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Cells with distinct developmental histories can respond differentially to identical signals,
suggesting that signals are interpreted in a fashion that reflects a cell’s identity. How this
might occur is suggested by the observation that proteins of the homeodomain family,
including a newly identified human protein, enhance the DNA-binding activity of serum
response factor, a protein required for the induction of genes by growth and differentiation
factors. Interaction with proteins of the serum response factor family may allow homeo-
domain proteins to specify the transcriptional response to inductive signals. Moreover,
because the ability to enhance the binding of serum response factor to DNA resides within
the homeodomain butis independent of homeodomain DNA-binding activity, this additional
activity of the homeodomain may account for some of the specificity of action of homeo-

domain proteins in development.

In both developing and adult organisms,
individual cells grow and differentiate in
response to extracellular signals. A single
cell must distinguish among multiple signals
in its environment. It can do this in part
because of differences in the intracellular
signal transduction pathways activated by
the receptors for each type of signaling
molecule. Thus, the signal itself can have
specificity and information content. In
many cases, however, different cells exe-
cute specific and unrelated programs of
growth and differentiation in response to an
identical signal. In these cases, there is no
information inherent in the signal that
specifies the cellular response. Instead, the
specificity resides in the receiving cell; the
developmental history or identity of the cell
may determine its response to a signal that
is itself generic.

A simple example of a generic signal
eliciting distinct responses in different cells
is the pheromone response of the yeast
Saccharomyces cerevisiae. Although each
yeast cell type, a and a, produces its own
distinctive mating pheromone and recep-
tor, the intracellular signals generated by
the pheromone receptors are identical in
the two cell types (1). The specificity of the
response of each cell type to pheromone lies
in the cell type-specific pattern of gene
expression established by the products of
the mating type (MAT) locus, which are
the determinants of cell identity in yeast
(2). Thus, signals that have no specific

The authors are at Cold Spring Harbor Laboratory,
Cold Spring Harbor, NY 11724.

*To whom correspondence should be addressed.

information content are interpreted at the
transcriptional level by the identity deter-
minants encoded by MAT. A key partner

for MAT is MCMI (3). The MCM1 pro-
tein cooperates with the MATal protein to

activate a-specific genes and with the

MATaz2 protein to repress a-specific genes,
thereby establishing the cell type—specific
patterns of gene expression in the two
haploid cell types of yeast (4). Furthermore,
MCM1 participates in the induction of
these genes by pheromone and thus pro-
vides a physical link between cell identity
and signal responsiveness.

MCMI is a member of a family of
proteins defined by a region of amino acid
similarity termed the MADS box (5). Oth-
er members of the MADS box family in-
clude proteins with roles in flower develop-
ment (6) and three human proteins (7, 8).
One of these human proteins, serum re-
sponse factor (SRF), plays a critical role’ in
the activation of mammalian genes by
growth and differentiation factors (9). SRF
binds to an element termed the serum
response element (SRE) within the en-
hancer of the proto-oncogene c-fos. The
SRE is the target for activation of c-fos
transcription by multiple signal transduc-
tion pathways (9). And, like MCM1, SRF
appears to function in cooperation with
accessory factors that impart specific re-
sponses to different SRF-binding sites (10).
MCM1 and SRF are 70 percent identical in
amino acid sequence in the domain that
comprises the DNA-binding and protein-
protein interaction activities of the two
proteins (7, 11, 12). Consequently, they
bind to similar DNA sequences and are
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capable of interacting with some of the
same accessory proteins (12—14).

Here we have exploited the similarities
between MCM1 and SRF to devise a genet-
ic screen in yeast for human proteins that
can cooperate with MCM1 to activate a
cell type—specific reporter gene. The cDNA
we isolated encodes a human homeodomain
protein that also interacts with SRF in vitro
and in vivo to enhance the binding of SRF
to the SRE. Because homeodomain pro-
teins participate in the establishment of cell
identity (I5), the interaction of SRF with
proteins of the homeodomain family sug-
gests a simple model for how cells interpret
signals in the context of cell identity.
Moreover, such an interaction may contrib-
ute to the specificity of action of home-
odomain proteins in development, which
has been difficult to explain on the basis of
their DNA-binding activities alone.

