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Abstract

MEF2 and NKX2–5 transcription factors interact with each other in cardiogenesis and are necessary for
normal heart formation. Despite evidence suggesting that these two transcription factors function
synergistically and possibly through direct physical interactions, molecular mechanisms by which they
interact are not clear. Here we determined the crystal structures of ternary complexes of MEF2 and NKX2–5
bound to myocardin enhancer DNA in two crystal forms. These crystal structures are the first example of
human MADS-box/homeobox ternary complex structures involved in cardiogenesis. Our structures reveal two
possible modes of interactions between MEF2 and NKX2–5: MEF2 and NKX bind to adjacent DNA sites to
recognize DNA in cis; and MEF2 and NKX bind to different DNA strands to interact with each other in trans via
a conserved protein–protein interface observed in both crystal forms. Disease-related mutations are mapped
to the observed protein–protein interface. Our structural studies provide a starting point to understand and
further study the molecular mechanisms of the interactions between MEF2 and NKX2.5 and their roles in
cardiogenesis.

© 2020 Published by Elsevier Ltd.
Introduction

The MADS-box family transcription factor myocyte-
enhancer factor 2 (MEF2) and the homeobox family
transcription factor NKX2–5 play important roles in
cardiogenesis [1–4] and have also been implicated in
carcinogenesis [5–11]. Deletion of MEF2 or NKX2–5
causes embryonic death in mice with defects in heart
development [12–14]. Mutations or misexpressions of
MEF2 and NKX2–5 are frequently found in congenital
heart disease and leukemia/lymphoma patients
[10,15–24].
ed by Elsevier Ltd.
The functional synergy between MEF2 and NKX2–5
in cardiogenesis has long been postulated [25,26]
based on experimental observations that MEF2
and NKX2–5 expression coincides with each other
in cardiac muscle development, and the studies
that suggest MADS-box protein and homeobox
protein could interact with each other [27,28]. Co-
immunoprecipitation and mammalian two-hybrid as-
says detected physical interactions between MEF2
and NKX2–5 in cells [29]. Chip-Seq studies show
that MEF2 and NKX2–5 co-occupy active cardiac
enhancer regions with other transcription factors such
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as GATA-4, TBX5 and SRF to initiate cardiac
differentiation and maintain cardiac gene expression
[30–33]. Furthermore, MEF2 and NKX2–5 have been
shown as important factors in the reprogramming of
fibroblasts into cardiomyocytes [34–38]. To further
understand the molecular interactions between MEF2
and NKX2–5, we determined the co-crystal structures
of ternary complexes of MEF2 and NKX2–5 bound to
myocardin enhancer DNA in two crystal forms. Our
structures reveal new insights into the interaction
mechanisms between these two important transcrip-
tion factors that are involved in the heart development.
Results and Discussion

