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Abstract

Myocyte enhancer factor 2 (MEF2) regulates specific gene expression in diverse developmental
programs and adaptive responses. MEF2 recognizes DNA and interacts with transcription cofactors
through a highly conserved N-terminal domain referred to as the MADS-box/MEF2 domain. Here
we present the crystal structure of the MADS-box/MEF2 domain of MEF2A bound to DNA. In
contrast to previous structural studies showing that the MEF2 domain of MEF2A is partially
unstructured, the present study reveals that the MEF2 domain participates with the MADS-box in
both dimerization and DNA binding as a single domain. The sequence divergence at and immediately
following the C-terminal end of the MEF2 domain may allow different MEF2 dimers to recognize
different DNA sequences in the flanking regions. The current structure also suggests that the ligand-
binding pocket previously observed in the Cabin1-MEF2B-DNA complex and the HDAC9 (histone
deacetylase 9)-MEF2B-DNA complex is not induced by cofactor binding but rather preformed by
intrinsic folding. However, the structure of the ligand-binding pocket does undergo subtle but
significant conformational changes upon cofactor binding. On the basis of these observations, we
generated a homology model of MEF2 bound to a myocardin family protein, MASTR, that acts as
a potent coactivator of MEF2-dependent gene expression. The model shows excellent shape and
chemical complementarity at the binding interface and is consistent with existing mutagenesis data.
The apo structure presented here can also serve as a target for virtual screening and soaking studies
of small molecules that can modulate the function of MEF2 as research tools and therapeutic leads.
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Introduction

The myocyte enhancer factor 2 (MEF2) family of proteins was originally identified as a
regulator of muscle gene expression in vertebrates;? its function has now been expanded to
diverse cellular processes in eukaryotic cells.? In yeast Saccharomyces cerevisiae, the MEF2
homolog RIm1 regulated specific gene expression in response to mitogen-activated protein
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kinase activation. In Drosophila, genetic analyses have demonstrated the central role of MEF2
in myogenesis.*=8 In vertebrates, where four different genes of MEF2 are encoded in the
genome (mef2a, b, ¢, and d), MEF2 has been shown to play critical roles in controlling the
differentiation, proliferation, and survival/apoptosis of a wide range of cell types including
muscle, T cells, and neurons.2:%~13 In adult tissues, MEF2 also serves as a key regulator of
stress responses and adaptive programs in response to environmental signals, including fiber-
type switch of skeletal muscle, cardiac hypertrophy, and activity-dependent remodeling of
neuronal synapses.14-19

MEF2 is emerging as a potential therapeutic target for a number of human diseases. MEF2 and
its associated transcription cofactors such as class lla histone deacetylases (HDACs) and p300
have been shown to modulate transcription programs involved in muscle metabolism and
cardiac growth,16:20-22 syggesting that MEF2 modulators could be used to treat muscle
diseases and cardiac hypertrophy. MEF2 regulates cytokine expression and apoptosis in T cells.
912 Recent studies show that HDAC9 knockout leads to enhanced function of regulatory T
cells.23 Since HDAC9 and MEF2 often function as a complex in vivo, these observations raise
the possibility that the function of MEF2 might be modulated for treating autoimmune diseases
and transplant rejection. A series of studies have established a key role of MEF2 in neuronal
survival and synapses.13:17:18:24,25 These findings suggest that MEF2 could be targeted for
treating neurodegenerative diseases such as Alzheimer disease, Huntington disease, and other
psychiatric disorders such as autism, schizophrenia, and drug addiction. Finally, there is
increasing evidence linking MEF2 to cancer development, pointing to a potential role of MEF2
as an oncogene.25:27 MEF2 is highly expressed in certain leukemias and is apparently required
for the self-renewal of the leukemia stem cell.2 Moreover, MEF2 activity is elevated through
chromosome translocation and gene fusion in some leukemia cell lines.29:30 These results
suggest that inhibition of the function of MEF2 in the contexts of tumor cells could be a
potential approach to cancer therapy. To develop small molecules that bind MEF2 and
modulate its transcription function specifically, it is important to analyze systematically the
structure and function of MEF2 and its various complexes in detail.

The MEF2 family of proteins (MEF2A-D) of vertebrates share a highly conserved N-terminal
region (residues 1-93) followed by a more divergent C-terminal region. The N-terminal region
contains the DNA-binding domain, the MADS-box (residues 1-58), which is named after
MCM1, Agamous, Deficiens, and SRF.3! The sequence immediately following the MADS-
box (residues 59-93) is unique to the MEF2 family and is thus called the MEF2-specific domain
(MEF2 domain). MEF2 recognizes a core consensus DNA sequence of YTA(A/T)ATAR (Y,
pyrimidine; R, purine).32-34 MEF2 expressed in different tissues appear to have distinct
preferences for sequences flanking the core region, but how such selectivity is achieved is not
clear.32 The activity of MEF2 is modulated by posttranslational modifications such as
phosphorylation, sumoylation, and acetylation, as well as interactions with a variety of other
proteins. These proteins include signaling molecules such as Erk5,3° transcription factors such
as MyoD,38 NFAT,4 and Smad3,37 transcriptional corepressors such as Cabin1,%:10
HDAC338:39 and class lla HDACs,*0~42 and transcriptional coactivators such as p300 and
myocardin.22:43-47 Most of these MEF2-interacting proteins have been shown to bind to the
MADS-box/MEF2 region.

Given the important roles of the MADS-box/MEF2 domain in DNA-binding and protein-
protein interactions, substantial effort has been put into characterizing the structure and
function of this domain. The structure of the MADS-box/MEF2 domain of MEF2A bound to
DNA has been characterized by X-ray crystallography and NMR.*8:4° These studies revealed
that the MADS-box of MEF2A is similar to that of SRF and MCM1 but also with some key
differences. In the crystal structure,*8 the C-terminal half of the MEF2 domain (residues 79—
86) was truncated off. This region was included in the NMR study but was shown to be
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disordered.*® The crystal structures of two ternary MEF2 transcription factor complexes, the
Cabinl-MEF2B-DNA complex and the HDAC9-MEF2-DNA complex, have also been
characterized.%9:51 These studies reveal a general corepressor recruiting mechanism by MEF2
wherein an amphipathic helix from Cabin1 and class IlaHDACs bind to a concave hydrophobic
groove on the MADS-box/MEF2 domain.

Based on the systematic structural and biochemical studies of MEF2 complexes,®9:°1 it is
possible to analyze if an MEF2-interacting protein uses a similar binding mechanism described
above. This can be achieved by first identifying if the protein of interest has a short amphipathic
helix that matches with consensus MEF2-binding motif and then docking the helix into the
hydrophobic groove of MEF2. Such analysis will help to interpret existing data and guide
functional studies of a variety of MEF2 complexes. However, since the C-terminal half of the
MEF2 domain is not observed in the previous crystal structure and is disordered in the NMR
study,*8:49 it is not clear if the structure of the hydrophobic groove observed in the Cabin1-
MEF2B-DNA complex and the HDAC9-MEF2B-DNA complex is induced by the corepressor
binding. In the present study, we have solved the crystal structure of the MADS-box/MEF2
domain of human MEF2A bound to DNA in the absence of any cofactor. Our study shows that
the entire MADS-box/MEF2 domain of MEF2A is stably folded. The structure of the intact
MEF2 domain (residues 59-93) is stabilized by extensive interactions with the MADS-box
and DNA. The hydrophobic groove is preformed in the “apo” structure of the MEF2A-DNA
complex and is therefore poised to bind transcription factor partners. Using this structure, we
analyzed a number of proteins that have been shown to interact with MEF2 physically using
the docking approach described. We show that a short amphipathic helix in Myocardin and
MASTR, which have been shown to activate MEF2-depdent gene expression and binds to the
MADS-box/MEF2 domain,*6:47 fits perfectly into the hydrophobic groove on MEF2. The
structure of the MEF2-DNA complex presented here will facilitate similar computer-based
analyses of other MEF2 interacting proteins. This structure can also be used for virtual screen
and soaking studies of small molecules that can bind MEF2 and modulate its transcription
function inside cells.

Crystal structure of MEF2A (2-95) bound to DNA

We have crystallized the MADS-box/MEF2 domain of human MEF2A (residues 2-95, the
first Met is cleaved off) bound to a double-stranded DNA containing a consensus MEF2-
binding site (CTATTTATAA) (Fig. 1). The crystals belong to space group P212;2 (a =77.80
A b=77.96 A c=106.79 A) and diffract to 2.87 A. The structure was solved by molecular
replacement using the MEF2A (2-78)- DNA complex as a partial search model.*8 The final
model was refined to an R-factor of 22.06% (Rree, 27.86%) with excellent geometry (Table
1). The asymmetric unit of the crystals contains two independent MEF2A (2-91; residues 92—
95 show no density) complexes bound to DNA that stack head-to-head with each other (Fig.
1a). Interestingly, helix H2 of each complex seems to mimic the amphipathic helix in Cabinl
and HDACS to bind the reciprocal complex, but the crystal packing interaction observed here
is much more limited than that seen in the Cabin1-MEF2 ad HDAC9- MEF2 complex.
Compared with the helix of Cabinl and HDACS, helix H2 is further away from its MEF2
binding partner and shows only sparse contacts (data not shown).5%:51 We also checked the
oligomerization state of MEF2 at various concentrations using multiangle light scattering and
found that MEF2 (2-95) exists invariably as a dimer, suggesting that the packing interaction
mediated by helix H2 is unstable in solution. Although we cannot completely rule out crystal
packing effects on the apo structure of MEF2 observed here, the fact that helix H2 interacts
with MEF2 very differently from the corresponding helix of Cabinl and HDAC9 suggests that
the crystal packing interactions had little effect on the structure of the ligand-binding site. The
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structure of each MEF2 monomer consists of an extended N-terminal tail, three helices (H1,
H2, and H3) and three beta strands (B1, 32, and B3). A pair of MEF2 monomers forms an
intertwined dimer (Fig. 1b and c). Although the N-terminal tail, helix H1, and strands 1 and
2 have been traditionally described as the MADS-box, our crystal structure reveals that the
MADS-box and the MEF2 domain of MEF2A form an intimately folded structure instead of
two separated domains (Fig. 1d). The MEF2 dimer has a six-strand beta sheet that is sandwiched
by a pair of helices above and below (Fig. 1b and c). The three-layer sandwich structure is
clamped from both sides by helix H3 from the MEF2 domain. While the central beta sheet
serves as the core for protein folding, the surrounding helices appear to function as the structure
elements for DNA binding and protein-protein interactions. The N-terminal tail and helix H1
form the major DNA binding surface; the C-terminal end of helix H3 is also poised to interact
with DNA. The two helices (H2) above the beta sheet form the binding site for Cabinl and
HDAC9 and possibly other proteins. As discussed before, helix H3 and strand 3 may also
serve as the binding sites of some MEF2-interacting proteins such as MyoD.5! The structure
represents the first high-resolution structure of the intact MADS-box/MEF2 domain of MEF2
bound to DNA in the absence of a cofactor. This structure will serve as a key reference for
analyzing higher-order MEF2 complexes and for computational docking of potential MEF2-
binding proteins and virtual screen of small MEF2 modulators.

Comparison with previous structures

Superposition of the structure of MEF2A (2-91) with that of the MEF2A (2-78) reveals that
the MADS-box (residues 2-58) and the first half of the MEF2 domain are very similar between
the two complexes (r.m.s.d. of 0.50 A between 142 C* atoms) (Fig. 2a). This portion of the
MEF2A structure is therefore not affected by the presence or absence of the C-terminal half
of the MEF2 domain (strand B3 and helix H3). On the other hand, the MEF2 domain (helix
H2, strand B3, and helix H3) is unlikely to form the observed structure in the absence of the
MADS-box because these structural elements form an extended structure on the surface of the
MADS-box. In the MEF2A (2-91)-DNA complex, the electron density for the entire MEF2
domain is well defined, even though the initial search model only contained the MADS-box
(Fig. 2b). In deletion studies to identify the binding region of a given MEF2-interacting protein,
loss of binding as a result of disruption of the MADS-box does not necessarily suggest that the
MADS-box is the direct binding site. This is because the protein surface of the MADS-box is
covered almost entirely by DNA and the MEF2 domain.52 A more likely interpretation is that
the MEF2 domain, which depends on the MADS-box for stable folding, is the actual binding
site of the MEF2 partners.52

The present study suggests that the entire MADS-box/MEF2 domain, including the C-terminal
half of the MEF2 domain, can form a stable folded structure upon DNA binding. This finding
is in contrast to previous NMR analysis, which showed a disordered region in the C-terminal
half of the MEF2 domain (strand $3 and helix H3).4° The four MEF2 molecules in the
asymmetric unit assume nearly identical structures despite being in different crystal
environments, suggesting that the observed structure of MEF2A (2-91) is not induced by
crystal packing. We have previously observed an entirely folded structure of the MADS-box/
MEF2 domain of MEF2B in the Cabin1l-MEF2B-DNA complex and the HDAC9-MEF2B-
DNA complex.59:51 Superposition of the present structure with the corresponding region of
MEF2B in the two corepressor complexes reveals that the MADS-box/MEF2 structures are
highly similar in the three complexes (r.m.s.d. of 0.984 A between 180 C* atoms when
compared with the Cabinl complex and r.m.s.d. of 0.884 A between 178 C* atoms when
compared with the HDAC9 complex) (Fig. 2c¢). Thus, the stable structure of the MADS-box/
MEF2 domain can form in the absence of corepressors and the overall structure of the MADS-
box/MEF2 is largely preserved upon cofactor binding, although some differences in the ligand-
binding pocket are notable (discussed further below).
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Interactions that stabilize the structure of the MEF2 domain

The stable structure of the entire MEF2 domain is likely a result of intrinsic folding interactions
conserved in the MEF2 family of proteins. Strand 33 of one MEF2A monomer forms parallel
beta-stranded interactions with 2 of its dimer partner. The binding involves extensive main-
chain and side-chain contacts (Fig. 3a). For example, Glu77 of monomer A forms a salt bridge
with Lys25 of monomer B; the side chain of Glu77 of monomer A also packs against Phe55
of monomer B. Ser78 of monomer A forms a hydrogen bound with GIn56 of monomer B,
whereas Thr80 and Asn81 of monomer A pack against the main chain and side chain of Ser59
of monomer B. In addition to the beta sheet interaction, helix H3 of one MEF2A monomer
packs perpendicularly on helix H1 of its dimer partner (Fig. 3b). Here, a patch of hydrophobic
residues on helix H3 of monomer A, including I1e84, VVal85, Leu88, interact with a hydrophobic
surface on monomer B that is composed of Met29, Phe26, the aliphatic side chain of Lys30,
and Tyr33. Most of the residues involved in the interactions are also conserved in the MEF2
family, suggesting that the folded structure of the intact MADS-box/MEF2 domain is a
conserved structural feature of homo-and heterodimers of the MEF2 family of proteins.

DNA binding by the intact MADS-box/MEF2 domain

The present structure provides new insights into the DNA-binding mechanisms of MEF2. In
previous structures of the MEF2A (2-78)-DNA complex, Cabin1-MEF2B-DNA complex, and
the HDAC9- MEF2-DNA complex,*8:50:51 the density of DNA is scrambled in certain regions
because the asymmetric DNA adopts two equal orientations in the crystal lattice. While the
structures could be refined using alternative conformations for DNA, the poor electron density
of DNA made it difficult to interpret the detailed protein-DNA interactions. In the present
crystal, the orientation of DNA in one of the two complexes in the asymmetric unit is
fortuitously fixed due to asymmetric crystal packing environment. The electron density of this
DNA is well defined (Fig. 4a), allowing detailed analyses of the DNA binding by the intact
MADS-box/MEF2 domain of MEF2A.

The DNA is in a straight B-form conformation. MEF2A (2-95) binds DNA largely through
the N-terminal tail and helix H1 of the MADS-box, which forms a clamp that grips the DNA
by the minor groove (Fig. 4b). A number of residues from the N-terminus, Gly2, Arg3, Lys4,
Lys5, and lle6, insert deeply into the minor groove to interact with DNA bases and backbone
sugars and phosphates. A network of positively charged residues from helix H1, including
Arg24, Lys30, and Lys31 from both monomers, form extensive electrostatic interactions with
the phosphate backbones bordering the minor groove at the center of the MEF2-binding site.
Many of these positively charged residues are linked together by bridging interactions. For
example, Glu34 of monomer A interacts with Lys30, Lys31 of monomer A, and Arg24 of
monomer B. Such bridging interactions may contribute to DNA binding by restricting the
flexibility of positively charged residues that contact DNA directly. A predominant feature of
DNA binding by MEF2 is the recognition of the narrowed minor groove, which is consistent
with the fact that MEF2-binding sites are rich in A and T in the middle region.8:24:53 The only
base-specific recognition in the major grove is mediated by Lys23, which specifies the two
base pairs at both ends of the MEF2-binding site [YTA(A/T)4TAR, in bold].

Overall, protein-DNA interactions observed in the MEF2A (2-95)-DNA complex are similar
to those seen in the MEF2A (2-78)-DNA complex,*8 suggesting that the DNA-binding
interactions by the MADS-box are conserved in complexes formed by protein fragments of
different lengths. However, longer fragments of MEF2 may engage in additional DNA-binding
interactions through regions outside the MADS-box. In the present structure of the intact
MADS-box/MEF2 domain, helix H3 of the MEF2 domain is projected toward DNA. Its C-
terminus, which is rich in positively charged residues, is poised to interact with DNA (Fig. 4c).
Based on the trajectory of helix H3, it is possible that sequences immediately following the
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MEF2 domain may also interact with DNA flanking the core MEF2 site. Interestingly, MEF2
from different tissues have been shown to bind the same core MEF2 site but display distinct
preferences for particular sequences in the flanking regions.32 It is possible that different MEF2
homo- or heterodimers expressed in different tissues is at least partly responsible for such
binding-site selectivity. Consistent with this hypothesis, the sequences at and immediately
following the C-terminal end of the MEF2 domain are highly divergent in the MEF2 family
(Fig. 4d). However, using electrophoretic mobility shift assay, we found that MEF2A (2-78)
and MEF2A (2-95) bound short DNA fragments (14mer and 20mer) with similar affinities
(Y.W. etal., data not shown), although we previous showed that these two fragments of MEF2
bounbinding by helix H3 may need to be examined on longer DNA substrates or in the context
of chromatin. Further studies will be needed to address these questions.

Cofactor-binding site

Our previous studies of the Cabin1-MEF2B-DNA complex and the HDAC9-MEF2B-DNA
complex identified a hydrophobic groove on the MADS-box/MEF2 domain that serves as a
cofactor-binding site. This hydrophobic groove is bordered by the central beta sheet (the floor)
and helix H2 from each monomer (the two rims). The present structure indicates that this
cofactor-binding site is preformed in the apo state of the MEF2A-DNA complex (Fig. 2).
Detailed analyses reveal that the cofactor-binding site undergoes notable structural changes
upon ligand binding (Fig. 2c). Superposition of the present structure with that of the Cabinl-
MEF2-DNA complex and the HDAC9-MEF2B-DNA complex reveals that helix H2, which
is the major structural element interacting with cofactors, displays significant shift along the
axis of the alpha helix, whereas the underlying central beta sheet is nearly identical in the three
structures. While the positions of helix H2 in the Cabinl and HDAC9 complexes are very
similar, its position in the apo structure shows a large offset. In other words, upon the binding
of cofactor Cabinl and HDACS, helices H2 from the two monomers shift toward each other
along the helical axis. Such shift of helix alignment apparently allows for optimal binding of
the cofactor. We have previously shown that the loop connecting helix H2 and strand B3 can
undergo conformational changes to accommodate the binding of different corepressors
(Cabin1 and HDACY).50 As shown in Fig. 2c, this region of the apo structure also shows a
conformation different from that seen in the Cabinl and HDAC9 complexes. Thus, helix H2
and the flexible linker between H2 and 3 can undergo structural changes to mediate
corepressor binding through induced fit.

In addition to the conformational changes of protein backbone, residues in the hydrophobic
groove also display different side-chain orientations in the apo structure when compared with
the repressor-bound complexes. The most significant difference can be seen on His76. In the
apo structure, His76 of both monomers is tucked inside the hydrophobic groove and packs
against a number of residues that line the interior of the cofactor binding site (Tyr72 of the
same monomer, Leu54 and GIn56 of the dimer partner) (Fig. 5a). In the Cabin1-MEF2B-DNA
complex, His76 of both monomers swings outside (Fig. 5b). Although Pro75 seems to take its
position in the groove, the backbone trajectory of this region is very different in the two
structures. In the HDAC9-MEF2B-DNA complex, His76 of one monomer adopts the tucked-
in conformation as in the apo structure, while the other adopts the outward conformation seen
in the Cabinl complex (Fig. 5¢). A similar histidine-associated structural change is also
observed in glucocorticoid receptors binding to different DNA sequences. Such a histidine
switch is proposed to play a role in transmitting the allosteric effect of DNA binding to
transcriptional activity of glucocorticoid receptors.>* Here, His76 seems to play a key role in
the binding of different cofactors by MEF2. Asp63 at the N-terminus of helix H2 also displays
different side-chain orientations in the apo structure and in the two-corepressor complex (Fig.
5d), suggesting that this residue also plays an important role in the induced-fit binding of the
cofactors. The detailed analyses of the ligand-binding pocket described above are important
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for structure-based virtual screen of small molecules that bind MEF2 and modulate its function.
In work to be published elsewhere, we have indeed identified such small molecules and verified
that these compounds can bind MEF2 competitively with HDAC4 in vitro and modulate
MEF2's function in vivo (N.J. et al., unpublished results).

A model of the recruitment of myocardin and MASTR by MEF2

Myocardin and myocardin-related transcription factors (MRTFs) are potent activators of
muscle-specific genes in cardiac and smooth muscle cells.*6+47 These proteins generally do
not bind DNA directly but associate with other sequence-specific transcription factors to
regulate specific gene expression. One such sequence-specific transcription factor is the serum
response factor (SRF) that binds myocardin through its MADS-box. Several members of the
MRTF family, such as the longer splicing variant of myocardin (myocardin-935) enriched in
cardiac muscle and the newly identified MASTR, have been shown to activate MEF2-
dependent gene expression.# This subset of myocardin family members shares a short peptide
motif that is necessary and sufficient to bind the MADS-box/MEF2 domain. Although the
MADS-box of MEF2 is highly homologous to that of SRF, its binding mechanism to myocardin
seems to be distinct from that of SRF.46 As discussed above, proteins that interact with MEF2
through the MADS-box/MEF2 region most likely bind the MEF2 domain directly, since the
MADS-box is largely buried, whereas the structure elements of the MEF2 domain (helix H2,
strand B3, and helix H3) are exposed. The sequences of the MEF2-binding peptide in
myocardin-935 and MASTR match very well with the consensus MEF2-binding motif defined
by the crystal structures of the Cabin1-MEF2B-DNA complex and the HDAC9-MEF2B-
DNA complex (Fig. 6a).20 Secondary-structure prediction also suggests that the MEF2-binding
region of myocardin-935 and MASTR has a high propensity to form an amphipathic alpha
helix. These observations suggest that myocardin-935 and MASTR may bind MEF2 through
mechanisms similar to that of Cabinl and HDAC9 complexes. To address this question, we
used two different methods to model the interactions between myocardin-935/MASTR and
MEF2. The first method is homology modeling using the program MODDLER.%° The
sequence of the MEF2-binding motif of myocardin-935 or MASTR is threaded on that of
Cabinl and HDACS in their respective complexes (Fig. 6a). The generated models have well-
matched binding interfaces; only minor adjustments of local side-chain orientations are needed
to remove a few clashes. The second method is protein docking using the program ZDOCK.
56 Here we first generate the helix structure of the MEF2-binding motif of myocardin-935 and
MASTR and then perform flexible docking to the cofactor-binding site on MEF2. In the flexible
docking approach, we take into consideration localized structural changes induced by Cabinl
and HDAC9 (see above). Models generated by different methods are similar in overall structure
as well as residue-to-residue contacts, although some differences are observed. In the
following, we will describe the details of the homology model of the MASTR-MEF2-DNA
complex (Fig. 6b). The homology model of myocardin-935 bound to MEF2 on DNA is very
similar and will be discussed briefly in comparison with that of the MASTR-MEF2-DNA
complex.

The ampbhipathic helix of MASTR binds the hydrophobic groove on the MADS-box/MEF2
domain in a diagonal manner (Fig. 6b). A number of hydrophobic residues, which define the
consensus features of the MEF2-binding motif (Fig. 6a), bind discrete hydrophobic pockets
on MEF2. For example, lle13 of MASTR inserts into a pocket surrounded by Leu66, Leu67,
and the side chain of Asp63, whereas Leu21 of MASTR binds a similar pocket on the other
side of the symmetric MEF2 dimer. At the center of the binding interface is a hydrophobic
pocket formed by Leu66, Tyr69, and Thr70 from the two MEF2 monomers. In the Cabinl and
HDAC9 complexes, a leucine residue highly conserved in class Ila HDACs and Cabinl inserts
into this hydrophobic pocket. Mutation of this leucine to alanine in Cabinl, HDCA4 and
HDAC9 completely abolished the binding of MEF2, demonstrating its critical role in MEF2-
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dependent recruitment.50:51 Here in the MASTR complex, a highly conserved phenylalanine
(Phel7) occupies the equivalent position. In addition to the hydrophobic contacts, a number
of hydrogen-bond and electrostatic interactions also form at the MASTR-MEF2 binding
interface. Most notably, Arg14 forms a hydrogen bond with the main-chain carbonyl of Tyr72;
its guanidinium group stacks on the aromatic ring of Tyr69 to form a charged pi-stacking
interaction. The long aliphatic side chain of Arg14 also packs against Thr70. Similarly, the
aliphatic side chains of Lys16 and Arg18 make a number of van der Waals contacts to Leu67
and Thr70 on both sides of the amphipathic helix. Arg18 also forms a salt bridge with Glu71
(Fig. 6c).

Mutations of a number of residues in myocardin-935 have been shown to disrupt the binding
and activation of MEF2.46 These mutations include a triple mutant wherein Arg13, and Arg14
and Lys15, were substituted with GIn (RRK (13-15)/QQQ), a double mutant wherein Phel6
and Arg17 were replaced with Asp (FR (16-17)/DD), and another double mutant wherein
Leu22 and Leu24 were replaced with Ser (LRL (22-24)/SRS). Residues Arg13, Lys15, Phel6,
and Argl7 are identical between myocardin-935 and MASTR (note that residue numbering
between myocardin-935 and MASTR differs by one). As shown by the homology model (Fig.
6¢), these residues are located at the center of the binding interface and engage in extensive
interactions with the cofactor-binding pocket of MEF2.

Discussion

The diverse roles of MEF2 in development and adaptive responses have now been well
recognized, but the mechanisms by which MEF2 regulate distinct transcriptional programs in
different cellular contexts remain enigmatic. A plausible model is the combinatorial
mechanism wherein MEF2 interacts with different transcription factors and cofactors to
regulate specific gene expression. Indeed, a variety of protein factors binds MEF2 and
modulates its transcriptional activity in a tissue-specific manner. Interestingly, most of these
proteins bind MEF2 at the highly conserved MADS-box/MEF2 domain located at the N-
terminus. Thus, the MADS-box/MEF2 domain of MEF2 serves not only as the major DNA
recognition motif but also as the binding site of a variety of transcription factors and cofactors.
Despite its functional importance, the structure of the MADS-box/MEF2 domain has not been
fully resolved by previous studies.#8:49 In the present study, we have solved the crystal structure
of the intact MADS-box/MEF2 domain of MFE2A (2-95) bound to DNA. The crystal structure
reveals new insights into DNA recognition and cofactor recruitment by MEF2.

The C-terminal half of the MEF2 domain was found to be disordered in the NMR analysis of
the MEF2A (2-86)-DNA complex.*? Yet we observed a fully folded MADS-box/MEF2
domain in the Cabin1-MEF2B-DNA complex and the HDAC9-MEF2B-DNA complex.50:
51t is possible that the folded structure of the MEF2 domain observed in the Cabin1 and
HDAC9 complexes was induced by the corepressor binding and/or due to the sequence
difference between MEF2A and MEF2B. Our present study ruled out these two possibilities
by showing that the MEF2 domain in the MEF2A (2-95)-DNA complex can form a stably
folded structure through interactions with the MADS-box. The interactions that stabilize the
folded structure of the MEF2 domain are conserved in the MEF2 family, suggesting that the
structure of the MADS-box/MEF2 domain observed here in the MEF2A (2-95)-DNA complex
and in previous Cabinl and HDAC9 complexes is an intrinsic property of MEF2 and is likely
conserved in homo- and heterodimers formed by various MEF2 family members.

Why is the MEF2 domain folded here but partially disordered in the previous study? Different
experimental techniques (crystallography versus NMR) could contribute to the difference.

However, as discussed above, crystal packing is unlikely the cause of the difference, since the
four copies of MEF2 in the asymmetric unit adopt the same structure despite being in different
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packing environments. A more likely possibility is the slightly different protein constructs used
in the two studies. In the present study, we used a longer MEF2 fragment MEF2A (2-95) than
that used inthe NMR study, MEF2A (2—-86). The extra seven residues (87-93) at the C-terminus
of the MEF2 domain show well-defined electron density as an alpha helix in the MEF2A (2—
95)-DNA complex (Fig. 2b). These residues could stabilize the structure of the MEF2 domain
through a number of different mechanisms that are not mutually exclusive. First, these residues
could stabilize helix H3 by extending the helix with two additional turns. Second, as described
above (Fig. 3b), the C-terminal end of helix H3 engages in extensive interactions with helix
H1 of the MADS-box. These interactions could in turn stabilize helix H3. Finally, the C-
terminal end of helix H3, which is rich in positively charged residues, is positioned to interact
with the negatively charged DNA backbone (Fig. 4c). These interactions could also enhance
the stability of helix H3. The stable folding of helix H3 can lead to the ordering of strand 3
through cooperative folding of the entire MEF2 domain. The observation that helix H3 interacts
with DNA also has important implications for DNA recognition by MEF2. Based on the
structure, we speculate that helix H3 and its immediately C-terminal sequences could interact
with DNA flanking the core MEF2 site. These binding interactions may allow MEF2 homo-
or heterodimers expressed in different tissues to bind MEF2 sites with different flanking
sequences in vivo (Fig. 4d).32

Our studies demonstrated that the ligand-binding pocket previously observed in the Cabinl-
MEF2B-DNA complex and the HDAC9-MEF2B-DNA complex is not induced by the
particular corepressors, but rather an intrinsic structural property of MEF2. The fact that the
MEF2-DNA complex has a preformed ligand-binding pocket allows us to analyze the binding
of other cofactors to MEF2 using homology modeling and protein docking. Since the MADS-
box is covered by DNA and the MEF2 domain in the MEF2-DNA complex, many MEF2-
interacting proteins that are known to bind the MADS-box/MEF2 domain most likely interact
with the MEF2 domain directly. Some of these proteins may bind the hydrophobic groove on
MEF2 through a mechanism similar to that of Cabin1 and HDAC?9. Based on this hypothesis,
we have analyzed the interactions between MEF2 and several members of the myocardin
family that are potent coactivators of MEF2-dependent gene expression. These myocardin
family members, including the cardiac-specific splicing isoform myocardin-935 and MASTR,
are known to bind MEF2 at the MADS-box/MEF2 domain through a short amphipathic helix.
Our modeling analyses suggest that these myocardin proteins may indeed bind MEF2 at the
hydrophobic groove in a manner similar to that of Cabinl and HDACS9. The generated models
are supported by several observations. First, the MEF2-binding motif of myocardin-935 and
MASTR share a high level of similarity with the consensus motif we previously derived from
the crystal structure of the Cabinl-MEF2B-DNA complex and the HDAC9-MEF2B-DNA
complex. Second, the binding interfaces in the generated models have excellent shape and
chemical complementarity. Finally, the modeled structure is consistent with existing
mutagenesis data. The homology models could guide further mutagenesis studies of the
myocardin—-MEF2 complex and the MASTR-MEF2 complex in vitro and in vivo. Our studies
also establish a general computation approach for studying the interaction between MEF2 and
other transcription factors and cofactors.