Selection of human cDNA'’s that acti-
vate an MCM 1-dependent reporter gene in
yeast. We constructed a reporter gene con-
sisting of three tandem copies of a 49-base
pair (bp) oligonucleotide encoding the up-
stream activating sequence (UAS) of the
yeast STE3 gene. This gene, which encodes
the receptor for a pheromone, is expressed
only in a cells and is up-regulated in re-
sponse to pheromone (16). The STE3 UAS
binds the complex of MCM1 and MATal
(17). The oligonucleotides were inserted 21
bp upstream of the distal TATA element of
the HIS3 gene (18). This construct was
integrated into the genome of an MATa
his3 strain, conferring on these cells a His*
phenotype (19). Upon inactivation of the
MATal gene, the resulting strain, MG27,
became sterile and His~. The His~ pheno-
type likely results because the interaction of
MCM1 and MATal is highly cooperative;
in the absence of MATal, MCM1 does not
bind to the UAS (12, 17). This strain
permitted us to select plasmids encoding
proteins that reactivate this UAS, perhaps
by interacting with MCM1.

We transformed MG27 with a human
glioblastoma cDNA library in a high-copy
yeast expression plasmid (20). Transform-
ants were selected directly for growth in the
absence of histidine. About 60 His* colo-
nies appeared over the course of 7 days;
these were purified and tested by segrega-
tion analysis to determine whether the
His* phenotype was plasmid dependent.
From 31 plasmid-dependent colonies we
recovered plasmid DNA. All plasmids re-
transformed MG27 to His*. Restriction
mapping indicated that the plasmids fell
into five groups carrying cDNA inserts of
different sizes, all derived from the same
human mRNA. The cDNA'’s had identical
5’ ends and differed only in the length of 3’
untranslated sequence; all encoded the
same protein (21).
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The deduced amino acid sequence of the
encoded protein (22) (Fig. 1A) is closely
related to the product of the Drosophila
pair-rule gene paired (23) (Fig. 1B). The
related sequence corresponds to the home-
odomain of the paired protein. The human
protein, which we call Phox! (for paired-
like homeobox), is 70 percent identical to
paired protein over the 60 amino acids
comprising the homeodomain. The homeo-

A 1

domain encodes a DNA-binding domain
with a three-helix structure related to the
helix-turn-helix structure of bacterial re-
pressors (24-27). One difference between
the sequences of Phox1 and paired protein is
the ninth amino acid in the DNA recogni-
tion helix of the homeodomain, which is an
important determinant of DNA-binding
specificity (28, 29). In paired protein, this
amino acid is a serine, whereas in Phoxl1 it
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Fig. 1. (A) Deduced amino acid sequence of the protein encoded by the Phox1 cDNA. The DNA
sequence has been deposited in the GenBank database (M95929) and is also available from the
authors on request. (B) Comparison of the Phox1 sequence with other related homeodomain
proteins (47). The approximate positions of the three predicted helices in the Phox1 homeodomain
are overlined. Abbreviations for the amino acid residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe;
G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W,

Trp; and Y, Tyr.
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lysate (37). (B) Mobility-shift assays of SRF and SRE-ZBP (33), a zinc finger—containing SRE-binding
protein in the absence (—, lanes 2 and 4) and presence (+, lanes 3 and 5) of 5 ng of GST-Phox1. SRF
and SRE-ZBP (the latter as a GST fusion) were present at 5 ng. Total protein in all reactions was adjusted
to 1 ng with E. colilysate. Arrows indicate the positions of the complexes generated by SRF, Phox1, and
SRE-ZBP, respectively. Phox1 DNA-binding activity was only partially inhibited by the lower concentra-

tion of E. coli lysate used in this experiment.
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is a glutamine. This difference suggests that
the DNA-binding specificities of Phox1 and
paired protein are not identical.

The Phox1 sequence is related to several
other genes from various animal species (Fig.
1B). The highest similarity is to a partial
murine cDNA termed S8 (30). The home-
odomains of Phox1 and S8 differ in only two
positions, but the sequences diverge consid-
erably in both the NH,- and COOH-termi-
nal regions, an indication that Phox1 and S8
are probably not homologs.

Interaction of Phox1 with SRF. Genet-
ic analysis of yeast transformed with the
Phox1 cDNA suggested that its ability to
activate the STE3 UAS required the bind-
ing of MCM1 to the UAS (31). To deter-
mine whether Phox1 interacted in vitro
with the related human MADS box pro-
tein, SRF, a series of mobility-shift assays
with Escherichia coli-produced proteins and
a c-fos SRE probe were performed (32).
Phox1 bound directly to the SRE probe
(Fig. 2A, lane 1) but with low affinity; SRF
also bound to the SRE as expected (lanes 4
to 6), but its activity was enhanced in the
presence of Phoxl (lanes 7 to 9). Two
control proteins, including a derivative of
the human homeodomain protein Oct-2,
had no effect on SRF activity (lanes 10 to
15). Thus, the enhancement of SRF is
specific to Phox1. Furthermore, the en-
hancing effect of Phox1 is exerted specifi-
cally on SRF because Phox1 had no effect
on the binding of another E. coli-expressed
SRE-binding protein, SRE-ZBP (33) (Fig.
2B). These observations suggest that Phox1
interacts specifically with SRF in vitro,
enhancing its ability to bind to the SRE in
a mobility-shift assay. This activity is con-
sistent with the ability of Phox1 to activate
the STE3 UAS in yeast by an MCMI-
dependent mechanism. Surprisingly, the
presence of Phox1 did not affect the mobil-
ity of the SRF-SRE complex, and therefore
Phox1 may not be a stable component of
the complex visualized in this assay.

Similar observations were made in deoxy-
ribonuclease (DNase) I footprinting assays
(Fig. 3) (34). At low SRF concentrations,
footprints over the SRE were observed only
in the presence of Phox1 (compare lanes 1 to
3 and 12 to 14 with 4 to 6 and 15 to 17,
respectively). The footprints were identical
to those observed with SRF alone at a
concentration five times higher than the
highest concentration used in the SRF titra-
tion (lanes 10 and 21). When Phox1 was
incubated with the SRE probe alone, no
footprints were observed at the Phox1 con-
centration used in the SRF titrations (lanes
7 and 18). At the highest Phox1 concentra-
tion, however, a partial footprint formed on
the upper strand of the probe (lane 9), and
at all Phox1 concentrations a hypersensitive
site appeared on the lower strand. Both the



partial Phox1 footprint and the hypersensi-
tive site map to the AT-rich core of the
SRE, which contains a TAAT motif recog-
nized by many homeodomain proteins (Fig.
3B) (15). Thus, in both mobility-shift and
footprinting assays, Phox1 enhances the as-
sociation of SRF with the SRE.
Enhancement of SREF-binding activity
was a function of the Phox1 homeodomain.
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A 69-amino acid fragment of Phox1 con-
taining the homeodomain and four flanking
amino acids on either side (35), which
retained measurable DNA-binding activity
(Fig. 4A, lane 2), enhanced the binding of
SRF to the SRE (Fig. 4A, lanes 5 and 6).
Although the apparent specific activity for
both DNA binding and SRF enhancement
was lower than that of the full-length pro-
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Fig. 3. DNase | footprinting assays of SRF and Phox1. (A) Lanes 1 to 11 show the upper strand,
lanes 12 to 22 the lower strand. Binding reactions contained SRF alone (0.5, 1, and 2 pl of E. coli
extract; lanes 1 to 3 and 12 to 14); the same concentrations of SRF in the presence of 250 ng (5 pl)
of GST-Phox1 (lanes 4 to 6 and 15 to 17); and GST-Phox1 alone (250, 375, and 500 ng; lanes 7 to
9 and 18 to 20). Lanes 10 and 21 show footprints obtained with a high concentration (10 ul) of SRF
alone. Lanes 11 and 22 show protein-free ladders. The solid bar marks the SRF footprint, the
dashed bar marks the partial footprint observed at the highest concentration of GST-Phox1, and the
arrow marks the hypersensitive site observed on the lower strand in the presence of GST-Phox1. (B)
The data in (A) are summarized, with bars marking the footprints and the arrow marking the
hypersensitive site. The dyad symmetry within the SRE is underlined.
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tein, this 69-amino acid fragment compris-
ing the homeodomain was sufficient for
both activities (36).

SRF and MCM1 each contain a related
domain of approximately 80 amino acids,
which includes the MADS box and contains
most of the DNA-binding, dimerization,
and protein-protein interaction activities of
the two proteins (7, 11-13). A fragment of
SRF, termed SRF core (amino acids 92 to
222), which contains this domain, retained
the ability to be enhanced by Phox1 (Fig.
4B). Thus, the interaction between Phoxl
and SRF involves the evolutionarily con-
served domains of these proteins.

SRF and Phoxl are also capable of in-
teraction in mammalian cells. Hela cells
were transiently transfected with a reporter
gene carrying an SRE oligonucleotide posi-
tioned upstream of the c-fos TATA box.
Co-transfection of an expression plasmid
that produced the SRF core fragment fused
to the strong activation domain of the viral
protein VP16 enhanced the expression of
the reporter gene (Fig. 5, lane 2), indicat-
ing the association of VP16-SRF core with
the reporter plasmid. Inclusion of a plasmid
producing an 82-amino acid fragment of
Phox1 that contains the homeodomain po-
tentiated the activation of the SRE reporter
gene by VP16-SRF core (lane 4). This
observation is consistent with both the
ability of Phoxl to activate an MCM1-
dependent reporter gene in yeast and its
ability to enhance the binding of SRF to
the SRE in vitro. Expression of Phoxl
alone activated the wild-type reporter (lane
3), but it did not activate a similar reporter
carrying a mutant SRE that does not bind
SRF (31). This observation may mean that
Phox1 is also able to recruit endogenous
transcriptional activators, such as SRF, to
the SRE.

Because enhancement of SRF binding
was intrinsic to the Phox1l homeodomain,
related Drosophila homeodomain proteins
were examined for this activity (Fig. 6A).
Mobility-shift assays of E. coli-produced
SRF in the presence of equivalent amounts
of several different homeodomain proteins
showed that SRF activity was enhanced by
the closely related Drosophila homeodomain
proteins encoded by the paired and orthoden-
ticle genes and by a paired derivative, M,
which carries a serine to glutamine substi-
tution in position 9 of the DNA recogni-
tion helix (29). Although this substitution,
which is present in Phox1, alters the DNA-
binding specificity of the paired protein in
vitro (29), it did not affect its ability to
enhance SRF binding.

In contrast to the paired family proteins,
the product of another Drosophila pair-rule
gene, fushi tarazu (ftz), more distantly re-
lated in primary sequence, did not enhance
SRF binding (lane 6). Both ftz protein and
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6) of 100 ng of purified Phox1
homeodomain (HD) (amino acids
71 to 139). Lane 2 shows 100 ng
of Phox1 homeodomain incubat-
ed with the SRE probe alone. A
band of retarded mobility is visi-
ble just above the free probe. (B)
The SRF core is sufficient for en-
hancement by Phox1. Purified
GST-SRF-core (10, 20, and 50
ng) was incubated with the SRE
probe in the absence (lanes 1 to
3) or presence (lanes 4 to 6) of i
100 ng of purified GST-Phox1.
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Oct-2, which also failed to enhance SRF
binding, bound directly to the SRE under
these conditions (Fig. 6B, lanes 5 and 6),
indicating that the proteins were active.
Therefore, enhancement of SRF binding to
the SRE appears to be a specific property of
homeodomains of the paired family. In ad-
dition, the ability of the homeodomain
proteins that we examined to enhance the
binding of SRF to the SRE showed little
correlation with their ability to bind direct-
ly to the SRE.

The absence of correlation between the
affinity of the homeodomain proteins for
the SRE and their ability to enhance the
binding of SRF suggested that the se-
quence-specific DNA-binding activity of
the homeodomain may not be required for
interaction with SRF. Therefore, we pre-
pared a mutant derivative of Phoxl in

1092

b -

2 A R

.' - PHOX

M b

-<- SRF CORE

B R e

which the invariant Asn at position 10 of
the DNA recognition helix was converted
to Gln (Fig. 7) (35). In the engrailed pro-
tein, the invariant Asn makes two major-
groove hydrogen bonds with an adenine
residue in the bound TAAT subsite (25).
This substitution in the homologous posi-
tion of the bicoid protein abolishes DNA-
binding activity (37). DNA-binding activ-
ity of the mutant Phox1 protein was unde-
tectable (Fig. 7, lane 3), but its ability to
enhance the binding of SRF was retained
(lane 6). Thus, DNA-binding activity of
the Phox1 homeodomain is not required for
enhancement of SRF binding. This inter-
action must occur with other conserved
features of the homeodomain.

Mechanism of enhancement of SRF
binding by the Phox1 homeodomain. To
determine the mechanism by which Phox1
enhances the DNA-binding activity of
SRF, we examined the rate of association of
SRF with the SRE in a mobility-shift assay.
The E. coli-produced SRF formed detect-
able complexes with the SRE slowly, taking
up to 2 hours or more to go to completion
(Fig. 8A, lanes 1 to 5), a result consistent
with the behavior of recombinant SRF pro-
duced in insect and mammalian cells and
dephosphorylated in vitro (38). In the pres-
ence of Phoxl, however, the SRF-SRE
complex formed rapidly, with nearly com-
plete complex formation at 5 min (lanes 6
to 10). That formation of the SRF-SRE
complex is slow is surprising, in that the
initial encounter between SRF and the SRE
should be diffusion-limited. Therefore, the
SRF-SRE complex detected by our binding
assays is likely not to be the initial SRF-
SRE complex, but rather an isomerized
form of the complex. Because this isomer-
ization is rate-limiting for stable binding, it
must be characterized by a large activation
energy barrier. To enhance the rate of
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SRF-SRE complex formation, Phox1 must
lower the activation energy for this isomer-
ization. Furthermore, since complex forma-
tion is reversible, Phox1 must also enhance
the rate of dissociation of the complex. To
test this prediction, we assayed preformed
SRF-SRE complexes in the absence (Fig.
8B, lanes 1 to 5) or presence (lanes 6 to 10)
of Phox1 with excess unlabeled SRE-con-
taining DNA. In the absence of Phoxl,
SRF-SRE complexes decayed with a half-
time of 30 to 60 min. In the presence of
Phox1, however, the complexes decayed
more rapidly, with a half-time of around 10
min. Thus, the effect of Phoxl is to en-
hance the rate of exchange of SRF with its
binding site, and this effect is detectable as
an increased yield in complex at any time
prior to equilibrium. This effect of Phox1
on the kinetics of SRF binding is similar to
the effect of phosphorylation of SRF by
casein kinase II (38), an indication that
SRF exchange may be enhanced by both
covalent modification and protein-protein
interaction.