The overall structure of the MEF2/NKX2–5/DNA
complex

Before crystallography studies, we did electropho-
reticmobility shift assays (EMSA) to study the ability of
MEF2, NKX2–5 and DNA to form ternary complexes.
The DNA in our EMSA and crystallization studies is
designed based on the composite regulatory ele-
ments that regulatemyocardin expression.Myocardin
is a common transcriptional downstream target of
MEF2 and NKX2–5 [31,39–41]. We analyzed
Figure 1. MEF2 andNKX2–5 form ternary complexes onDNA
NA element (MyE). The MyE DNA sequence, 5′-CACTATTTTA
nding sites. Themolar ratios of DNA,MEF2, andNKX2–5 are 1: 1:
ction for details). (b) Overall crystal structure of the MEF2 Chimer
ymmetric units are colored in red, green and blue, respectively. (c
mplexes. Two sets of complexes in asymmetric units are colored
Chip-seq peaks of MEF2 and NKX2–5 from literature
in public Chip-seq databases [42], and found that
many MEF2 and NKX2–5 binding sites were in the
myocardin gene regulatory regions (Supplemental
Figure 1). We chose one composite regulatory
element that contains adjacent MEF2 and NKX2–5
sites from myocardin enhancer (MyE) in our EMSA
assays and crystallization studies. The EMSA results
indicate thatMEF2,NKX2–5andmyocardin enhancer
DNA form stable ternary complexes (Figure 1(a)). We
used MEF2 and NKX2–5 protein constructs that
contain the MEF2 MADS-box and MEF2-specific
domain (residues 1–95) and the NKX2–5 homeobox
domain (residues 137–197) (Supplemental Figure 2)
in the crystallization of MEF2/NXK2–5/DNA ternary
complexes. We determined the MEF2/NKX2–5/DNA
structures in two crystal forms, each from different
MEF2 constructs: MEF2 Chimera/NKX2–5/DNA ter-
nary complex at 2.1 Å resolution and MEF2B/NKX2–
5/DNA at 2.9 Å resolution (Table 1). MEF2Chimera is
a MEF2 construct with the MADS-box domain from
MEF2A and the MEF2-specific domain from MEF2B.
MEF2 Chimera has over 90% amino acids identity as
otherMEF2members (MEF2A-MEF2D) (Supplemen-
tal Figure 2a), and is biochemically characterized as
similar to wild-typeMEF2 in previous studies [43]. The
purpose of using MEF2 Chimera construct is to
increase the chance of successful crystallization and
. (a) EMSA ofMEF2, NKX2–5 binding tomyocardin enhancer
AGAAAGTGCTT-3′, contains adjacent MEF2 and NKX2–5
1 in lane 4 and 1: 1: 2 in lane 5 (see theMaterials andMethods
a/NKX2–5/DNA ternary complex. Three sets of complexes in
) Overall crystal structure of the MEF2B/NKX2–5/DNA ternary
in red and green, respectively.
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Table 1. Data collection and refinement statistics

MEF2BWT/NKX2–5/DNA MEF2ChimWT/NKX2–5/DNA

Resolution range 47.46–2.90 (3.00–2.90) 49.28–2.10 (2.18–2.10)
Space group P 21 21 21 P 21 21 21

Cell dimensions
a, b, c (Å) 66.04, 93.24, 136.5 69.37, 133.91, 40.04
α, β, γ (°) 90, 90, 90 90, 90, 90
Total reflections 74,630 (7279) 499,421 (47,928)
Unique reflections 18,336 (1904) 76,673 (7471)
Multiplicity 4.1 (3.8) 6.5 (6.4)
Completeness (%) 94.3 (99.6) 99.7 (98.9)
Mean I/sigma(I) 11.3 (3.0) 12.9 (3.0)
Wilson B-factor 60.64 35.73
R-merge 0.079 (0.580) 0.077 (0.608)
R-meas 0.089 (0.665) 0.084 (0.661)
R-pim 0.042 (0.319) 0.033 (0.257)
CC1/2 0.997 (0.815) 0.997 (0.854)
CCa 0.999 (0.948) 0.999 (0.960)
Reflections used in refinement 18,220 (1901) 76,582 (7468)
Reflections used for R-free 878 (93) 3802 (350)
R-work 0.206 (0.320) 0.188 (0.264)
R-free 0.254 (0.357) 0.225 (0.290)
CC (work) 0.954 (0.845) 0.965 (0.842)
CC (free) 0.932 (0.778) 0.968 (0.811)
Number of non-hydrogen atoms 5706 8973
Macromolecules 5703 8528
Solvent 3 445
Protein residues 469 704
RMS (bonds) 0.012 0.015
RMS (angles) 1.55 2.05
Average B-factor 70.4 47.85
Macromolecules 70.42 48.16
Solvent 23.72 42.01

a Values in parentheses are for the highest-resolution shell.
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better resolution. There are three sets of ternary
complexes in the asymmetric unit of the MEF2
Chimera/NKX2–5/DNA crystal structure and two
sets of ternary complexes in the asymmetric unit of
the MEF2B/NKX2–5/DNA crystal structure (Figure 1
(b) and (c)). The overall folds of MEF2 and NKX2–5
are identical within the multiple copies in the asym-
metric unit of the two crystal forms and also identical to
their respective counterparts in previously published
structures (Supplemental Figure 3a, b) [44,45]. The
structural features we present in this paper are
conserved between the two crystal structures. Be-
cause MEF2 Chimera/NKX2–5/DNA crystals have
better resolution, our structure analyses are based
mainly on this structure unless indicated otherwise.

