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ABSTRACT

Myocyte enhancer factor-2B (MEF2B) has the unique
capability of binding to its DNA target sites with a
degenerate motif, while still functioning as a gene-
specific transcriptional regulator. Identifying its DNA
targets is crucial given regulatory roles exerted
by members of the MEF2 family and MEF2B’s in-
volvement in B-cell lymphoma. Analyzing structural
data and SELEX-seq experimental results, we de-
duced the DNA sequence and shape determinants
of MEF2B target sites on a high-throughput basis in
vitro for wild-type and mutant proteins. Quantitative
modeling of MEF2B binding affinities and computa-
tional simulations exposed the DNA readout mecha-
nisms of MEF2B. The resulting binding signature of
MEF2B revealed distinct intricacies of DNA recogni-
tion compared to other transcription factors. MEF2B
uses base readout at its half-sites combined with
shape readout at the center of its degenerate motif,
where A-tract polarity dictates nuances of binding.
The predominant role of shape readout at the cen-
ter of the core motif, with most contacts formed in
the minor groove, differs from previously observed
protein–DNA readout modes. MEF2B, therefore, rep-
resents a unique protein for studies of the role of DNA
shape in achieving binding specificity. MEF2B–DNA
recognition mechanisms are likely representative for
other members of the MEF2 family.

INTRODUCTION

Interactions between proteins and their DNA target sites
are essential components in the regulation of gene expres-
sion (1). Investigating protein–DNA binding recognition
mechanisms is an important step in understanding how pro-
teins select their in vivo target sites (2). This intricate recog-
nition process could be affected by nucleotide variations
that influence protein coding or DNA regulatory regions
(3). One way that variations within regulatory regions af-
fect gene regulation is by altering how transcription factors
(TFs) recognize their DNA target sites (4). Structural mech-
anisms of binding specificity for protein–DNA interactions
have been extensively studied (5–10), with base and shape
readout mechanisms comprising the two primary categories
of recognition modes (11). Yet, the lack of a universal code
to explain how proteins select their binding sites (1) high-
lights the need for further studies aimed at disentangling
steps in the protein–DNA recognition process and decod-
ing their interplay.

Members of the myocyte enhancer factor-2 (MEF2)
family of TFs display a remarkable DNA binding func-
tion: while acting as gene-specific transcriptional regulators
(12,13), they are capable of binding degenerate sequences
(14,15). The four human MEF2 family members (MEF2A,
B, C and D) play important roles in different biological pro-
cesses (16–18). Mutations in these proteins have been asso-
ciated with distinct pathologies, including cardiac disease
(19), neuronal disorders (20), and cancer (21,22). Establish-
ing a thorough and detailed understanding of the intricate
DNA binding properties of the MEF2 family is one of the
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first critical steps towards unraveling how MEF2 proteins
exert their functions in vivo.

One of the main DNA recognition elements of MEF2
is the MADS (MCM1, Agamous, Deficiens and SRF)-box
domain (12). Together with the MEF2 domain, the MADS-
box domain forms the DNA binding domain (DBD) and
mediates DNA binding, dimerization and cofactor recruit-
ment (12,23,24). Members of the MADS-box family of pro-
teins recognize CArG (C-A/T-rich-G)-box sequence ele-
ments that comprise variable consensus motifs (25). MEF2
TFs recognize their DNA consensus motif 5′-YTAW4TAR-
3′ (Y = C or T; W = A or T; R = A or G) (14,15,26) as
homo- or heterodimers (24,27).

The DNA binding mode of the MADS-box family of
TFs is fundamentally different from that observed for other
homo- or heterodimeric proteins. For example, basic helix-
loop-helix (bHLH) TFs bind as dimers through extensive
base contacts in the major groove of the E-box core motif
(28). Glucocorticoid receptors (GRs) bind to adjacent half-
sites separated by a spacer, using a base and shape readout
mechanism that is similar to the DNA readout mechanism
employed by Hox proteins (29,30). In contrast, MEF2 ho-
modimers bind through a few base-specific major groove
contacts to only the peripheral YTA and TAR half-sites of
the 10-base pair (bp) core motif, using basic amino acids to
form extensive contacts in the minor groove of the central
W4 region of the core motif (24,27,31). The ability of MEF2
TFs to bind degenerate sequences in the W4 region suggests
that their DNA recognition mechanisms go beyond recog-
nizing the nucleotide identity of each individual position
within the binding site. This mechanism may account for
the DNA binding specificities that are observed in a wide
range of plant MADS-box proteins that recognize CArG
boxes, such as SEPALLATA3 (32). In this context, the low
percentage of CArG boxes that are bound in vivo cannot be
explained by the number of CArG boxes that are observed
in the genome (25,33).

One question raised by our current knowledge of MEF2
binding is how a relatively small number of base-specific
contacts in the major groove, coupled with a degenerate
sequence in the central AT-rich region, can dictate DNA
recognition. It is particularly unclear how variations of A
and T nucleotides within the central degenerate 4-bp AT-
rich region of the core motif interfere with protein–DNA
binding and contribute to binding specificity. To answer
these questions in the context of MEF2 binding, we com-
prehensively investigated the DNA binding mechanisms of
MEF2B. Recent evidence suggests that MEF2B takes on
regulatory roles across numerous tissues (34), and is in-
volved in the development of B-cell lymphoma (21,22,35).
Additionally, MEF2B exhibits a more distinct protein se-
quence compared to other MEF2 family members (12).

To investigate the mechanisms governing MEF2B–DNA
binding specificity, we interrogated DNA binding pref-
erences of MEF2B using a high-throughput binding as-
say. Initial analysis of co-crystal structures suggested that
MEF2B TFs employ both base and shape readout modes,
which prompted us to perform a high-throughput study
of the binding sites of MEF2B using systematic evolution
of ligands by exponential enrichment combined with mas-
sively parallel sequencing (SELEX-seq) (36,37). We quan-

titatively modeled MEF2B binding by analyzing thousands
of sequences and further investigated the unique signatures
of binding sites that revealed base and shape readout prefer-
ences. Interestingly, our analysis indicates that A-tract po-
larity is a source of binding specificity. Some of these sig-
natures are likely to be TF family-specific, and therefore
shared with MEF2A, C and D, and MADS proteins more
broadly.

MATERIALS AND METHODS

Structural and computational analysis of DNA derived from
co-crystal structures of protein–DNA complexes

To obtain DNA structural features from crystal structures
of MEF2–DNA complexes (24,27,31), DNA was analyzed
with the Curves 5.3 algorithm (38). Minor groove width
at each nucleotide position was calculated according to
a previously reported protocol (39). Electrostatic poten-
tial at the center of the DNA minor groove was calcu-
lated with DelPhi (40), which solves the nonlinear Poisson-
Boltzmann equation at physiological ionic strength of 0.145
M. The AMBER force field was used to assign partial
charges and atomic radii (41), as previously described (39).
Protein–DNA interactions were analyzed and visualized
with DNAproDB (https://dnaprodb.usc.edu/) (42,43).

Protein expression and purification

The DBD of wild-type human MEF2B (residues 1–93) con-
taining a C-terminal His-tag (LVPRGSKLAAALEHH-
HHHH) was cloned into pET30-b(+). Protein was ex-
pressed in Escherichia coli Rosetta™(DE3) pLysS (Milli-
poreSigma, Burlington, MA, USA) as follows. Briefly, cul-
ture was grown at 37◦C in 2× YT media in the presence
of kanamycin (50 �g/ml) and chloramphenicol (34 �g/ml)
to an OD600 of ∼0.6. Protein expression was induced with
0.5 mM isopropyl �-D-1-thiogalactopyranoside at 23◦C
overnight. Cell pellets were stored at −20◦C. For protein
purification, cells were lysed by sonication in lysis buffer
(250 mM NaCl, 50 mM HEPES at pH 7.6, 1 mM EDTA, 1
mM DTT and 5% glycerol) containing protease inhibitors,
followed by ultracentrifugation to separate soluble and in-
soluble fractions. Purification by chromatography was per-
formed by using SP Sepharose (GE Healthcare, Chicago,
IL, USA) and Ni-NTA (Qiagen, Germantown, MD, USA),
according to the manufacturer’s instructions. Amicon fil-
ter units (3K device; MilliporeSigma) were used for buffer
exchange and protein concentration. Purified MEF2B was
stored in buffer containing 250 mM NaCl, 10 mM HEPES
(pH 7.6), 1 mM EDTA, 1 mM DTT and 5% glycerol. Pro-
tein concentration was estimated by NanoDrop™.

Oligonucleotides

All oligonucleotides were purchased from Integrated DNA
Technologies (IDT, Coralville, IA, USA). A complete list of
oligonucleotides is available in Supplementary Table S1.

SELEX-seq protocol for MEF2B

The DNA library used for SELEX-seq (36,37) was de-
signed to contain a 16-bp random region and allowed for

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/48/15/8529/5879706 by guest on 06 N

ovem
ber 2020

https://dnaprodb.usc.edu/


Nucleic Acids Research, 2020, Vol. 48, No. 15 8531

multiple indexes to be used in the same sequencing run
(for sequences, refer to Supplementary Table S1). The ini-
tial oligonucleotide library containing a 16-bp random re-
gion was commercially obtained from IDT using the hand-
mix option as described elsewhere (36). An SR1 primer
and a 60-bp oligonucleotide (Selex-Lib), which contains re-
gions compatible with Illumina sequencing, were annealed
to allow for dsDNA library generation (SELEX-library)
through a Klenow reaction, using DNA Polymerase I,
Large (Klenow) fragment (New England Biolabs [NEB],
Ipswich, MA, USA), according to an established protocol
(36). The library was gel-purified by using the minElute
kit (Qiagen). A similar procedure was carried out by us-
ing a 5′ 6-FAM (fluorescein) SR1 (SR1-FAM) to generate a
5′ 6-FAM-labeled library and positive or negative control
probes (Supplementary Table S1) for the electrophoretic
mobility shift assay (EMSA). Additional unlabeled EMSA
probes were generated by annealing oligonucleotides (Sup-
plementary Table S1). A schematic representation of
the SELEX-seq protocol is shown in Supplementary
Figure S1.

Binding reactions were carried out in 150 mM NaCl,
10 mM HEPES (pH 7.6), 0.5 mM EDTA, 0.5 mM DTT,
0.05 mg/ml BSA and 5% glycerol in a 30-�l binding reac-
tion with 200 nM of SELEX-library DNA and 20 nM of
MEF2B DBD dimer. EMSA was performed on an 8% poly-
acrylamide gel. To isolate bound fragments, a reaction was
run in parallel using the 5′ 6-FAM library in a PharosFX™
imager (Bio-Rad, Hercules, CA, USA). Bound fractions
were gel-purified and isolated.

Isolated DNA was subjected to a 15-cycle polymerase
chain reaction (PCR), according to a published protocol
(36,37), using primers SF1 and SR1 (Supplementary Ta-
ble S1), followed by PCR-purification with the minElute
PCR purification kit (Qiagen) and quantification by Nan-
oDrop™. Product obtained in round 1 (R1) of selection was
used as the template for round 2 (R2) of selection (in a bind-
ing reaction following the same steps described above) or
as the PCR template for preparing the final sequencing li-
brary. For the latter, Phusion polymerase (NEB) was used in
a four-cycle PCR as described elsewhere (36,37), with RP1
and a variable ‘RPI#’ indexing primer (Supplementary Ta-
ble S1). Sequencing was performed on a NextSeq 500 plat-
form (Illumina, San Diego, CA, USA) at the USC Norris
Molecular Genomics Core.

SELEX-seq data processing and analysis of DNA features

Sequencing data were pre-processed to trim the 3′ ends of
reads containing the adapters and indexing regions. Data
were analyzed with the SELEX R-package version 1.8.0
(36) available at Bioconductor (https://bioconductor.org/
packages/SELEX). A fifth-order Markov model was gener-
ated based on round zero (R0) data. Relative binding affini-
ties for oligomers of length k = 10 (10-mers) with counts
>100 were estimated based on the SELEX-seq method (36).
Refined dataset tables containing relative affinities for re-
spective 10-mers after R2 were used to perform DNA se-
quence and shape analysis, as described below. Whenever
the MEF2B motif was required for binding site alignment
and filtering, the known consensus DNA sequence motif for

the MEF2 family YTAW4TAR was used, unless otherwise
stated.

We considered two main classes of DNA features: DNA
sequence and shape. We refer to DNA shape as a set of four
sequence-dependent local DNA structural features per bp
(minor groove width and propeller twist) or bp step (he-
lix twist and roll) (44). All data analysis was performed
with R version 3.4. For the initial analysis of base and
shape readout signatures, 10-mers with relative affinity >0.7
were selected and aligned based on the consensus motif
YTAW4TAR. We excluded 10-mers containing shifted mo-
tifs (additional nucleotides at the 5′ or 3′ flanks). A position
weight matrix (PWM) was generated by using the MEME
Suite platform (45) assuming palindromic sites. Averages
of DNA shape features were calculated based on DNA
shape predictions obtained with the DNAshape method
(46), as described below. DNA sequence and shape signa-
tures were comprehensively analyzed for sequences based
on alignment with the consensus motif, allowing for a vari-
able number of mismatches within the core binding site
(for details, refer to Results). DNA sequence analysis was
performed to characterize k-mer signatures of the binding
sites. For enrichment analysis, the highest affinity 10-mer
CTAAAAATAG was used. Point mutations at every po-
sition within the binding site were considered to generate
a position-specific affinity matrix (47). Binding free ener-
gies for each nucleotide at each position were computed as
��G/RT (47) and used as the energy logo representation.
Code used for data analysis is available in the GitHub repos-
itory https://github.com/acdantas/mef2-selexseq.

ChIP-seq analysis

ChIP-seq raw sequencing reads from publicly available data
(48) targeting MEF2B were used for additional analysis.
Two replicates and their inputs were aligned to hg38 us-
ing the BWA-MEM algorithm implemented in bwa version
0.7.17 (49). Homer (50) version 4.9.1 was used to call differ-
entially bound peaks, and bedtools (51) version 2.27.1 was
used to extract regions from the two replicates that over-
lapped by at least 1 bp. For overlapping regions, the start
point was considered as the minimum starting point be-
tween two replicates, and the end point was considered as
the maximum. Resulting sequences were scanned for DNA
sequences of interest. Scripts used to automate the process
are available on the GitHub repository https://github.com/
bhcooper/ChIP-seq analysis.

High-throughput DNA shape prediction

DNA shape features were predicted with the R-package
DNAshapeR version 1.4.0 available at Bioconductor (https:
//bioconductor.org/packages/DNAshapeR) (52), which is
based on the DNAshape method (46). This approach allows
for prediction of sequence-dependent DNA shape features
based on a sliding pentamer window (53). For heat map rep-
resentations of DNA shape features, filtered sequences were
ordered based on relative binding affinity, and predicted
shape feature values were binned. The resulting heat map
represented the mean average of shape features of each bin
(rows) for each position (columns) of the 10-mer. Signifi-
cance levels of differences in shape features for high- and
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low-affinity binding sites were given by the P value, calcu-
lated with a one-sided Mann–Whitney U test.

The Monte Carlo (MC)-based DNA shape predictions
are a high-throughput approach (46,52). Alternative ap-
proaches with lower throughput and lesser statistical cov-
erage of the sequence space include molecular dynamics
(MD) simulations of unbound DNA fragments (54) and ex-
perimentally solved 3D structures of oligonucleotides using
X-ray crystallography and NMR spectroscopy as curated
in the Nucleic Acid Database (55). A previous study using
these DNA features derived from MD simulations and ex-
perimental structures confirmed models derived from MC-
derived DNA shape features (53). The MC-based DNA
shape predictions were experimentally validated in hydroxyl
radical cleavage measurements (56).

Molecular dynamics simulations

To perform MD simulations with Gromacs 5.1.4 (57), we
selected a starting co-crystal structure of a MEF2B–DNA
complex (PDB ID: 1TQE) (58), which is the available co-
crystal structure for bound MEF2B DBD with the largest
protein–DNA interface. The co-crystal structure was sol-
vated with explicit water molecules in a cubic box in which
the solute was ≥1.5 Å from its boundaries, and charge neu-
trality of the system was obtained by replacing some wa-
ter molecules with sodium ions. The solute and ions were
modeled with the AMBER99-parmbsc1 force field (59,60),
while the TIP3P model was adopted for the solvent. The
solvated system was equilibrated in the NPT ensemble at
a temperature of 300 K and pressure of 1 bar following a
standard minimization-equilibration protocol. A time step
of 2 fs was used to integrate Newton’s equation of motion
for a production run of 1 �s. Trajectories were obtained
with the same approach for MEF2B mutants. All MD pa-
rameter files used are provided in the GitHub repository
https://github.com/bhcooper/MDAnalysis.

For the analysis presented here, dynamical frames were
retained every 1 ns. Clustering was performed on each tra-
jectory based on solute heavy atoms, with an RMSD cut-off
of 0.18 nm, yielding the most representative structure as the
centroid of the most populated cluster. For the most repre-
sentative structure of each trajectory, the average minimum
distance between every pair of interface residues (amino
acids and nucleotides) was calculated based on the two clos-
est atoms in each frame. Final distances at the MEF2B–
DNA interface were discretized into 40 bins and provided
in xpm format. Residue distances from different MD sim-
ulations were compared by subtracting their corresponding
matrices and are shown as difference contact maps. As an
additional analysis, principal component analysis on heavy
atoms was applied with Gromacs tools, to characterize the
mobility of the complex throughout the simulation.

L2-regularized multiple linear regression

An L2-regularized multiple linear regression (MLR) model
with 10-fold cross-validation (61,62) was trained to predict
binding affinities based on experimentally obtained relative
binding affinities from the SELEX-seq data for MEF2B-
bound sequences. Datasets utilized for MLR included se-
quences (10-mers) with counts > 100 from R2 of selection.

These sequences were aligned based on the consensus motif
and allowed a variable number of mismatches (see Results).
Trained models encoded features based on sequence and/or
shape parameters. DNA sequence features included k-mers
(1-mer, 2-mer, and 3-mer). DNA shape features included
helix twist, minor groove width, propeller twist, and roll.
Model performance was specified by the coefficient of de-
termination (R2). To determine which binding site positions
had the largest contributions to model performance, we fur-
ther applied a feature selection approach (61,63), whereby
trained models had shape features added or removed one
position at a time.

RESULTS AND DISCUSSION

Characterization of sequence-specific variations of MEF2B
binding sites reveals preferred DNA signatures in and outside
the core binding site

Analysis of available MEF2–DNA co-crystal structures
(23,24,27,31) showed that the major DNA binding ele-
ments of MEF2––the N-terminal tail and DNA binding
helix H1––interacted extensively with the minor groove
and phosphodiester backbone of DNA. Moreover, these
interactions accounted for the majority of protein–DNA
interactions (Figure 1A and Supplementary Figure S2).
Major groove contacts accounted for relatively few base-
specific contacts (Supplementary Figure S2). Despite this,
MEF2 proteins had a strong preference for AT-rich regions.
Throughout the remainder of the manuscript, we use a sim-
plified description of the DNA binding site, referring to dif-
ferent regions as (i) the peripheral 3-bp half-sites (under-
lined outer regions of the core binding site, based on con-
sensus motif YTAW4TAR), also denoted as ‘half-sites’ and
(ii) the central 4-bp core region (underlined central W4 re-
gion of the core binding site, based on consensus motif
YTAW4TAR), denoted as the ‘central core’.

We obtained relative binding affinities from successive
rounds of SELEX-seq experiments (Supplementary Figure
S1). Validation of library design was performed by EMSA.
Data from R2 of selection with a k-mer length of 10-bp were
chosen for analysis because they maximized information
gain (Supplementary Figure S3). The 10-mer with highest
relative binding affinity was CTAAAAATAG, in agreement
with the consensus motif YTAW4TAR for MEF2 family
members (14,26). The PWM generated from the most en-
riched k-mers (relative affinity > 0.7) revealed that some
positions within the binding site displayed greater sequence
conservation than others (Figure 1B). A PWM inherently
assumes that every position contributes independently to
binding affinity. However, promiscuity of the central W4 re-
gion raised the question of whether, for example, the T at
position −2 favored an A or a T at position −1.

Binding sites conforming to this consensus sequence ex-
hibited some of the highest observed affinities (Figure 1C).
However, the presence of several ambiguous nucleotides
still allowed for substantial variability within the set of
consensus-conforming binding sites. Variations at the 3-bp
half-sites of consensus motif YTAW4TAR had different ef-
fects on binding affinity (Figure 1C, D). Certain 10-mers
that deviated from the consensus motif and displayed varia-
tions at the 3-bp half-sites (i.e. lack of the CTA) were within
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Figure 1. Sequence variations for MEF2B binding sites. (A) Major MEF2B–DNA interactions based on co-crystal structure of MEF2B in complex with
DNA (PDB ID: 1N6J) (27) are observed at the DNA minor groove and backbone. Amino acids that interact with DNA, including positively charged
residues in the vicinity of DNA, are shown in stick representation. Different views are shown to depict binding recognition by helix H1 and N-terminal
tail regions. (B) PWM obtained from SELEX-seq data using MEME Suite (45). Analyzed sequences were obtained after two rounds of selection for top
10-mers with relative affinity >0.7. (C) Strip chart showing relative binding affinities for 10-mers displaying full or partial matches to MEF2B consensus
motif, represented by YTAW4TAR (Y = C or T; W = A or T; R = A or G). Variations in core motif are represented by underlined regions, with W4,
YTA and TAR denoting regions that deviate from W4, YTA and TAR, respectively. (D) Heat map of relative affinities for triplet variations at 5′ peripheral
half-site (YTAW4TAR) based on central core (W4) preferences.

the highest affinity sites (Figure 1D). Although these sites
varied mainly in only one nucleotide with respect to the
consensus motif, comparison of the relative binding affinity
values suggested preferences for optimal base compositions
at specific nucleotide positions that were more important
for high-affinity sites (Figure 1D). For example, a variation
at position −5 was less detrimental to binding as long as a
TpA bp step at positions −4 and −3 was present (Figure
1D). Interestingly, sequences with a CpC bp step at posi-

tions −5 and −4 exhibited high enrichment relative to other
sequences with a mismatch at position −4 (Figure 1D). Al-
though most optimal sites presented a T at position −4, we
observed some C substitutions that did not drastically re-
duce binding affinity (Figure 1D). Notably, the CpC dinu-
cleotide observed in our studies was previously reported at
in vivo target sites of MEF2B (14,48) and was part of the
consensus motif of binding sites of serum response factor
(SRF) (64,65), another MADS-box protein.
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In addition to exploring variations at peripheral half-
sites, we analyzed variations within the central W4 region.
The highest affinity site contained the longest possible A-
tract (a run of at least three consecutive As and Ts with-
out a TpA step) in this region, and most high-affinity se-
quences displayed an A-tract within the core-binding site
(Figure 1D). Based on interrogation of AT-rich regions at
the central 4-bp region, diverse combinations of As and Ts
in the W4 core had different effects on relative binding affin-
ity (Figure 1C, D). Due to the greater flexibility introduced
by TpA steps (called ‘hinge’ steps due to weak stacking in-
teractions (66)), the effect of the central core on MEF2B
binding affinity is unclear.

Along with the DBD, MEF2 family members display a
transcriptional activation domain (TAD) (12). The TAD is
the most divergent region across MEF2 family members
(12) and may contribute to the activation of different sets
of genes across the family. For example, studies have shown
that post-translational modification of the TAD modulates
MEF2D binding to the promoter of myogenin (67). The
presence of cofactors that interact with the DBD can also
mediate DNA binding (68).

By uncovering the interplay between individual nu-
cleotides of the binding site, our study provides support for
the overall DNA recognition mode by MEF2 TFs. Results
from our selection experiment corroborate the reported
consensus sequence motif (15,48) and highlight the poten-
tial importance of higher order features such as DNA shape,
as is suggested by crystallographic studies (24). Whereas
variations at peripheral half-sites can be associated with
position-specific nucleotide preferences, the central core dis-
plays a degenerate recognition mode that likely involves
recognition of intrinsic DNA shape characteristics and con-
formational flexibility, which is usually increased at AT-rich
regions.

Position-specific variations at MEF2 target sites suggest that
A-tract polarity is a crucial component that affects binding

To examine effects of any single-nucleotide variation on
binding affinity, we first determined the extent to which any
substitution at the core affected binding based on the high-
est affinity sequence, CTAAAAATAG. Variations toward
the 3′ end of the binding site, at nucleotide positions +2,
+3 and +4, had the greatest effect on binding energy, as vi-
sualized by an energy logo (Figure 2A, Supplementary Fig-
ure S4A). This observation was surprising because the pe-
ripheral half-sites of MEF2B are palindromic to each other
and not expected to exert a dissimilar effect on recognition,
especially considering that MEF2B binds as a homodimer.
The most important positions were located 3′ of A-tracts,
which influence the structural characteristics of flanking
sequences differently at their 5′ versus 3′ ends. This phe-
nomenon, known as A-tract polarity (69,70), may explain
why we see this difference in selectivity at peripheral half-
sites.

Interestingly, the polarity effect was not observed for
palindromic sequences (Supplementary Figure S4A). In this
case, positions where single-nucleotide substitutions had
the largest effect on binding were those with the greatest
number of base-specific contacts, although mainly in the

minor groove (Supplementary Figure S2). Largest changes
in binding affinity for variations in AT-rich regions were
seen for positions −4/+4, −3/+3 and −2/+2, but these
changes were dependent on the A-tract polarity. Nucleotide
substitutions at these positions could affect base-specific
contacts with G2, R3 and K23, which participate in base
readout according to MEF2A crystallographic studies (24).
With the exception of the major-groove–contacting residue
K23, most residues interacted with the sequence-degenerate
DNA minor groove (24). Surprisingly, substitutions at the
first or last position of the binding site (positions −5/+5),
which represent the few major groove recognition nu-
cleotides, exhibited one of the smallest effects on binding
energy (Figure 2A, Supplementary Figure S4A).

To examine if the effects of position-specific nucleotide
variations can be generalized, we analyzed relative affini-
ties of all sequences conforming to CTAW4TAG (Figure
2B and C, Supplementary Figure S4B). We considered rel-
ative binding affinities of each reference k-mer and all pos-
sible single-nucleotide substitutions at each of the four cen-
tral positions for every sequence with alternative AT-rich
central 4-mers (Figure 2B). We also investigated affinity
changes for substitutions of individual nucleotide pairs,
wherein a reference higher affinity nucleotide was substi-
tuted for an alternative lower affinity one (Figure 2C). Al-
though the highest-affinity sequence could tolerate C or
G substitutions at the central AT-rich region (W4) (Figure
2B), these substitutions were substantially more detrimen-
tal to the relative binding affinity when other consensus-
conforming sequences were considered (Figure 2A–C, Sup-
plementary Figure S4). The effect on relative binding affin-
ity of such substitutions at positions −2 and +2 was
stronger for GpT and ApC bp steps, respectively (Supple-
mentary Figure S4B). Although this analysis demonstrated
overall effects based on a pool of sequences, there was some
evidence that the sequence-dependent context also influ-
enced MEF2 binding due to polarity of the binding site
(Figure 2A–D, Supplementary Figure S4).

MEF2B preferentially binds sequences with an AT-rich
region at its central core (14,71), despite an apparent lack
of base-specific contacts based on co-crystal structure anal-
ysis (24,27) (Supplementary Figure S2). Our study suggests
that the position and polarity of the A-tract each exert dis-
tinct effects on the observed relative binding affinity. This
pattern could be important for in vivo function, given that
the A-tract motif composition and polarity were not uni-
form across MEF2B ChIP-seq peaks (Figure 2E and F). In
agreement with our in vitro data, ChIP-seq data revealed an
increased number of sites with a conserved A-tract towards
the 3′ peripheral 3-bp region of the binding site (Figure 2D).
This finding was supported by EMSAs showing that muta-
tions located 3′ of the central A-tract resulted in decreased
binding relative to the wild-type sequence (72). In addition,
motif matches containing A-tracts had an increased num-
ber of conserved peripheral half-sites at the 3′ region com-
pared to the 5′ region (Figure 2F). This finding is partic-
ularly intriguing because it opens new questions regarding
the sources of specificity of MEF2B and potentially other
MADS proteins.

The observed changes in relative affinity based on nu-
cleotide substitutions are indicative of a dual-recognition
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Figure 2. Effect of nucleotide variations on MEF2B binding. (A, B) Comparison of relative affinities for each of the central four nucleotide positions,
considering all sequences based on the CTAW4TAG reference motif. (A) Affinity logos generated based on the reference sequence show effects of single-
nucleotide substitutions on a MEF2B target site. (B) Mean average relative affinity based on each nucleotide substitution. (C, D) Box plots showing changes
in relative binding affinities for (C) A→ G and A→C substitutions at each position (−2, −1, +1, +2) or (D) for AAAA to alternative indicated 4-mers.
(E, F) Bar plots showing numbers of specific sequence hits (as indicated) in ChIP-seq peaks.

mode in which base and shape readout mechanisms (11)
could be intertwined. Although some nucleotide substitu-
tions were clearly more detrimental than others, further
studies were needed to determine how these changes af-
fected the intrinsic shape of DNA.

DNA shape signatures of MEF2B binding sites suggest dis-
tinct structural preferences

When analyzing DNA shape features of MEF2B bind-
ing sites, we considered four parameters: helix twist, mi-
nor groove width, propeller twist, and roll. