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The MADS box is a conserved sequence motif found in the DNA binding domain of a family of transcription
factors which possess related but distinct DNA binding specificities. We investigated the basis of differential
sequence recognition by the MADS-box proteins serum response factor (SRF), MCM1, and MEF2A, using
chimeric proteins and site-directed mutants in conjunction with gel mobility shift and binding site selection
assays. Deletion of sequences immediately N terminal to the SRF MADS box alters its preferred binding site
to that of MEF2A, although the resulting protein still weakly binds SRF-specific sites: exclusive binding to
MEF2 sites requires further mutations, at MADS-box residues 11 to 15. In contrast to SRF, the sequence
specificity of MCM1 (and of MEF2A) is determined entirely by sequences within its MADS box, and mutation
of only SRFMADS-box residue 1 is sufficient to alter its binding specificity to that of MCM1. However, changes
at both MADS-box positions 1 and 11 to 15 are necessary and sufficient to alter the specificity of the MCM1
MADS box to that of MEF2, and vice versa. The role of SRF MADS-box residues which differ from those
present in the other proteins was investigated by selection of functional SRF variants in yeast cells. SRF
MADS-box position 1 was always a glycine in the variants, but many different sequences at the other
nonconserved MADS-box residues were compatible with efficient DNA binding. We discuss potential mecha-
nisms of DNA recognition by MADS-box proteins.

The MADS (MCM1-agamous-ARG80-deficiens-SRF)-box
transcription factors constitute a family of proteins that in-
cludes the metazoan transcription factors serum response fac-
tor (SRF) and MEF2, the yeast transcription factors MCM1
and ARG80, and a large number of plant homeotic gene prod-
ucts (1, 10, 14, 15, 17, 23, 28, 29). Both the SRF and MCM1
proteins act to recruit accessory factors to DNA via protein
interactions mediated by their DNA binding domains (26). The
MADS-box motif (20) is a 56-amino-acid region which com-
prises a highly conserved basic N-terminal region followed by
a less well conserved, relatively hydrophobic C-terminal seg-
ment. It forms part of the DNA binding domain, which is
generally located at the extreme N terminus of the protein.
The MADS box is not sufficient for high-affinity DNA binding,
however, since it encodes only the N-terminal part of the
dimerization surface (1, 14, 17, 21). Efficient dimerization re-
quires some 25 additional residues, located immediately C
terminal to the MADS box, which are conserved only among
subgroups of MADS proteins such as SRF/MCM1/ARG80 and
the four MEF2 proteins (14, 17).
Although different MADS-box family members generally

recognize A/T-rich consensus sequences, they possess distinct
DNA binding specificities; for example, SRF binds the core
consensus decanucleotide CC(A/T)2A(A/T)3GG, MCM1 binds
CC(C/T)(A/T)3NNGG, and MEF2 binds (C/T)TA(T/A)4TA
(G/A) (13, 16, 17, 21, 27). Little is known, however, about the
structural basis of this differential sequence recognition. Chi-
meric proteins in which the N-terminal basic region of the
MADS box, together with any sequences N terminal to it, are
joined to the SRF dimerization region and C-terminal se-

quences have been investigated by in vitro binding-site selec-
tion experiments (17, 27). The chimeric proteins possess ex-
actly the same binding specificity as the parental proteins.
Thus, the dimerization region makes no contribution to bind-
ing specificity, which is solely a function of the MADS-box
N-terminal basic region and its flanking sequences. In the case
of SRF, MADS-box residues 3 and 13 were reported to play an
important role in determination of binding specificity (22)
(note that we define MADS-box residue 1 as the conserved
glycine preceding the original MADS-box sequence string
[20]). However, the SRFMADS box does not contain sufficient
information to completely determine binding specificity, since
deletion of the sequences N terminal to it relaxes DNA binding
specificity (22) in addition to reducing binding affinity (14).
In this work, we have used site-directed mutagenesis and a

yeast screening protocol to investigate the basis of differential
sequence-specific DNA binding by the MADS-box proteins
MCM1, MEF2, and SRF. We show that MADS-box position 1
plays a crucial role in the determination of the binding speci-
ficity of all three proteins, while both positions 11 to 15 and the
sequences immediately N terminal to the MADS box can place
additional constraints on the types of sequences that can be
recognized.

MATERIALS AND METHODS

Plasmids. For cell-free translation, derivatives of either T7DATG or T7D723
(14) were used. Plasmids were constructed by standard techniques, and se-
quences were verified where appropriate; full details are available on request.
The coordinates of the MADS box used here are as indicated in each figure; note
that we have redefined MADS-box residue 1 as a highly conserved glyine residue
one residue N terminal to the MADS-box consensus string originally defined
(20).
(i) SRF derivatives. T7SRFD122b encodes SRF residues MGLE-(SRF codons

122 to 508); it is identical to T7D723 (14) but contains mutations that introduce
four unique restriction sites as follows: NotI, G-7813C; EcoRI, G-8053A; ClaI,
C-8143T, and BstBI, CAGC (nucleotides 841 to 844)3TTCG. T7SRFD137,
T7SRFD141, and T7SRFD142 encode N-terminally truncated SRF derivatives
encoding M-(SRF sequences including and C terminal to the indicated codon).
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Other SRF derivatives encode sequences as specified in the figures; in the
exchange mutant names, numbers in parentheses indicate substituted MADS-
box residues (M 5 MCM1, F 5 MEF2A).
(ii) MCM1 derivatives. MCM* (previously described as pT7MCM1[1–41]/

SRF[167–508] [27]) comprises MCM1 codons 1 to 41 joined to SRF codons 167
to 508. MCM*D17 encodes M-(MCM1 codons 17 to 41)-(SRF codons 167 to
508). Other MCM* derivatives encode sequences as specified in the figures; in
the exchange mutant names, numbers in parentheses indicate substituted
MADS-box residues (S 5 SRF, F 5 MEF2A).
(iii) MEF2* derivatives. MEF2* (previously described as pT7C4/SRF [17])

encodes MEF2A codons 1 to 28 joined to SRF codons 169 to 508). Other MEF2*
derivatives encode sequences as specified in the figures; in the exchange mutant
names, numbers in parentheses indicate substituted MADS-box residues (M 5
MCM1, S 5 SRF).
(iv) Yeast expression plasmids. Plasmid SD08.3, which encodes the SRF-VP16

fusion protein MTGSGLE-(SRF codons 122 to 412)-(VP16 codons 410 to 490)
was derived from SD08 (5) as follows. (i) The unique SD08 EcoRI and ClaI
restriction sites were removed by digestion and end repair; (ii) SRF codons 1 to
245 (Xho-BglII) were replaced by SRF codons 122 to 245 from T7SRFD122b (see
above). This removes SRF N-terminal sequences, thereby facilitating PCR, and
introduces NotI, EcoRI, ClaI, and BstBI sites for manipulation of the SRF
MADS box. Plasmids SD08.3b and SD08.3c are derivatives of SD08.3 in which
the SRF MADS-box EcoRI and ClaI sites, respectively, have been destroyed by
digestion and end repair.
Construction of randomized libraries. Plasmids SD08.3b and SD08.3c, which

encode nonfunctional SRF derivatives and therefore score white in the colony
color assay, were used for insertion of randomized cassette oligonucleotides.
Only library plasmids that contain the mutagenized sequences, thereby restoring
the open reading frame through the SRF MADS box, can score positive in the
lacZ colony color assay. Library DNA was purified following electrotransforma-
tion of Escherichia coli (5); 3,000, 30,000, and 91,000 independent clones were
obtained for libraries A, B, and C, respectively.
Library A randomized SRF MADS-box positions 1 and 3. A PCR was carried

out with T7D122b as the template and oligonucleotides T7 (AATACGACTC
ACTATAG) and 43981 (CCCCCCATCGATGAATTCCATCTTGATCTTN
NNGCGNNNGCGGGTCTTCTTACC) as primers. The product was digested
with XhoI and ClaI, and the resulting fragment was substituted for the corre-
sponding fragment of SD08.3b.
Library B randomized SRF MADS-box positions 3, 6, 8, and 9. The T7 and

15985 (CTTATCGATNNNNNNCATNNNGATCTTNNNGCGGCCGCCTAT
AGTGAGTCGTATT) oligonucleotides were annealed and rendered double
stranded by using reverse transcriptase. The product was digested with NotI and
ClaI, and the resulting 30-bp fragment was used to replace the NotI-ClaI frag-
ment of SD08.3b.
Library C randomized SRF MADS-box positions 11, 13, 14, and 15. The T7

and 18705 (CCTCTTCGAAAAGGTCGTGTAGCGNNNNNNNNNGTYNNN
GATGAATTCTATAGTGAGTCGTATT) oligonucleotides were annealed and
rendered double stranded by using reverse transcriptase. The product was di-
gested with EcoRI and BstBI, and the resulting 32-bp fragment was used to
replace the corresponding fragment of SD08.3c.
Screening the libraries of SRF variants. The yeast reporter strain 62L was

used for screening the library DNAs by previously published methods (5). Five
micrograms of library A plasmid generated ;1,500 independent colonies, of
which 7% scored as blue in the color assay. Of these, approximately one-half
represented contaminating wild-type SD08.3 DNA. Sixty micrograms of library B
and C plasmid generated 30,000 and 24,000 independent yeast colonies, of which
4.6 and 12.5%, respectively, scored positive. DNA recovered from positive col-
onies was retransformed into 62L cells to confirm the phenotype and sequenced.
For in vitro binding studies, the XhoI-StuI fragment (SRF codons 122 to 171)
containing the variant sequences was substituted for the corresponding fragment
of T7D723 and used for in vitro translation. Proteins and gel mobility shift assays
of the SRF variants were quantitated with a PhosphorImager (Molecular Dy-
namics).
Gel mobility shift assay.Gel mobility shift assays were performed as described

previously (11) but with only 0.2 mg of poly(dI-dC) poly(dI-dC). Cell-free trans-
lation was performed with the TNT coupled transcription-translation rabbit
reticulocyte lysate system (Promega) as directed by the manufacturer. Protein
expression was assessed by [35S]methionine incorporation; generally binding
reaction mixtures included 0.5 to 2 ml of lysate adjusted to a constant volume with
unprogrammed lysate.
Reaction mixtures contained 0.2 ng (3 fmol) of radiolabelled probe. The core

consensus sequences of the c-fos serum response element (SRE), MCM1, and
MEF2 probes are shown in Fig. 1B. Probes were generated by PCR using the
following templates: for c-fos SRE, SRE-TKCAT (7); for MCM1, SRE.M-TK
CAT (7); for MEF2, pN10.WTx1 (17) (all using the M13 and pBLCAT2R
primers [2]); and for ACT.L, pACT.L (25), using the M13F and M13R primers.
Binding competition assay mixtures also contained 20 ng (1.2 nmol; ;350-fold
excess over probe) of double-stranded unlabelled competitor oligonucleotide.
Oligonucleotides were previously described: S and mS were identical to FOS and
FOS* (16); F was N10 (17); and M was SRE.M (7).
Other methods. Binding-site selection was performed as previously described

(16). DNA manipulations, in vitro transcription, and sodium dodecyl sulfate-

polyacrylamide gel electrophoresis were performed by standard methods. Yeast
transformation, plating on nylon filters, and processing for the colony color assay
were performed as described previously (5).

RESULTS

Strategy for in vitro binding studies.We used derivatives of
either SRF itself or the fusion proteins MCM* and MEF2* for
in vitro DNA binding studies. In the fusion proteins, sequences
N terminal to the MADS box, and the N-terminal basic se-
quences of the MADS box itself, are derived from MCM1 or
MEF2A, while the dimerization domain and C-terminal se-
quences are from SRF (Fig. 1A). The use of a common dimer-
ization region was designed to eliminate any effects of the
different dimerization regions on binding specificity: the bind-
ing specificities of the fusion proteins are identical to those of
the parent proteins, indicating that all specificity-determining
protein-DNA contacts are maintained in the chimeras (17, 27).
Each protein was produced by cell-free translation and DNA

binding assessed by the gel mobility shift assay using the DNA
probes shown in Fig. 1B. For SRF, we used either the c-fos

FIG. 1. MADS-box proteins and their binding specificities. (A) Schematic
representation of the MADS-box proteins SRF, MCM1, and MEF2A and the
derivatives MCM* (27) and MEF2* (17) used in this work. Conserved regions
within DNA binding domains are shown as boxes. SRF sequences are shown as
thin lines and a white box, MCM1 sequences are shown as thick lines and a black
box, and MEF2 sequences are shown as hatched lines and a hatched box. The
location of the MADS-box motif is shown at the top. The fusion proteins MCM*
and MEF2* have been described elsewhere (17, 27). (B) Sequences of the
decamer cores of the consensus binding sites of SRF, MCM1, and MEF2A. N
represents any base. (C) Binding properties of probe sequences used in this
work. The relationship of the SRF and MCM1 probe sequences is indicated by
using dashes to show identity with the SRF-specific probe ACT.L. Note that the
c-fos SRF site is inverted with respect to its orientation in the c-fos SRE; its
mutated derivative mSRE (16) contains mutations at conserved residues that
prevent SRF binding (7, 25). The MEF2 sequence is shown in its entirety. For
details, see references 16, 17, 25, and 27.
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SRE (CCTAATATGG), which can also bind MCM1, or the
synthetic SRF-specific site ACT.L (CCATATATGG) (25);
neither of these sites binds MEF2. For MCM1, we used the
synthetic MCM1-specific site M (CCCAATCGGG), which
cannot be bound by SRF or MEF2 (7, 27); for MEF2, we used
the MEF2-specific N10 probe (CTATTTATAG), which can-
not be bound by SRF or MCM1 (17). To enhance the detection
of low-affinity interactions, we also performed binding-site
competition experiments in which a 350-fold excess of unla-
belled competitor DNA was included in the DNA binding
reaction mixtures. In some cases, the optimal sequence pref-
erence of a protein was determined by using it to select oligo-
nucleotides containing binding sites from a pool of random
sequence oligonucleotides (16).
Sequences N terminal to the SRF MADS box are required

for sequence specificity.We previously found that sequences N
terminal to the SRF MADS box are required for high-affinity
DNA binding (14). To define the N terminus of the SRF DNA
binding domain at high resolution, we analyzed a set of N-
terminal truncations in a gel mobility shift assay. Deletion of
sequences N terminal to residues 122 and 137 had no substan-
tial effect on binding affinity or specificity, whereas removal of
further sequences to position 141 resulted in a marked reduc-
tion in binding affinity but no loss of sequence specificity (Fig.
2A, lanes 1 to 12). In contrast, SRFD142, a deletion mutant

which lacks all sequences N terminal to the MADS box, bound
only very weakly to the c-fos SRE but more efficiently to the
MEF2 probe; the complexes formed with the MEF2 probe
exhibited slightly greater mobility than those formed on the
c-fos SRE (Fig. 2; compare lanes 13 and 15). The SRFD142
protein also bound weakly to the SRF-specific ACT.L site but
could not detectably bind the MCM1 site (Fig. 2, lane 14, and
data not shown). Consistent with these data, in a binding com-
petition experiment, binding of SRFD142 to the MEF2 probe
could be efficiently diminished by a 350-fold excess of the c-fos
SRE or MEF2 oligonucleotide but not by the MCM1 or mu-
tant c-fos SRE (CGTAATATCG) oligonucleotide (data not
shown; see Fig. 6).
Although truncation of SRF clearly alters its binding speci-

ficity, it remained possible that the optimal binding site for
SRFD142 is distinct from those tested. The SRFD122 and
SRFD142 proteins were therefore compared in a binding-site
selection experiment. Following five rounds of selection, the
radiolabelled oligonucleotide population was used as a probe
in gel mobility shift assays with SRF, MEF2*, and MCM*.
DNA selected by SRFD122 was bound only by wild-type SRF
in the gel mobility shift assay (Fig. 2B, lanes 1 to 4), while DNA
selected by SRFD142 was efficiently bound only by MEF2*,
suggesting that it contains MEF2 consensus sequences (Fig.
2B, lanes 5 to 8). Sequence analysis of oligonucleotides se-
lected by SRFD142 showed that each contained a perfect
match to the MEF2 consensus binding site CTA(T/A)4TAG,
with the same range of sequence variations that occur in bona
fide MEF2 binding sites (Fig. 3A; cf. Fig. 1C).
We used site-directed mutagenesis of SRFD137 to investi-

gate the role of sequences in the region of SRF immediately N
terminal to its MADS box in DNA binding specificity and
affinity. No mutant bound the MEF2 site, although the muta-
tions KK138/139AA and T140Q caused significant reductions
in binding affinity (Fig. 4, proteins C to G). Although the
presence of a basic residue immediately N terminal to the SRF
MADS box is sufficient to restrict binding to SRF sites, albeit
with low affinity, in the context of SRFD137, substitution of this
residue by alanine had little effect on affinity or specificity (Fig.
4, protein D). Moreover, substitution of the sequences flanking
the SRF MADS box by the corresponding sequences from
MCM1 did not affect specificity (Fig. 4, protein H). Since both
the SRF and MCM1 N-terminal sequences prevented the SRF
MADS box from binding the MEF2 site, we tested whether
their presence N terminal to the MEF2* MADS box would
also prevent binding. This was indeed the case (Fig. 4, proteins
J and K).
Taken together, the results show that the SRF MADS box

possesses a dual specificity: it preferentially recognizes the
same consensus sequences as MEF2 but retains the ability both
to bind the c-fos SRE and to discriminate between SRF- and
MCM-specific sequences. The sequences N terminal to the
SRF MADS box both prevent binding to MEF2 sites and
increase DNA binding affinity.
MADS-box position 1 is important for MCM1 binding spec-

ificity.We showed above that sequences N terminal to the SRF
MADS box are essential for correct DNA binding specificity.
To test whether this is also true for other MADS box proteins
containing sequences N terminal to the MADS box, we ana-
lyzed DNA binding by the MCM1 derivative MCM*. We first
compared the binding properties of MCM* and a derivative
which lacks all residues N terminal to the MADS box,
MCM*D17. Both proteins efficiently bound to the MCM1 site
and c-fos SRE but not to the MEF2 site, indicating that the
MCM* N-terminal sequences do not influence its binding
specificity (Fig. 5A, lanes 1 to 6). Consistent with this finding,

FIG. 2. Residues N terminal to the SRF MADS box are required for SRF
binding specificity and affinity. (A) DNA binding by SRF N-terminal truncation
mutants. Equal amounts of the different SRF derivatives shown in panel C were
tested in gel mobility shift assays using the probe indicated above each lane. S,
c-fos SRE; M, MCM site; F, MEF2 site. Specific SRF complexes are indicated by
a line. Note that each probe binds lysate proteins with various degrees of effi-
ciency; these interactions do not appear specific as judged by binding competition
and have not been investigated further. (B) Binding-site selection analysis of
SRFD122 and SRFD142. SRFD122 (lanes 1 to 4) and SRFD142 (lanes 5 to 8)
were used in the binding-site selection assay. Populations of radiolabelled oligo-
nucleotides present after five rounds of selection were used as probes in the gel
mobility shift assay with SRFD122 (lane 1), SRFD142 (lane 5), SRF (lanes 2 and
6), MCM* (lanes 3 and 7), and MEF2* (lanes 4 and 8). For sequences of
representative oligonucleotides, see Fig. 3. (C) Schematic representation of the
SRF mutants tested. The wild-type SRF sequence is shown at the top, with the
N-terminal boundary of the MADS box indicated; sequence identities are indi-
cated by dashes. Numbers refer to the SRF sequence.
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in in vitro binding-site selection analysis, MCM*D17 selected
sequences that contained the MCM1 consensus sequence
CCY(A/T)(A/T)(T/A)NNGG (Fig. 3B). Thus, in contrast to
SRF, all of the residues that define sequence-specific DNA
binding by MCM* lie within its MADS box.
Since the MCM1 MADS box has a specificity different from

that of SRF, we used SRF-MCM chimeras to map the residues
within the MCM*MADS box important for binding specificity.
We constructed mutant derivatives of the SRFD142 protein in
which SRF residues are replaced by progressively smaller seg-

ments of the MCM1 MADS box. A mutant of SRFD142 in
which MADS-box positions 1 to 15 are substituted by the
corresponding residues from MCM1 bound the SRF and
MCM1 sites with reduced affinity but did not detectably bind
the MEF2 site (Fig. 5A, lanes 10 to 12). Similar results were
obtained with a mutant in which MCM1 MADS-box positions
1 to 9 were substituted for those of SRF, although binding was
weaker (data not shown). Surprisingly, SRFD142(M1), in
which only SRF MADS-box residue 1 is replaced by the cor-
responding residue from MCM1, also bound DNA with
MCM1-like specificity, albeit very weakly (Fig. 5A, lanes 13 to
15). This result was confirmed in a binding competition exper-
iment in which excess c-fos SRE and MCM1, but not MEF2,
oligonucleotides competed for binding of SRFD142(M1) to a
radiolabelled MCM1 probe (Fig. 5B). We next tested whether
N-terminal MADS-box residues were sufficient to alter the
binding specificity of SRFD122, which binds DNA with SRF-
type specificity. Substitution of MADS-box residue 1, but not
residue 3, was sufficient to alter specificity (Fig. 5A, lanes 16 to
21). We conclude that MADS-box residue 1 is an important
determinant of SRF DNA binding specificity.
MADS-box positions 11 to 15 can restrict binding specific-

ity. The experiments described above highlight the importance
of MADS-box residue 1 and sequences N terminal to it for
sequence-specific binding by MCM1 and SRF, respectively.
However, a previous report demonstrated a role for MADS-
box residue 13 in sequence-specific binding of another MADS-
box protein, MEF2A (22). We therefore compared the relative
roles of these regions in sequence-specific binding by MEF2*.
In MEF2*, as in MCM*, the basic portion of the MADS box
must be sufficient for MEF2-specific DNA binding, since
MEF2* contains no sequences N terminal to the MADS box
(17).
To identify which MEF2* MADS-box residues restrict bind-

ing to MEF2 sites alone, we substituted residues in the
SRFD142 MADS box, which can bind both SRF and MEF2
sites, with the corresponding residues from MEF2A. Since
SRFD142 exhibits only weak binding to the c-fos SRE probe,
we analyzed binding in a competition assay in which we tested
the abilities of different sequences to compete for binding of
each protein to a radiolabelled MEF2 site probe. In this assay,
excess unlabelled c-fos SRE or MEF2 oligonucleotide, but not
oligonucleotides containing MCM1 sites or a mutant c-fos
SRE, efficiently compete for binding of SRFD142 to a radio-
labelled MEF2 site probe (Fig. 6A). In contrast, only the
MEF2 site oligonucleotide affects binding of MEF2* to the
MEF2 probe (Fig. 6, protein B). An SRFD142 derivative con-
taining MEF2 MADS-box residues 1 to 15 also binds with
correct MEF2 specificity (Fig. 6, protein C), whereas a deriv-
ative containing MEF2 MADS-box residues 1 to 9 maintains
the dual binding specificity of SRFD142 (Fig. 6, protein D).
However, substitution of SRFD142 MADS-box residues 11 to
15 by the corresponding MEF2 sequences restricts its specific-
ity to the MEF2 site (Fig. 6, protein E).
We next tested whether MADS-box residues 11 to 15 are

important for specificity of DNA binding in the context of the
MEF2* MADS box. Substitution of MEF2* MADS-box resi-
dues 11 to 15 by the corresponding residues of SRF broadened
binding specificity such that the SRF site can be bound, al-
though very weakly (Fig. 6, protein F). Substitution by MCM1
MADS-box residues 11 to 15 had the same effect, rather than
allowing recognition of an MCM1 site (Fig. 6G). Taken to-
gether with the previous data, these results show that MEF2A
MADS-box residues 11 to 15 are associated with exclusive
binding to MEF2 consensus sequences, while the correspond-
ing residues of MCM1 and SRF are compatible with binding to

FIG. 3. Sequences of selected oligonucleotides recovered after five rounds of
selection, aligned to maximize match to the underlined consensus sequence.
Lowercase letters denote sequences derived from the primer oligonucleotides.
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the MCM1, SRF, and MEF2 sites according to their protein
contexts.
Alteration of MCM1 specificity to that of MEF2A. The ex-

periments described so far pinpoint MADS-box positions 1
and 11 to 15 as important DNA binding specificity determi-
nants for binding to MCM1 and MEF2 sites, respectively. We
therefore used MCM*-MEF2* chimeras to investigate wheth-
er changes at either or both of these regions are sufficient to
alter the DNA binding specificity of the MCM* MADS box to
that of MEF2*. The results are shown in Fig. 7.
We first replaced MCM*D17 MADS-box position 1 by the

corresponding residue from MEF2, an E3G change. This
mutant protein, MCM*D17(F1), did not bind the MCM1 site
detectably but very weakly bound the c-fos SRE and MEF2
sites (Fig. 7A; compare lanes 4 to 6 with lanes 1 to 3). Binding
competition analysis confirmed this result: the c-fos SRE and
MEF2 oligonucleotides, but not an MCM1 oligonucleotide,
efficiently competed for binding of MCM*D17(F1) to a radio-
labelled MEF2 site (Fig. 7B, top panel). We determined the
optimal binding site for MCM*D17(F1) by binding site selec-
tion. Oligonucleotides selected by MCM*D17(F1) bound the
MEF2* protein efficiently but not the SRF or MCM* protein
(data not shown). Sequence analysis of 21 oligonucleotides
selected by MCM*D17(F1) showed that each contained a good
match to the MEF2 consensus sequence (Fig. 3C). The binding
specificity of MCM*D17(F1) is thus identical to that of

FIG. 4. Sequence requirements for function of the SRF sequences immediately N terminal to the MADS box. The mutant SRF derivatives shown were constructed
and tested for binding to the c-fos SRE, MCM1, and MEF2 sites by gel mobility shift assay. Dashes indicate identity to SRF; the MADS-box boundary is outlined, and
MADS-box residues are numbered. Binding to the various probe sequences is shown schematically: 111, binding comparable to that of wild-type SRF in the gel
mobility shift assay; 1, binding less than or equal to 20% the level of wild-type SRF. (a) indicates that the results were confirmed by binding competition studies in
which a 350-fold molar excess of an unlabelled oligonucleotide did not compete for binding to the c-fos SRE (proteins A, C, and D) or the MEF2 site (protein B).

FIG. 5. MADS-box residue 1 is sufficient for MCM1-type DNA binding spec-
ificity. (A) DNA binding by MCM* derivatives. Equal amounts of the different
MCM1 derivatives shown in panel C were tested in gel mobility shift assays, using
the probe indicated above each lane. S, c-fos SRE; M, MCM site; F, MEF2 site.
(B) Binding competition analysis of SRFD142(M1). Binding reaction mixtures
contained radiolabelled MCM1 probe and a 350-fold excess of the following
unlabelled competitor oligonucleotides: c-fos SRE (S), mutant c-fos SRE (mS),
MEF2 site (F), and MCM1 site (M). (C) Schematic representation of the MCM*
derivatives. The sequences of the N termini of MCM* and MCM*D17 are shown
at the top, with identities indicated by dashes. Below are shown the sequences of
SRFD142 and SRFD122 and their derivatives carrying different extents of MCM1
sequence, shown as black boxes; sequence identities are indicated by dashes.
Numbers indicate MADS-box positions.

FIG. 6. MADS-box residues are important but not sufficient to determine
binding specificity. Binding competition analysis was used to evaluate the se-
quence specificities of various SRFD142 and MEF2A derivatives. Sequences of
each protein are shown at the left; identities with SRF are indicated by dashes,
and MADS box positions are numbered. Segments of MEF2 sequence substi-
tuted for SRF sequences are shown as shaded boxes; in protein MEF2*(M11–
15), the MCM1 sequences are shown in full. Binding reaction mixtures contained
radiolabelled MEF2 probe and where indicated a 350-fold excess of the following
unlabelled competitor oligonucleotides: c-fos SRE S, mutant c-fos SRE (mSRE),
MEF2 site, and MCM1 site.
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SRFD142: the proteins recognize the same spectrum of MEF2
consensus sequences, weakly bind sequences matching the
SRF consensus, and fail to bind MCM1-specific sequences.
These data confirm the importance of MADS-box residue 1 as
a DNA binding specificity determinant in the context of the
MCM1 MADS-box sequences.
We next examined the role of MCM*D17 MADS-box posi-

tions 11 to 15 by substituting them with the corresponding
residues from MEF2. This protein, MCM*D17(F11–15), ex-
hibited reduced binding to the MCM1 site but did not bind to
the MEF2 site (Fig. 7A, lanes 7 to 9). However, when these
changes were combined with the MADS-box position 1 ex-
change, the resulting protein, MCM*D17(F1/11–15), bound
with high affinity to the MEF2 site but not to the MCM1 or
SRF site (Fig. 7A; compare lanes 1 to 3 with lanes 10 to 12).
Moreover, in a binding competition analysis, binding of
MCM*D17(F1/11–15) to the MEF2 site probe was unaffected
by a 350-fold excess of unlabelled MCM1 site oligonucleotide
(Fig. 7B, second panel). A previous report suggested that
MADS-box residue 13 is a crucial specificity determinant (22).
We therefore tested whether an exchange of MADS-box res-
idues 1 and 13 is sufficient to achieve a complete specificity
switch. Although this mutant, MCM*D17(F1/13), bound the
MEF2 probe efficiently, it retained the ability to bind the c-fos
SRE weakly, as assessed by a binding competition experiment
(Fig. 7B; compare middle panels). However, substitution of
MCM1MADS-box positions 1 and 11 to 13 by the correspond-

ing MEF2 residues was sufficient to alter the specificity of
MCM*D17 to that of MEF2* (Fig. 7B, bottom panel). We
found that no single MEF2 residue in the region from residues
11 to 15 was sufficient to alter specificity in combination with
MADS-box residue 1 (data not shown). Thus, binding speci-
ficity is not a function of a single residue in the MADS-box
region from residues 11 to 15.
Alteration of MEF2A binding specificity to that of MCM1.

We next wished to determine whether the exchange of both
MADS-box residues 1 and 11 to 15 is also necessary and
sufficient to alter the specificity of the MEF2* MADS box to
that of MCM1*. Substitution of MEF2* MADS-box position 1
by the corresponding residue from MCM*, a G3E change,
abolished sequence-specific binding, as judged by the gel mo-
bility shift assay (Fig. 8A; compare lanes 4 to 6 with lanes 1 to
3). Consistent with this result, the protein failed to select spe-
cific oligonucleotides through five rounds of binding-site selec-
tion (data not shown). Substitution of MEF2* MADS-box po-
sitions 11 to 15 with the corresponding MCM1 residues had
essentially no effect on binding affinity or specificity in the gel
mobility shift assay (Fig. 8A; compare lanes 7 to 9 with lanes 1
to 3); however, as already shown, this exchange allowed de-
tectable binding to the c-fos SRE in the binding competition
assay (see Fig. 6G). However, substitution of both MEF2*
MADS-box positions 1 and 11 to 15 by the corresponding
MCM1 residues generated a protein with a specificity strikingly
similiar to that of MCM1, albeit of lower affinity. This protein,
MEF2*(M1/11–15), bound the MCM1 site and the c-fos SRE,
but not the MEF2 site, in the gel mobility shift assay (Fig. 8A,
lanes 10 to 12). Moreover, in the binding competition assay,

FIG. 7. Conversion of the specificity of MCM* to that of MEF2*. (A) DNA
binding by MCM*D17 exchange mutants. Equal amounts of the different
MCM*D17 or MEF2A derivatives shown in panel C were tested in gel mobility
shift assays using the probe indicated above each lane. S, c-fos SRE; M, MCM
site; F, MEF2 site. (B) Binding competition analysis of MCM*D17 exchange
mutants. Binding reaction mixtures contained radiolabelled MEF2 probe and a
350-fold excess of the following unlabelled competitor oligonucleotides: c-fos
SRE (S), mutant c-fos SRE (mS), MEF2 site (F), and MCM1 site (M). (C)
Schematic representation of the MCM*D17 exchange mutants. The N-terminal
sequences of MCM*D17 are shown at the top, and those of MEF2* are shown
at the bottom; identities are indicated by dashes. In the exchange mutants,
MEF2A sequences substituted for those of MCM1 are shaded. Numbers indicate
MADS-box positions.

FIG. 8. Conversion of the specificity of MEF2* to that of MCM*. (A) DNA
binding by MEF2A exchange mutants. Equal amounts of the different
MCM*D17 or MEF2A derivatives shown in panel C were tested in gel mobility
shift assays using the probe indicated above each lane. S, c-fos SRE; M, MCM
site; F, MEF2 site. (B) Binding competition analysis of MEF2*(M1/11–15).
Binding reaction mixtures contained a radiolabelled MCM site probe and a
350-fold excess of the following unlabelled competitor oligonucleotides: c-fos
SRE (S), mutant c-fos SRE (mS), MEF2 site (F), and MCM1 site (M). (C)
Schematic representation of the MEF2* exchange mutants. The N-terminal
sequences of MEF2* are shown at the top, and those of MCM*D17 are shown
at the bottom; sequence identities are indicated by dashes. In the exchange
mutants, MCM1 sequences substituted for those of MEF2* are shown in black.
Numbers indicate MADS-box positions.
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complex formation between MEF2*(M1/11–15) and a radio-
labelled MCM1 oligonucleotide was unaffected by the pres-
ence of a 350-fold excess of unlabelled MEF2 oligonucleotide
but was abolished by a similar excess of unlabelled MCM1 or
c-fos SRE oligonucleotide (Fig. 8B).
Selection of SRE-binding SRF variants in vivo. The exper-

iments described above establish that the residues responsible
for the differential binding specificities of MCM* and MEF2*
are MADS-box positions 1 and 11 to 15. We next investigated
the roles of these and other MADS-box residues in SRF DNA
binding in vivo. We used a previously described yeast genetic
screen to identify SRF variants capable of binding the SRF-
specific ACT.L site in vivo (5) (Fig. 9A), expecting strong
selection for particular residues at any MADS-box positions
directly or indirectly involved in specificity-determining DNA
contacts. The indicator yeast strain, 62L, carries a lacZ re-
porter gene under the control of the SRF-specific binding site
ACT.L; endogenous MCM1 protein cannot bind the ACT.L
sequence, and 62L cells are therefore white in a colony color
assay (5, 27). In contrast, an SRF-VP16 fusion protein can bind
ACT.L efficiently and activate lacZ expression, and cells ex-
pressing this protein are therefore blue in the assay. We there-
fore subjected a VP16-tagged derivative of SRFD122, which
has wild-type DNA binding properties, to cassette mutagenesis
and screened for functional SRF variants by using the colony

color assay. We constructed three libraries of mutants in which
nonconserved MADS-box residues were varied as follows: (i)
MADS-box positions 1 and 3 randomized; (ii) MADS-box po-
sitions 3, 5, 8, and 9 randomized; and (iii) MADS-box positions
11, 13, 14, and 15 randomized, position 12 5 D or N. Each
library generated blue colonies at high frequency, between 7
and 12.5%; plasmid DNA was recovered from these colonies,
and the sequence through the mutagenized region was deter-
mined.
Sequence analysis of eight positive clones derived from li-

brary A showed absolute preference for the glycine at MADS-
box position 1, confirming that this residue is essential for
binding the SRF-specific ACT.L site; in contrast, position 3
was variable (Fig. 9B). The high frequency with which positive
SRF variants were recovered from libraries B and C was un-
expected considering the large number of different possible
sequence variants present in these libraries. Sequence analysis
of the variants suggested that many different sequences at the
mutagenized positions are compatible with binding to the
ACT.L SRF site: SRF variants from library B showed no ob-
vious sequence preferences apart fromMADS-box position 10,
at which large hydophobic residues are preferred, while vari-
ants from library C showed sequence preference for acid or
amide side chains at MADS-box position 11 and for basic side
chains at position 13; no discrimination between D and N was
apparent at position 12 (Table 1). To verify that the library B
and C SRF variants can bind the ACT.L SRE in vitro, the
variants were tested in the gel mobility shift assay. All library B
mutants bound a radiolabelled ACT.L probe comparably to
the wild-type protein (Table 1). Binding of the library C mu-
tants was more variable: in general, variants containing a basic
residue at position 13 bound comparably to wild-type SRF
(Table 1). All of the variants formed ternary complexes with
the Elk-1 protein with comparable efficiencies on an appropri-
ate probe containing the ACT.L SRF site (data not shown).
These results confirm the importance of SRF MADS-box

position 1 for DNA binding and show that a huge amount of
sequence variation can be tolerated at other positions in the
SRF MADS box with little effect on DNA binding. Neverthe-
less, the large number of mutants that do not bind detectably
in the colony color assay indicates that many sequences are not
tolerated at SRF MADS-box positions 11 to 15.

DISCUSSION

MADS-box DNA binding specificity determinants.We have
investigated the basis of differential DNA sequence recogni-
tion by the three MADS-box transcription factors SRF,
MCM1, and MEF2A. Our results are summarized in Fig. 10.
We found that MADS-box positions 1 and 11 to 15 act as
specificity determinants; in addition, the presence of sequences
immediately N terminal to the MADS box can also affect
binding specificity but only in the context of particular MADS-
box sequences. Strikingly, these different determinants act in
an essentially combinatorial fashion. For example, at position
1, the presence of glycine is compatible with binding to SRF or
MEF2 consensus sequences, while glutamate is compatible
with binding to the MCM1 consensus. At positions 11 to 15,
the MEF2 sequence MDERN is compatible only with binding
to MEF2 consensus sites. In contrast, according to their con-
text, the corresponding MCM1 and SRF sequences are com-
patible with binding to SRF-, MCM1-, or MEF2-specific con-
sensus sequences. Sequences immediately N terminal to the
MADS box appear incompatible with binding to the MEF2
consensus sequence. Our results were obtained by using chi-
meric proteins in which the N-terminal basic part of the MADS

FIG. 9. SRF MADS-box position 1 must be glycine for efficient binding in
vivo. (A) In vivo screen for SRF variants that can bind the SRF-specific ACT.L
SRE. At the top, the SRF-VP16 fusion protein is shown schematically with the
DNA binding domain as an open square and the VP16 activation domain as an
oval. Mutagenized SRF DNA binding domains are filled (squares, binders;
circles, nonbinders). The structure of the indicator gene is indicated. Steps in the
screening procedure are outlined. (B) Part of the sequence of the wild-type SRF
sequence is shown, with the MADS box outlined. Dark shading, invariant resi-
dues; light shading, conserved residues. Residues varied in library A are indi-
cated by asterisks. Below are the sequences of eight independently derived
library A SRF variants. Five micrograms of library A plasmid DNA generated
;1,500 independent colonies, of which 7% scored as blue in the color assay (of
these, approximately one-half represented contaminating wild-type SD08.3
DNA).
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box is joined to the dimerization region of SRF. However, all
specificity-determining protein-DNA contacts must be main-
tained in these chimeras, since their binding specificities are
identical to those of the parent proteins (17, 27).
In alternative approach, we used a yeast screening protocol

to identify SRF variants capable of binding the SRF-specific
ACT.L SRE in vivo from libraries of SRF mutants in which
nonconserved MADS-box residues are randomized. Similar
approaches have been used to study the roles of conserved
residues in GCN4 (18), Tet repressor (3, 4), and 434 repressor
(9). The results obtained in the analysis strongly supported the
conclusions from the in vitro studies. Strikingly, the only SRF
MADS-box position strongly selected in this analysis is posi-
tion 1, which was invariably glycine; in contrast, the two other

regions examined, MADS-box positions 3, 6, 8, and 9 and
positions 11 to 15, showed that extreme variability in sequence
can be tolerated with little effect on binding affinity for an
SRF-specific site. These data strongly suggest that at least in
SRF, these MADS-box residues do not make specificity-deter-
mining base contacts; however, it should be noted that a similar
analysis of the yeast GCN4 protein showed that considerable
variation can be tolerated at three positions involved in direct
DNA contacts (18).
Although our experiments clearly demonstrate the impor-

tance of these elements for DNA binding specificity, other
residues may be important in other MADS family members.
For example, sequences bound by the Arabidopsis agamous
protein, which possesses a glycine at MADS-box position 1, are
similar to those bound by SRF but can tolerate significant
mismatch at one side of the dyad (8); it will be interesting to
analyze the roles of the elements identified here in agamous
sequence specificity.
Role of MADS-box N-terminal flanking sequences. We

found that SRFD142, an SRF truncation that lacks the se-
quences N terminal to the MADS box, exhibits an altered
DNA binding specificity in that it can also bind the N10 MEF2
consensus site, in agreement with a previous report (22). Rec-
ognition of the MEF2 site is not a fortuitous consequence of a
simple relaxation of binding specificity: in binding-site selec-
tion experiments, SRFD142 selects sequences that exactly
match the MEF2A consensus (17). However, binding compe-
tition experiments show that the protein also retains the ability
to bind the c-fos SRE and can still discriminate between SRF-
and MCM1-specific sites. A single arginine residue N terminal
to the MADS box is sufficient to restrict binding to SRF con-
sensus sequences; however, this residue is not absolutely re-
quired, since in the context of the intact SRF N-terminal flank-
ing sequences it can be changed to lysine or alanine without
reducing specificity. In contrast, although sequences N termi-
nal to the MCM1 MADS box are not required for its correct
DNA binding specificity, these sequences can functionally sub-
stitute for those of SRF. This ability may arise from the con-
servation of a basic residue in the MCM1 flanking sequences,
but it remains possible that the presence of N-terminal flanking
sequences per se is sufficient to restrict the binding specificity
of the SRF MADS box.
A simple interpretation of these observations is that the SRF

MADS box contains a structure which can interact with DNA
in two different ways, each compatible with a different spec-
trum of DNA sequences. Perhaps the SRF sequences imme-
diately N terminal to the MADS box affect its structure such
that it is rendered incapable of interaction with MEF2 consen-
sus sequences. An alternative possibility is that the N-terminal
sequences make additional, not necessarily sequence-specific,
DNA contacts outside the consensus decamer and that this
interaction is incompatible with binding to MEF2 consensus
sites. Two observations are consistent with the N-terminal
flanking region making DNA contacts. First, mutation of basic
residues within the region causes a loss in DNA binding affinity
but does not affect specificity. Second, in binding-site selection
experiments, SRF, but not MCM1 or MEF2A, selects sites that
contain additional sequence preferences to one side of the
decamer consensus motif, as might be expected if SRF makes
additional DNA contacts (16). The difference in mobility of
SRFD142 complexes formed on MEF2 and c-fos SRE probes is
consistent with the notion that the protein may adopt different
conformations at the different sites.
Role of MADS-box position 1. Our data show that MADS-

box residue 1, generally conserved as a glycine, is a major
determinant of DNA binding specificity in MADS-box tran-

TABLE 1. Sequences and DNA binding properties of
SRF variants selected in vivo

Variant

Sequencea
Binding
activitybMADS-box

positions 2–10
MADS-box

positions 10–16

Wild type RVKIKMEFI IDNKLRR 100
Library Bc R*KI*M**I IDNKLRR
B.4 -L--R-EL- ------- 130
B.11 -V--P-TI- ------- 121
B.10 -Q--K-QL- ------- 112
B.6 -V--Q-RH- ------- 105
B.7 -M--G-HY- ------- 98
B.5 -R--P-QH- ------- 94
B.3 -R--P-LL- ------- 93
B.2 -C--S-VR- ------- 81
B.9 -R--E-AL- ------- 60
B.12 -C--R-VF- ------- 58
B.1 -R--H-LF- ------- 48
B.8 -R--R-QW- ------- 39

Library Cd RVKIKMEFI I*D/N***R
C.16 --------- -NNRMS- 111
C.24 --------- -DDQTR- 92
C.14 --------- -QDRHG- 85
C.5 --------- -RNRHD- 84
C.20 --------- -QNTQS- 71
C.1 --------- -LNRSH- 70
C.13 --------- -RDSNR- 60
C.7 --------- -NNKET- 55
C.9 --------- -ADRRL- 52
C.22 --------- -SNVTK- 49
C.25 --------- -VDRIK- 48
C.19 --------- -NNKSL- 36
C.8 --------- -ENKGL- 36
C.4 --------- -QNRYG- 33
C.18 --------- -SNSLR- 32
C.6 --------- -KNSSN- 26
C.10 --------- -DDATK- 25
C.12 --------- -DDRLT- 21
C.23 --------- -RNCHT- 21
C.3 --------- -IDVKR- 19
C.21 --------- -RDARK- 15
C.17 --------- -SDKKE- 12
C.11 --------- -PDPRV- 11
C.2 --------- -QDGRQ- 9

a Sequences of the variants are compared with the wild-type SRF sequence;
residues varied in each library are indicated by asterisks, and identities to the
wild-type SRF sequence are indicated by dashes.
b DNA binding activity was determined by gel mobility shift assay (results are

averages of two experiments).
c Sixty micrograms of plasmid DNA from library B generated 30,000 indepen-

dent yeast colonies, of which 4.6% scored positive in the lacZ colony color assay.
d Sixty micrograms of plasmid DNA from library C generated 24,000 indepen-

dent yeast colonies, of which 12.5% scored positive in the lacZ colony color assay.
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scription factors. Mutation of SRF MADS-box position 1 from
glycine to glutamate is sufficient to alter the binding specificity
of both intact and truncated SRF to that of MCM1; in MEF2,
MADS-box positions 1 and 11 to 15 together determine se-
quence specificity. Moreover, a glycine is invariably recovered
at MADS-box position 1 when SRF variants are selected in
vivo for the ability to bind the SRF-specific ACT.L SRE. The
striking effect of mutations at MADS-box position 1 is consis-
tent with this residue either affecting secondary structure in the
basic N-terminal part of the MADS box or making direct DNA
contacts. For example, if the N-terminal region of the MADS
box were helical in character (see below), the glutamate at
MCM1 MADS-box position 1 might stabilize an N-terminal
extension of such a helix via a salt bridge with the lysine at
MADS-box position 4; conversely, the increased main chain
flexibility associated with a glycine at this position could desta-
bilize a helix. A secondary function of the glycine present at
SRF MADS-box position 1 may be to allow sequences N ter-
minal to it to interact with either DNA or the MADS box itself,
as proposed above. These interactions would presumably be
precluded by the presence of glutamate at this position, since
neither the affinity nor the specificity of MCM1 binding is
affected by the presence of sequences N terminal to the MADS
box.
The presence of glutamate at MADS-box position 1 is es-

sential for MCM1-type binding specificity. We have observed
that aspartate at this position also generates MCM1-type spec-
ificity (unpublished observations), but it remains possible that
other residues at this position generate further specificities. It
would be interesting to evaluate this possibility by selection
of MCM1 variants in vivo. Two other MADS-box proteins,
ARG80 and deficiens, lack a glycine at position 1, containing
instead threonine and alanine, respectively. Little is known
about their binding specificity, although ARG80 may bind with
an MCM1-related specificity distinct from SRF (12).

Role of MADS-box positions 11 to 15. We found that
MADS-box residues 11 to 15 are required as a crucial speci-
ficity determinant in MADS-box proteins; in the case of
MEF2A, residues 11 to 13 appear sufficient for specificity.
However, these sequences are not necessarily sufficient to de-
termine sequence specificity, but rather they act in concert with
the N-terminal and MADS-box position 1 sequences. Using
MCM-MEF2 chimeras, we found that no single residue among
MADS-box residues 11 to 15 was sufficient to alter specificity:
substitution of at least residues 11 to 13 was required for
high-affinity specific binding. A previous report suggested that
MADS-box residue 13 alone might be sufficient to determine
specificity in the context of the SRF MADS box (22); however,
it is unlikely that the relatively insensitive direct binding assay
used in that study would detect weak binding to the c-fos SRE,
which in our hands was detectable only by the indirect binding
competition assay.
Selection of SRF variants in vivo demonstrated that a large

amount of sequence variation at MADS-box positions 11 to 15
is compatible with efficient binding to an SRF-specific site. We
favor the idea that MADS-box positions 11 to 15, like the SRF
N-terminal flanking residues, are involved in orienting a rec-
ognition surface with respect to DNA. According to this view,
both MCM1 and SRF MADS-box positions 11 to 15 would
allow flexibility in orientation such that MCM1-, SRF-, or
MEF2-specific consensus sequences could be recognized. In
MEF2A, however, MADS-box positions 11 to 15 would not
allow orientation of the recognition surface in the manner
required for binding to the SRF or MCM site. Consistent with
this, substitution of SRF or MCM1 MADS-box positions 11
to 15 by the corresponding MEF2A sequences prevents se-
quence-specific high-affinity DNA binding. Different members
of the MEF2 family differ at these positions (19, 31). However,
since the sequence of MADS-box positions 11 to 15 appears to
have a more restrictive role in DNA binding specificity in

FIG. 10. A summary of results is shown at the top. The protein sequences are shown at the left of each panel, and the binding sites with which they are compatible
are shown at the right. Results for the N-terminal flanking sequences and MADS-box position 1 are summarized together. The locations of the DNA binding specificity
determinants in the SRF, MCM1, and MEF2A DNA binding domains are indicated on the sequences below by black bars (MADS-box positions 1 and 11 to 15) or
by dots (N-terminal flanking sequences). Below are shown the sequences of the SRF, MCM1, and MEF2A DNA binding domains. The MADS box is surrounded by
a thick line. A thin line encloses the C-terminal flanking residues, conserved among subgroups of MADS-box proteins, which are necessary for high-affinity DNA
binding. Invariant MADS-box residues are darkly shaded, while conservatively substituted residues are lightly shaded. Uppercase letters indicate the residues conserved
between members of the SRF/MCM1/ARG80 and MEF2A/B/C/D family subgroups. Below the sequences, proposals for helical secondary structures in the specificity-
determining region are summarized (see references 17, 21, and 24 [top to bottom]). For a discussion, see the text.
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MEF2A than in SRF, it might be expected that fewer se-
quences are compatible with correct DNA binding by MEF2,
and it will be interesting to test this possibility.
What is the DNA recognition structure? A number of pro-

posals concerning potential secondary-structure elements
within the MADS box have been advanced (Fig. 10). Accord-
ing to the combined secondary-structure prediction algorithm
of Eliopoulos et al. (6), MADS-box residues 4 to 11, 27 to 35,
and possibly 37 to 45 generally have helical character (14, 17).
However, the yeast ARG80 protein contains a proline at
MADS-box residue 6, and our data show that the SRF N-
terminal region can tolerate the presence of helix-breaking
glycine or proline residues. In contrast, structural predictions
from the EMBL-PHD program (19) suggests that MADS-box
residues 3 to 10 are mostly b sheet. Whatever the structure
present between MADS-box residues 4 and 11, it is interesting
that it is flanked by the specificity determinants mapped here,
in agreement with the idea that these determinants may play a
role in its orientation. Two alternative structural proposals
arise from consideration of MADS-box sequence conservation.
The first, prompted by the (i, i 1 3/4) spacing of invariant
MADS box residues and ability of MADS family members to
bind CC(A/T)6GG-related consensus sequences, is that
MADS-box residues 12 to 26 form a helix (21). A second
model, prompted by comparison of MADS boxes with DNA
recognition motifs of known structure, is that MADS-box res-
idues 5 to 16 form a fixed probe helix in which positions 5, 8,
9, and 12 make base-specific contacts (24). This model is not
supported by our data concerning the identity of these posi-
tions in our SRF variants, nor does it suggest a role for MADS-
box residue 1 as a specificity determinant.
In conclusion, our work shows that the differential DNA

binding specificity of MADS-box transcription factors is gov-
erned by three determinants, which act to some extent combi-
natorially. Many residues which differ between MADS-box
family members do not appear to contribute substantially to
differential sequence specificity. We propose that the specific-
ity determinants are involved in the structure and orientation
of a DNA recognition surface located at the N terminus of the
MADS box. Our analysis does not address the nature of any
MADS box-DNA contacts that are conserved between family
members, a likely possibility given the generally A/T-rich char-
acter of different MADS-box factor consensus sequences, and
it remains possible other regions play a role in such contacts.
Indeed, the dependence of SRF DNA binding on the basic
residues at MADS-box positions 16, 23, and 24, which are
highly conserved through the MADS-box family, may reflect
such conserved contacts (21). It will be interesting to see how
our observations relate to the structure of individual MADS-
box protein–DNA complexes.
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