Protein–DNA interactions

MEF2 and NKX2–5 interact with DNA from
opposite faces of the DNA double helix in the ternary
complex. Consistent with previous literature reports,
MEF2 interacts mainly with DNA minor groove
through helix H1 and the N-terminal extension, and
NKX2–5 interacts mainly with DNA major groove
through helix H3 of the homeodomain (Figure 2(a),
Supplemental Figure 4). MEF2 and NKX2–5 bind to
overlapping DNA regions at the junction of their
binding sites. The N-terminal extension from MEF2
and the N-terminal extension from NKX2–5 interact
with the same minor groove region (Figure 2(a)).
Moreover, K23 of MEF2 and R142 of NKX2–5
interact with the same AT base pair from the major
and minor groove, respectively (Figure 2(b)). Inter-
estingly, the NKX2–5 R142C mutation, which is
found in congenital heart defects patients, has
reduced DNA affinity and diminished synergistic
interaction with transcription partner MEF2, TBX5,
and GATA4 in mouse models and biochemical
assays [46–49]. There is a cation pi interaction
between MEF2 R15 and NKX2–5 Y191; both
residues are involved in DNA interaction: MEF2
R15 interacts with DNA phosphate backbone, and
NKX2–5 Y191 interacts with bases A5′ and C6′
(Figure 2(c)). MEF2 R15 and NKX2–5 Y191 resi-
dues are conserved in MEF2 family proteins and
NKX family proteins respectively [45,50], and resi-
dues Y191 are reported to be an important residue
involving specific interaction between NKX2–5 and
NK2 element [45]. There is no obvious DNA bending
in our MEF2/NKX2–5/DNA structures as compared to



Figure 2. Protein and DNA interaction features of MEF2/NKX2–5/DNA structure. (a) MEF2 chimera/NKX2–5/DNA
ternary complex structure. DNA interacting residues of interests (MEF2 R15 and K23, NKX2–5 R142 and Y191) are shown
as sticks. The sequence of the DNA in the crystal is shown below, with the MEF2 binding site colored in red and the NKX2–
5 binding site colored in blue. H1–H3: helix 1–3; S1-S3: beta strand 1–3. (b) MEF2 K23 and NKX2–5 R142 interact with the
same AT base pair from the major andminor groove, respectively. (c) Cation ion and pi interaction betweenMEF2 R15 and
NKX2–5 Y191. MEF2 R15 interacts with phosphate backbone of A-5′. NKX2–5 Y191 interacts with the bases of A-5′ and
C-6′.
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published ternary structures involving MADS-box
family members such as the yeast MCM1/Matα2/
DNA and the human SRF/SAP-1/DNA ternary struc-
tures (Supplemental Figure 5) [28,51,52]. There is no
protein–protein interaction involving secondary struc-
tural elements between MEF2 and NKX2–5 in our
crystal structures, which is in contrast to the yeast
MCM1/Matα2/DNA and the human SRF/SAP-1/DNA
ternary structures, in which there are direct protein–
protein interactions between strand S2 of the MADS-
box domain and another beta strand from co-factors
(Supplemental Figure 5) [28,51,52]. As the protein
constructs in our crystallization studies only contain
the MADS-box and MEF2-specific domain of MEF2
and homeobox domain of NKX2–5, we could not rule
out the possibility that other parts in the full length
MEF2 and NKX2–5 proteins may interact with each
other in this cis-mode.