The mobility of the SRF-SRE complex
in our assays was not altered in the presence
of Phox1 and other homeodomain proteins,
suggesting that the homeodomain proteins
were not present in the complexes visual-
ized in the mobility-shift assay. The effect
of Phox1 on the association and dissocia-
tion of the SRF-SRE complex suggests an
explanation for this phenomenon. In solu-
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Fig. 6. (A) Mobility-shift assays of SRF in the
presence of the indicated homeodomain pro-
teins. Orthodenticle, paired, and the paired
mutant Mg were supplied as total E. colilysates.
Phox1, fushi tarazu protein, and Oct-2 were
purified GST fusion proteins, but these reac-
tions were supplemented with E. coli lysate to
bring all reactions to the same final protein
concentration. (B) Mobility-shift assays of the
same homeodomain proteins in the absence of
SRF. This panel is derived from the same gel as
(A) but is a longer autoradiographic exposure.




tion, Phox1 is free to accelerate both the
rate of formation and dissociation of these
complexes, but once the reactions are on
the mobility-shift gel, Phox1 may become
separated from the larger SRF-SRE com-
plexes by electrophoresis. In the absence of
Phox1, however, the SRF-SRE complex is
slow to dissociate, and these complexes
become trapped and are relatively stable
during electrophoresis. Thus, we believe
that ternary Phox1-SRF-SRE complexes
form transiently but are not stable under
our assay conditions.

It is likely, however, that such ternary
complexes are stable in vivo. When Phox1
was expressed in yeast, the mobility-shift
complex attributable to MCM1 was quan-
titatively shifted to a lower mobility, indi-
cating the formation of a stable complex
between MCM1 and Phox1 on the DNA
probe (31). With E. coli-produced pro-
teins, however, these ternary complexes
were not detected, suggesting that stable
ternary complex formation may require
posttranslational modifications of the pro-
teins that are absent from the E. coli-
produced material (39). Moreover, the ob-
servation that Phox1 enhanced the activity
of an SRE-containing reporter gene in
HeLa cells suggests that Phox1 enhances
the overall occupancy of the SRE in vivo. If
we assume that the interactions in trans-
fected cells are near equilibrium, Phoxl
must therefore enhance the affinity of SRF

Fig. 7. Effect WT EARVQVWFQNRRAKFR
of a helix 3 l

mutation on Ham
Phox1 activi-

ty. Shown at -SRF
the top is a
portion of 1% E 2
Phox1 protein
sequence
correspond-
ing to the pre-
dicted third or
DNA recogni-
tion helix of
the  homeo-
domain. The
single amino
acid substitu-
tion present in
the H3M mu-
tant is indicat-
ed with the ar-
row. The wild-
type (WT) and 123 456
mutant  pro-

teins were produced as GST fusions, purified,
cleaved with thrombin, and repurified for use in
this experiment. SRF was partially purified from an
E. colilysate by DE-52 chromatography. Mobility-
shift assays with the SRE probe contained 5 ng of
wild-type (lanes 2 and 5) or mutant (lanes 3 and 6)
Phox1 homeodomain fragments. Lanes 4 to 6
contained 5 ng of SRF. Bovine serum albumin (5
ng) was present in all reactions.

for the SRE. Presumably, the DNA-binding
activity of the homeodomain contributes
binding energy to the interaction, perhaps
by contacting directly the AT-rich core of
the SRE (40). In vitro, by contrast, Phox1
DNA-binding activity is dispensable be-
cause transiently formed SRF-SRE com-
plexes are trapped by the mobility-shift
gels.

MADS box proteins and the specificity
of homeodomain function. A paradox in
our understanding of homeodomain func-
tion is that these proteins act with a high
degree of specificity in development that is
not easily explained by differences in DNA-
binding specificity (15). However, home-
odomain swap experiments suggest that this
domain is largely responsible for the speci-
ficity of action of these proteins in vivo
(41). These observations indicate that fac-
tors other than simple DNA-binding spec-
ificity contribute to homeodomain function
in vivo. Our data indicate that the ability of
homeodomains to enhance the binding of
SRF does not correlate with DNA-binding
specificity and is separable from DNA-bind-
ing activity in vitro. Thus, the interaction
of homeodomain proteins with proteins of
the MADS box family may account for part
of the functional specificity of home-
odomain proteins in development.

