domain fusion
protein (Gal ZF1 1 2) and full-length SRF resulted in a 6.5-
fold increase in the transcriptional activity of the Gal4 reporter
gene (Fig. 8B). These results suggest that SRF was recruited to
DNA by the zinc finger domain of GATA-4 and that the ac-
tivation domains of GATA-4 were not necessary for the tran-
scriptional activity of the GATA-4–SRF complex. Together,
these results suggested that the minimal DNA-binding do-
mains of SRF (MADS box) and GATA-4 (zinc finger 2) can
facilitate recruitment when either of them is tethered to DNA.
It also suggested that the transcriptional activation domain of
either SRF or GATA-4 can confer transcriptional activity on
the SRF–GATA-4 complex.

DISCUSSION

Muscle-restricted gene expression is regulated by combina-
torial interaction among various classes of transcription fac-
tors. Previously, we have shown that the Nkx-2.5 homeodo-
main factor interacts in pairwise combinations with the MADS
box factor SRF and the zinc finger protein GATA-4 to syner-
gistically activate cardiac a-actin gene expression (11, 52).
Here we observed that GATA-4 interacts physically and func-
tionally with SRF to drive the expression of the cardiac a-actin
promoter. Deletion and point-mutational analysis of GATA-4
revealed the second zinc finger and the immediate C-terminal
basic region to be essential for coactivation. In an earlier study
(45), by using deletion mutants of GATA-4, two transcriptional
domains were mapped to the N terminus of GATA-4. These
activation domains were effective when fused to the heterolo-
gous DNA-binding domain (45). In addition to the N-terminal
activation domains, the C terminus was also necessary for the
transcriptional activity of GATA-4. However, this domain was
transcriptionally inert in the context of a heterologous DNA-
binding domain, indicating indirect participation. Recently, it
was shown that acetylation of lysine residues located in the
basic region C terminal to the second zinc finger and the
inter-zinc finger linker region of GATA-1 results in enhanced
DNA binding and transcriptional activity (8). Several of these
lysine residues are conserved between GATA-1 and GATA-4.
Enhancement of transcriptional activation of a mutated
GATA-4 containing the second zinc finger, the inter-zinc fin-
ger linker region, and the C terminus by SRF may suggest that
SRF, which binds CREB-binding protein (CBP) (also called
p300) (50), may facilitate the access of GATA-4 to these
transacetylating activities by interacting with and subtly alter-
ing the conformation of GATA-4 (26).

Deletion of N-terminal activation domains of GATA-4 lo-
cated between aa 1 and 74 and aa 130 and 177 did not affect the
ability of GATA-4 to coactivate with SRF, suggesting that the
activation domain of SRF can compensate for the lack of
activation domains on GATA-4. Interestingly, deletion of the
second N-terminal activation domains and the first zinc finger
of GATA-4 increased the ability of GATA-4 to synergize with
SRF, suggesting that these domains interfere with the interac-
tion of SRF and GATA-4. This interference could be mediated
by binding of other proteins to these domains of GATA-4,
which might preclude efficient interaction of SRF with the

second zinc finger of GATA-4. This notion is supported by
recent reports describing interaction of a variety of cofactors
with the amino finger of GATA proteins. Multi-zinc finger
coactivator proteins, such as FOG-1 and FOG-2, modulate the
transcriptional activity of GATA-1 and GATA-4 by interact-
ing with the first zinc finger (17, 37, 54, 55, 57). In a similar
manner, the Drosophila GATA protein, Pannier, interacts
with a zinc finger protein called U-shaped (Ush) (14, 23),
which negatively regulates the transcriptional activity of Pan-
nier toward the expression of the proneural basic HLH pro-
teins, Achete and Scute.

The C-terminal activation domains of both SRF and GATA-
4 were required for the coactivation of the cardiac a-actin
promoter because deletion of the C-terminal activation do-
main of SRF or GATA-4 abolished coactivation. However,
in the one-hybrid system wherein the activation of the GAL-
4-dependent synthetic promoter was dependent on the GAL-
4 DNA-binding domain in the GAL-4–SRF and GAL-4–
GATA-4 hybrid proteins, the C-terminal activation domain of
either SRF or GATA-4 was sufficient for activation of the
GAL-4-dependent synthetic promoter. The differences in the
requirement for the activation domains of SRF and GATA-4
between the two different types of assays (coactivation versus
one hybrid) could be related to structural differences between
the MADS box bound to DNA and the MADS box tethered to
the UAS sequence via the GAL-4 DNA-binding domain. The
requirement for the MADS box for both DNA binding and
interaction with GATA-4 when SRF is bound to SREs may
impose structural constraints that are not present when the
MADS box is tethered to DNA.

The coactivation of the cardiac a-actin promoter by SRF
and GATA-4 is mediated through SRE1 because deletion and
specific point mutations of SRE1 reduced the basal activity of
the promoter and eliminated the synergistic activation. Coac-
tivation of the cardiac a-actin promoter was strictly dependent
on SRF binding to SRE1, since deletions or point mutations
that abolish DNA binding of SRF also abrogated synergistic
activation. The coactivation appears to be independent of
GATA-4 DNA binding, since no GATA binding site is de-
tected in the minimal fragment of the cardiac a-actin promoter
(2100) that was responsive to the SRF–GATA-4 combination.
Since GATA factors are known to bind divergent GATA sites
(32, 40), we performed a gel shift analysis of potential GATA
sites present in the cardiac a-actin promoter to rule out direct
DNA binding of GATA-4 in the context of the entire plasmid.
None of these sites were bound by GATA-4 (52). Further,
skeletal a-actin SRE1 that was cloned upstream of the c-fos
minimal promoter was sufficient to confer synergistic activation
by SRF and GATA-4. These results, and our earlier report
demonstrating the absence of functional cryptic GATA sites in
the luciferase vector, strongly suggest that GATA-4 is re-
cruited to the cardiac a-actin promoter by SRF independently
of binding of GATA-4 to DNA. Our claim is further supported
by the ability of related GATA proteins, such as GATA-1, to
activate transcription independently of DNA binding (13, 47).

Transcriptional activation of GATA binding site-dependent
genes, such as those for cTnC, ANF, BNP, and troponin I,
required the N-terminal activation domains of GATA-4. Fur-
ther, GATA-5 and GATA-6, which share extensive homology
within the N-terminal activation domains, were capable of ac-
tivating these genes and substituting for GATA-4 (45). Inter-
estingly, GATA site-independent coactivation of NKE-driven
reporters by Nkx-2.5 and GATA-4 was independent of N- and
C-terminal activation domains of GATA-4 (52). In contrast,
synergistic activation of the ANF promoter, which contains
binding sites for both GATA-4 and Nkx-2.5 by combinations of
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GATA-4 and Nkx-2.5, required both the N- and C-terminal
activation domains of GATA-4 (16, 35). However, the C-ter-
minal activation domain of GATA-4 was essential for the
coactivation of the ANF promoter by GATA-4 and GATA-6
(10). These results indicate that differential utilization of
GATA-4’s activation domains may depend on the promoter
context and other interactive proteins. In support of this hy-
pothesis, transcriptional activity of GATA-1 and GATA-4 was
dependent on both the target promoters and their interaction
with cofactors FOG-1 and FOG-2.

GATA-4 synergistically activated various muscle-restricted
promoters which are expressed in differentiated muscle types.
Other cardiovascular tissue-enriched GATA factors, such as
GATA-5 and GATA-6, which have an expression pattern dis-
tinct from yet overlapping that of GATA-4, were capable of
interacting with SRF and substituting for GATA-4 in coacti-
vation assays. These results suggest that the pairing of SRF
with different GATA factors confers muscle subtype specific-
ity (such as cardiac versus skeletal versus smooth). Additional
degrees of muscle subtype specificity could be conferred by the
interaction of the SRF-GATA complex with tissue-restricted
factors, such as Nkx-2.5 and MyoD. Our unpublished results
show that the cardiac tissue-restricted homeoprotein, Nkx-
2.5, combinatorially interacts with both SRF and GATA-4
to strongly activate the cardiac a-actin promoter (Sepulveda
et al., unpublished data). In addition to cardiac- and smooth
muscle-restricted promoters, the skeletal a-actin promoter and
the ubiquitous c-fos promoter, which are normally upregulated
during the cardiac hypertrophic response, were also coacti-
vated by SRF and GATA-4. Given the role of GATA-4 in
mediating cardiac hypertrophy (44), the interaction of SRF
with GATA-4 may have a functional role in the physiological
hypertrophic response.

Pull-down assays with bacterially expressed GST-SRF and in
vitro-translated GATA-4, as well as with protein A–GATA-4
and protein A-SRF, indicated that these two factors interact in
solution and in mammalian cells. By analogy with the Nkx-2.5–
GATA-4 interaction (16, 35, 52) and the SRF–Nkx-2.5 synergy
reported by Chen and Schwartz (11), the interaction between
SRF and GATA-4 required the conserved DNA-binding do-
mains of both proteins. More specifically, the C-terminal zinc
finger of GATA-4 and the 142 to 171 region (the N-terminal
half of helix 1) of the MADS box were the minimum required.
This region of SRF is also the minimum required for interac-
tion with Nkx-2.5 (11) and includes the N-terminal extension of
the MADS box that wraps around the DNA to interact with the
minor groove of the SRE.

SRF increases the rate of assembly of the preinitiation com-
plex at the target promoter (60), in part by interacting with the
Rap74 subunit of TFIIF (29). Little is currently understood
about the molecular mechanisms by which GATA-4 activates
transcription. One possible mechanism by which SRF and
GATA-4 interaction results in increased transcriptional ac-
tivity relates to the ability of SRF to recruit the coactivator
and protein acetylases CBP (50) and SRC-1 (31). GATA-1
also binds CBP (6) and undergoes a conformational change
after acetylation by CBP that correlates with activation (26).
It is possible that synergistic activation results from a cooper-
ative recruitment of the holoenzyme by SRF (through TFIIF)
and of CBP by the SRF–GATA-4 complex.

GATA proteins have been reported to interact with a mul-
titude of transcription factors, but this is the first demonstra-
tion of interaction between a GATA protein and SRF. Several
functional interactions of SRF with the zinc finger protein Sp1
have been described (4, 51), but physical association of the
two proteins has not been demonstrated, while MEF2 has

been shown to associate with Sp1 (18). MEF2C, a member
of the MADS box family, activates the expression of several
muscle-specific genes, either directly by binding to the regula-
tory regions of the target genes or indirectly by interacting with
other muscle-restricted factors, such as MyoD and myogenin
(reviewed in references 5 and 42). Reciprocal recruitment of
SRF and GATA-4 to the promoter independently of DNA
binding by either SRF or GATA-4 is analogous to the cross-
recruitment between MEF2C and myogenic bHLH proteins.
The reciprocal recruitment between SRF and GATA-4
would expand the spectrum of genes regulated by either of
these factors while conferring an additional level of specificity.
Our results demonstrating interaction between MADS box
proteins, such as SRF and MEF2C, and the zinc finger protein
GATA-4 underscore the ability of these proteins to interact
combinatorially to drive the myogenic program of gene ex-
pression.
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