Protein–protein interaction interface

In the crystal structures, we noticed a protein–
protein interaction interface (with buried surface area
around 359.6 Å2) between a MEF2 dimer bound to
one DNA duplex and a NKX2–5 molecule bound to
another DNA duplex in symmetry related complexes.
We refer to this as the trans interaction mode. This
protein–protein interaction interface is conserved in
both the MEF2 Chimera/NKX2–5/DNA crystal struc-
ture and the MEFB/NKX2–5/DNA crystal structure.
In this interface, the MEF2-specific domain strand S3
and helix H3 interact with helix H1, loop1 and helix
H2 from NKX2–5 homeobox domain (Figure 3(a)).
This interface shows remarkable chemical and
shape complementarity: charge–charge interactions
between MEF2 E74 and NKX2–5 R155, and MEF2
R79 and NKX2–5 E167; hydrogen bonding interac-
tions between the main chain of MEF2 H76, S78,
and the side chains of NKX2–5 R156, E167, and
Q170; and a cation–pi interaction between MEF2
R90 and NKX2–5 Y162 (Figure 3(b) and (c)).
Residues in this protein–protein interaction interface
are evolutionarily conserved (Figure 4(a)). Mutations
associated with heart disease such as NKX2–5
Q160P and L171P are mapped in this interface
(Figure 4(b) and (c)) [17,53–56], these disease
mutations are likely disrupting MEF2 and NKX2–5
interaction. These analyses suggest that the MEF2
and NKX2–5 interaction interfaces observed in our
structures are likely to be functionally important. This
interfacealsoharbors residues that havebeen reported
to be subject to post-translational modifications in the
literature; for example, MEF2 T80 and NKX2–5 and
NKX2–5 S164 could be modified by phosphorylation
[57–59]. Further studies are needed to test if these
disease mutations and post-translational modifications
impact the interaction between MEF2 and NKX2–5.
Our study indicates that the MEF2-specific domain

could be an important interaction interface for
cofactor interactions. This novel cofactor interaction
interface is distinct from the classical MEF2 cofactor
binding groove formed by the MEF2-specific domain

Image of Figure 2


Figure 3. The conserved MEF2 and NKX2–5 protein–protein interaction interface in two crystal forms. (a) Direct protein–
protein interaction interface between MEF2 and NKX2–5 from symmetry related complexes. (b) Detailed interactions of
residues involved in the protein–protein interaction interface. Dashed line indicates hydrogen bonds. (c) MEF2 and NKX2–5
protein–protein interaction interface represented in surface mode. H3: MEF2 helix 3. H2: NKX2–5 helix 2.
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helix H2 and strand S1–S3 [44,60,61]. Our struc-
tures could explain previous observations in the
literature that MEF2C VLL65-67ASR mutants that
were unable to bind histone deacetylase (HDAC4)
could interact with the bHLH family member myo-
genin [62]. According to our model, the VLL65-
67ASR mutations disrupt classical MEF2 co-factor
interaction groove, which is responsible for class IIa
HDAC interaction but not for myogenin interaction;
myogenin interacts with MEF2 through MEF2-
specific domain, as mutations (E77V/S78N/R79Q/
T80A or N73I/E74A/H76L) in MEF2-specific domain
disrupts MEF2 and myogenin interaction and syner-
gistic activation of target genes [63].
However, we were unable to detect MEF2 and

NKX2–5 interaction in vitro using two DNA oligomers
with one containing a MEF2 binding site and the
other containing a NKX2–5 binding site, and the
MEF2 and NKX2–5 protein fragments used in our
crystallography study (data not shown). One possi-
bility is that the stable interaction by this interface
requires full-length MEF2 or NKX2–5 proteins
wherein other parts of MEF2 and NKX2–5 may
contribute to the overall interaction stability. Another
possibility is that the interaction inferred by this
interface is a weak and transient interaction in
solution but would be further stabilized by other
proteins in cellular contexts. Our preliminary data
show that the interaction of DNA with either or both
MEF2C and NKX2–5 is important for their mutual
interactions, as nuclease treatment disrupts the
interaction between MEF2C and NKX2–5 in pull-
down assays (Supplemental Figure 6).
In conclusion, our studies suggest that MEF2 and

NKX2–5 could interact with each other through at least
two different modes: by binding adjacent and overlap-
ping DNA regions in cis on the same DNA strands and
interactions in trans across different DNA strands
through a conserved protein–protein interaction inter-
face. The latter could also have implications for long-
range chromatin interactions (e.g., enhancer–promoter
interaction) mediated by transcription machinery
containing MEF2 and NKX2–5 proteins. This model
of long range chromatin interactions is consistent with
the observations that NKX2–5 and MEF2 are found in
super-enhancers [64,65]. Further functional and
genome structural studies are needed to test the
biological roles of this interface in cell and animal
models, and the crystal structures presented in this
study provide a foundation for these studies.
Materials and Methods