Development of complex organisms is
controlled by an interplay of intrinsic cell
identity and external cues that trigger the
execution of a cell’s developmental fate.
The interaction of homeodomain proteins,
which in many cases define cell identity,
with proteins of the SRF family, with roles
in nuclear signal transduction, could pro-
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vide a means for coordinating cell identity
with response to external signals. For exam-
ple, homeodomain proteins could deter-
mine where SRF-containing complexes (or
complexes anchored by other MADS box
proteins) are assembled in the genome.
Thus, homeodomain proteins could estab-
lish cell identity at least in part by deter-
mining which genes are activated in re-
sponse to an otherwise generic inductive
signal. As a cell undergoes a developmental
switch and produces a new homeodomain
protein, MADS box proteins would be re-
cruited to new sites, altering the cell’s
response to subsequent signals. The ex-
change function of the homeodomain
would ensure that the cell reequilibrates
rapidly with MADS box proteins at new
sites; this function could be of cardinal
importance in the early embryo where cell
cycles are short and microenvironments
change rapidly.

Among other examples of interactions
of homeodomains with other proteins is the
interaction between the yeast proteins
MCM1 and MATa2, the latter a home-
odomain protein (42). MCM1 and MATa2
interact cooperatively to bind to specific
operator sequences in a-specific genes, re-
pressing these genes in a cells. Although it
might be expected that the SRF-Phoxl
complex would be most closely related to
the MCM1-MATa2 complex, there is at
least one significant difference. In the
MCMI1-MATa2 complex, MATa2-bind-
ing sites are located on each side of the
MCMLI site, whereas in the putative SRF-
Phox1 complex the footprint is identical to
that obtained with SRF alone, and Phox1
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Fig. 8. (A) Measurement of the rate of association of SRF with the SRE in the absence (lanes 1 to 5)
and presence (lanes 6 to 10) of GST-Phox1. Binding reactions were incubated at room temperature
for the indicated times (in minutes). (B) Dissociation of SRF in the absence (lanes 1 to 5) and presence
(lanes 6 to 10) of Phox1. SRF-SRE complexes were allowed to form for 30 min at room temperature;
then at time O, a 100-fold excess of wild-type SRE competitor was added to the reactions. Samples
were withdrawn at the indicated times (in minutes) and placed on a running gel.
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alone appears to recognize the AT core in
the center of the SRF-binding site. Further-
more, interaction of MATa2 with MCM1
requires a short polypeptide sequence imme-
diately NH,-terminal to the homeodomain
(43), whereas under our conditions the
Phox1 homeodomain is sufficient for inter-
action with SRF. The second example of a
homeodomain-cofactor interaction is the in-
teraction of human Oct-1 with the viral
regulatory protein VP-16, which occurs via
helices 1 and 2 of the Oct-1 homeodomain
and reprograms both the DNA-binding
specificity and transcriptional properties of
Oct-1 (44). Our current data suggest that
the Phox1-SRF complex more closely resem-
bles Oct-1-VP16, but more data are needed
to resolve the structural organization of the
Phox1-SRF complex.

Both SRF and Phox1 belong to gene
families that are found in animals, plants,
and unicellular eukaryotes. The role of
homeodomain proteins in determining cell
identity is well defined in animals, and this
function appears in fungi as well. In S.
cerevisiae, S. pombe, and U. maydis, homeo-
domain proteins are key regulators of cell
type identity (2, 45). In S. cerevisiae, defi-
nition of cell identity also involves MCM1.
MCM1 cooperates with MATal and
MATa2 to establish cell type-specific pat-
terns of gene expression and with the
STEI12 protein, also a protein with homeo-
domain homology (46), to mediate phero-
mone induction of these genes (2).

In plants, MADS box genes participate
in determining cell identity (6). Where the
functions of these genes have been studied,
they are analogous to the functions of the
homeotic genes in Drosophila. Thus, these
functions are fulfilled by MADS box pro-
teins in plants and by homeodomain pro-
teins in flies. Because our results show that
MADS box and homeodomain proteins
interact, MADS box-homeodomain inter-
actions may be part of a conserved mecha-
nism for establishing cell identity shared by
plants, animals, and lower eukaryotes.

Note added in proof: The mouse homolog
of Phox1 has recently been isolated (47).
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