Deregulation of MEF2 activity, either through mutations of the MEF2 gene or by aberrant
cellular signals affecting the activity of cofactors,16:21:22:57 has been implicated in a number
of human diseases such as coronary artery disease and cardiac hypertrophy. An attractive idea
to develop MEF2-based therapeutics is to find small molecules that can specifically block the
recruitment of MEF2 cofactors that are aberrantly overexpressed under pathological
conditions. The apo structure of the MEF2A-DNA complex presented here will facilitate the
virtual screening of such small molecules as research tools and as leads for drug development.
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Materials and Methods

Protein expression and purification

Human MEF2A (residues 1-95) was cloned in pET30b. The MEF2A protein was expressed
in Escherichia coli Rosetta BL21(DE3) pLysS and purified in a Sepharose column (GE) and
a Superdex 200 column (GE) as described previously.?%:°1 The final concentration of MEF2A
is 32 mg/ml in storage buffer [10 mM, Hepes (pH 7.6), 250 mM NaCl, 1 mM
ethylenediaminetetraacetic acid (EDTA) and 1 mM DTT].

DNA preparation

DNA (5-AAC TAT TTA TAA GA-3') and its complimentary one (5-TTC TTA TAA ATA
GT-3") were purchased from Integrated DNA Technologies (Coralville, 1A) at 1-pmol scale in
the crude but desalted form. The crude DNA was dissolved in a buffer (100 mM NaCl, 10 mM
NaOH, pH 12.0) and purified by a Mono Q cation-exchange column on FPLC (Amersham
Biosciences, Piscataway, NJ). The peak fractions were pooled and neutralized to pH 7.0 by
Hepes prior to overnight dialysis against water. The desalted DNA sample was lyophilized to
powder, resuspended in water, and quantified at 260 nm. Complementary DNA strands were
annealed at 95 °C in the annealing buffer (100 mM NaCl, 5 mM Hepes, pH 7.6) ata
concentration of 1.36 mM.

Crystallization, data collection, and structure determination

The MEF2A-DNA complex was prepared by mixing protein and DNA at 2:1 molar ratio in
storage buffer at a final concentration of 10 mg/ml. Crystals were grown by the hanging-drop
method at 18 °C using a reservoir buffer of 50 mM acetic acid buffer (pH 4.7), 142 mM NacCl,
5 mM MgCl,, 10 mM CaCl,, 3.3% glycerol, and 22.5% polyethylene glycol (PEG) 3000. The
cubic crystals grew to 200 pm in 1 week. Crystals were stabilized in harvest/cryoprotectant
buffer [20 mM Mg(OAc),, 50 mM acetic acid buffer (pH 4.7), 30% PEG 3000, and 25% (w/
v) glycerol] and flash-frozen with liquid nitrogen for cryocrystallography. The data were
collected at a home X-ray source (Micromax) and Raxis 1\VV++ detector. The crystal diffracted
to only 2.8 A. The data were processed with DENZO and SCALEPACK.%8 The structure of
MEF2-DNA complex was solved by molecular replacement method using MOLREP (version
9.4.09) from the CCP4 program suite (version 6.0).52 The crystal structure of MEF2A-DNA
complex [Protein Data Bank (PDB) code 1IEGW] was taken as a partial search model in this
molecular replacement.*8 The C-terminal half of the MEF2 domain was built in O and the
structure was refined with CNS.6%:61 Noncrystallographic symmetry (NCS) restraints were
applied to two copies of MEF2 homodimer throughout the refinement. A DNA molecule in
one MEF2 dimer was modeled as two equally probable alternate conformations and therefore
has very high B-factors.

Modeling and docking of the myocardin—-MASTR complexes bound to MEF2

For homology modeling, we used the crystal structure of HDAC9 bound to MEF2 on DNA
(PDB code 1TQE) as a template to build the homology models using the program
MODELLER.50:55 The sequence alignment is shown in Fig. 6a. The myocardin-MEF2-DNA
and MASTR-MEF2-DNA complexes were built by superposing the homology models of
myocardin and MASTR on HDAC9 in HDAC9-MEF2-DNA complex (PDB code 1TQE).
Adjustments of a few side chains at the interface were required to remove the clashes. We also
performed a protein—protein docking between myocardin—-MASTR and MEF2 dimer (1TQE).
Protein—protein docking overall gives an interaction interface similar to that generated by
homology modeling (data not shown).
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(c) ' (d)

MADS-box

Fig. 1.

Overall structure and packing of MEF2 dimer bound to DNA. (a) Asymmetric unit containing
two independent MEF2-DNA complexes stacking head-to-head is shown in cartoon diagram.
Two monomers in one complex are colored in green and red, respectively, while in the other
complex they are colored in cyan and violet, respectively. DNA is colored in blue throughout
the illustration. (b) MEF2-DNA complex forming an intertwined dimer is shown in cartoon
diagram along the DNA axis. One monomer is colored in red and the other in green. All three
a helices for both the monomers are labeled in corresponding colors. (c) Top view of the same
complex shown in (b). Here, all three 8 sheets along with the three a helices of both the
monomers are labeled in corresponding colors. DNA is omitted in this view for clarity. (d)
Surface representation with the same orientation as shown in (c). Here, MADS-box and MEF2
domain are colored in orange and red in one monomer, respectively. Corresponding colors in
the other monomer are blue and green, respectively. This representation shows that the MADS-
box and MEF2 domain of the two monomers form an intimately folded domain.
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Fig. 2.