Protein purification

MEF2 Chimera (residues 1–95) and MEF2B
(residues 1–93), which contain MADS-box domain
(residues 1–57) and MEF2-specific domain (residues

Image of Figure 3


Figure 4. MEF2 and NKX2–5 protein–protein interaction interface is evolutionary conserved. (a) Sequence alignment
of MEF2 and NKX2–5 interface across species. Identical amino acids are colored in red. Amino acids with strong similar
properties are colored in blue. (b) NKX2–5 disease related mutations in the interface region in literature. ASD, atrial septal
defect; AVB: atrioventricular block; VSD, ventricular septal defect; TD: thyroid dysgenesis. fs: frameshift mutation. (c)
Disease-relevant residues of NKX2–5 are shown as sticks in the MEF2 and NKX2–5 interaction interface. Residues from
MEF2 that are involving interactions with these NKX2–5 residues are shown as sticks and labeled in green. Although
NKX2–5 L171 is not involved in direct contact with MEF2, the L171P mutation may impact NKX2–5 and MEF2 interaction
as proline is considered to be an alpha helix breaker.
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58–95)were purified as previously described [43]. The
final storage buffer for MEF2B WT, MEF2 Chimera
was as follows: 10 mM Hepes (pH 7.5), 200 mM
NaCl, 0.5 mM EDTA, and 0.5 mM TCEP.
NKX2–5 homeobox domain (residues 138–197)

with C193S was cloned into pET28 vector for
crystallization [45]. The protein was expressed as
sumo fusion protein with both 6× His-tag and sumo
tag at its N terminus in Escherichia coli BL21(DE3)
pLysS cells. Protein expression was induced in 1 L
2XYT medium with 0.5 mM IPTG at 22 °C overnight
(16 to 20 h). Protein was initially purified by QIAGEN
Ni-NTA agarose. The His-tag and sumo-tag were
cleaved by Ulp-1 enzyme, and the protein was
further purified by heparin Fastflow column (GE
Healthcare) with buffer A containing 20 mM Hepes
(pH 7.0), 0.5 mM EDTA, and 0.5 mM TCEP and
buffer B containing all the components in buffer A
and 1.5 M NaCl. Protein peak fractions were pooled
together and subject to final Superdex 75 (GE
Healthcare) size exclusion column purification with
buffer as follows: 10 mM Hepes (pH 7.5), 200 mM
NaCl, and 0.5 mM TCEP.

DNA purification

The DNA used in crystallization for MEF2 Chimera/
NKX2–5/DNA ternary complex is 5′ CACTATTTTAA
GAAAGTGCTT 3′ and its complementary strand 5′
AAGCACTTTCTTAAAATAGTG 3′. The DNA used in
crystallization for MEF2B/NKX2–5/DNA is 5′
CCACTATTTTAAGAAAGTGCTT 3′ and its comple-
mentary strand 5′ AAGCACTTTCTTAAAATAGTGG
3′. DNA was purchased from Integrated DNA Tech-
nologies (Coralville, IA) at 1-μmol scale in the crude
and desalted form. The crude DNA was dissolved
in a 10 mM NaOH and purified by a Mono Q
cation-exchange column (GE Healthcare) on FPLC
(GE Healthcare) as previously described [66]. Com-
plementaryDNAstrandswere annealed at 95 °C in the
annealing buffer (100 mM NaCl, 5 mM Hepes
(pH 7.6)) in PCR machine (Eppendorf Mastercycler
Personal 5332 Thermal Cycler) for 2 min and cool to
room temperature on bench for 1 h.

EMSA

EMSA was performed in 20 mM Hepes (pH 7.6),
250 mM NaCl, 1 mM DTT, 12% glycerol in a 10 μl
volume. The final concentration of DNA was kept at
10 μM. The final concentration of MEF2 Chim WT
(residues 1–95) and MEF2B (residues 1–93) was
kept at 10 μM. The final NKX2–5 (residues 138–197)
concentration was kept at 10 μM (DNA: MEF2:
NKX2–5 molar ratio 1:1:1) or 20 μM (DNA: MEF2:
NKX2–5 molar ratio 1:1:2). The binding reactions

Image of Figure 4
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were analyzed on a 4%–20% (w/v) acrylamide
gradient native gel in TBE and stained with Sybr
Safe DNA Dye (Thermo Fisher Scientific).

Crystallization and structure determination

MEF2, NKX2–5, and DNA were mixed at a molar
ratio of 1:1:1.2, and the final protein concentration in
the mixture was around 10 to 15 mg/ml. Sitting drop
crystal trays were set up by a crystallization robot
(Crystal Gryphon from Art Robbins Instruments) at
18 °C, in which 0.4 μl protein complex and 0.4 μl
mother liquor were mixed. MEF2 Chimera/NKX2–5/
DNA crystals appeared within 3 weeks with rod
shape in crystallization buffer (0.15 M DL-Malic acid
(pH 7.0), 20% polyethylene glycol (PEG) 3350).
Crystals were harvested, cryoprotected in the
crystallization buffer with increased PEG concentra-
tion to 35%, and flash frozen in liquid nitrogen.
MEF2B/NKX2–5/DNA crystals appeared within 3
weeks with needle or plate shape in crystallization
buffer (100 mM Hepes (pH 7.0), 18% PEG 2000).
Crystals were harvested and cryoprotected in the
crystallization buffer with 30% PEG 400 as cryopro-
tectant. Data were collected at Advanced Photon
Source (APS Chicago) beamline 23 ID-B. Crystal
diffraction data were processed with iMosflm and
initial space group assignment by pointless in CCP4
suite [67–69]. The MEF2 Chimera/NKX2–5/DNA and
MEF2B/NKX2–5/DNA ternary complex structures
were determined by molecular replacement with
Phaser in CCP4 suite using MEF2/DNA complex
(PDB: 1N6J) and NKX2–5/DNA complex (PDB:
3RKQ) as partial search models [44,45,70]. Model
building was done in Coot, and refinement was
done in Refmac5, Phenix refine, and PDB_REDO
[71–75]. Composite omit maps were generated by
“Composite omit map” tool in Phenix suite [76–78].
Crystallographic and refinement statistics table
(Table 1) was generated by utility tools in Phenix
suite [72].
Protein sequence alignment was performed with

the Clustal Omega [79] and visualized with ESPript
3.0 [80], and protein and DNA interaction plots are
generated with the DNAproDB tool [81].

Chip-seq data analysis

MEF2C and NKX2–5 Chip-seq data were re-
trieved from ChIP-Atlas database [42] and visualized
in IGV browser [82].

Co-immunoprecipitation and immunoblotting

HEK293T cells were transfected with the indicated
expression plasmids for 48 h. Whole-cell lysates
were prepared with NP40 buffer (50 mM Tris–HCl
(pH 7.4), 150 mM NaCl, 1% NP-40, 5 mM EDTA)
supplemented with 20 mM β-glycerophosphate and
1 mM sodium orthovanadate. Whole-cell lysates
were sonicated, centrifuged, and pre-cleared with
protein A/G agarose for 1 h. Pre-cleared samples
were then incubated with the indicated antibody-
conjugated agarose overnight at 4 °C. The agarose
beads were washed extensively, and samples were
eluted by boiling at 95 °C for 10 min. Precipitated
proteins were analyzed by SDS gel electrophoresis
and immunoblotting.
Immunoblotting was performed using the indicated

primary antibodies (1:1000 dilution) and IRDye800-
conjugated secondary antibodies (1:10,000 dilution,
LI-COR). Proteins were visualized by Odyssey
infrared imaging system (LI-COR).
Data availability

Coordinates and structure factors have been
deposited in the PDB with accession numbers
6WC2 (MEF2 Chimera/NKX2–5/DNA complex) and
6WC5 (MEF2B/NKX2–5/DNA complex).
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