Comparison with the previous crystal structures. (2) C* superposition of the present crystal
structure of MEF2A (2-91, red) on that of MEF2A (2—-78, cyan) showing the identical core
structure of the MADS-box (residues 2-58) and helix H2 and the additional structure of strand
S3and H3 observed here. (b) Side view of the C-terminal region of the MEF2 domain (residues
79-91, stick model) and its corresponding electron density (sigma-A weighted 2F, — F density
at 1 e/13). The rest of the MEF2 structure is displayed in cartoon diagram. The DNA is not
shown. (c) Superposition of the C* backbone of MEF2 in the present crystal structure (red)
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with that in the HDAC9-MEF2B-DNA complex (green) and Cabinl-MEF2B-DNA complex
(blue). This view is in the same orientation as Fig. 1c.
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Fig. 3.

Interactions that stabilize the structure of the MEF2 domain. (2) Interactions between [ sheet
S3 of one monomer (red) and B sheet S2 and helix H1 of the other (green). Similar interactions
(not shown) are also observed at the other end of the hydrophobic groove. (b) Hydrophobic
interactions between helix H3 of one monomer (red) and helix H1 of the other (green). Similar
interactions (not shown) are also observed between helix H1 and helix H3 on the other side of
the MEF2 dimer.
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DNA binding by the intact MADS-box/MEF2 domain. (a) DNA in stick model shown in sigma-
A weighted 2F, — F. map at a contour level of 2.5 e/A3. (b) Interactions of the N-terminal tail
and helix H1 of the MADS-box with the minor groove of the DNA. (c) Interactions between
the C-terminal end of the MEF2 domain of one monomer (red) with DNA. (d) Sequence
alignment of MEF2A-D showing the conserved basic residues at the C-terminal of helix H3
and the divergent sequences immediately following the C-terminal end of the MEF2 domain.
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Fig. 5.

Cofactor binding site. (a) Cofactor binding site of the present structure in apo MEF2A (2-91)
displaying the key residues involved in binding with the cofactor. Two monomers in the
intertwined dimer are colored in green and orange. The orientation of the cartoon representation
is same as in Fig. 1c. (b) and (c) are similar representations for the Cabinl-MEF2B-DNA
complex and the HDAC9-MEF2B-DNA complex, respectively. Different side-chain
orientations of His76 are marked by arrows in corresponding colors of the monomers in the
three representations (a), (b) and (c). (d) Superposition of the C* of the three MEF2 structures
(apo in red, HDAC9-MEF2B complex in green, and Cabinl-MEF2B complex in blue)
showing different side-chain orientations for Asp63. A pair of arrows also indicates the shift
of helix H2 in the apo structure with respect to the HDAC9 and Cabinl complexes.
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(a) CABIN1 2164 ISEETKQKLKSAILSAQSAA 2183
HDACY 139 ASTEVKQKLQEFLLSKSATK 158
MYOCARDIN 8 HSLLIRRKFRSVLQLRLQQR 27
MASTR 9 RSQIIRSKFRSVLQLRIHRR 28
MEF2 Consensus XXVKXZLZXXVXXX

T F I
I L

(b)

C—F =
= MEF

S3 s2 s1

Fig. 6.

Binding of MASTR to MEF2. (a) Sequence alignment of different MEF2-binding motifs from
HDACY9, Cabinl, myocardin, and MASTR along with the consensus MEF2-binding motif.
Shown in red are conserved hydrophobic residues that bind nonpolar pockets on MEF2
(degenerated residues are also listed below the consensus sequence). (b) The homology model
of MASTR (red) bound to MEF2 (orange and green). The MEF2-binding motif of MASTR
adopts a helical structure to bind the hydrophobic groove of MEF2 diagonally. (c) Detailed
interactions at the modeled MASTR-MEF2 interface. Residues from MASTR are colored red
and residues from MEF2 in green. The C* backbones of MEF2 (green) and MASTR (blue) are
also shown as spatial references. The key hydrophobic residues from HDACS that bind to
MEF2 (Val143, Leu 147, and Leul51, colored in blue) are also shown for comparison. These
residues and their corresponding residues in MASTR (1le13, Phel7, and Leu21, respectively)
occupy the same nonpolar pockets on the surface of MEF2.
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Table 1

Statistics of crystallographic analysis

Data set
Resolution (A)
Rgym 2
Completeness (%)b
(1)
Redundancy
Refinement
Resolution (A)
R-factor (%)C:d
Riree (%)C:0
rm.s.d.'s

Bond lengths (A)

Bond angles (°)
Average B-factor (A?)

50-2.87 (last bin 2.97-2.87 A)
0.052 (0.585)
99.6 (99.5)

43.7(4.5)
7.0(6.9)

44.06-2.90 (last bin 3.12-2.90 A)
0.2207 (0.3017)

0.2786 (0.3735)

0.008
1.227
85.46
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aRsymzzll—(l)llzl where | is the observed intensity and (1) is the statistically weighted average intensity of multiple observations of symmetry-

related reflections.

bThe number in parentheses is for the outer shell (last bin).

C . .
Rwork=2l|Fol-|Fcll/Z| Fol, where Fg and F¢ are the observed and calculated structure factor amplitudes, respectively.

deree is calculated for 5% of the data that were withheld from refinement.
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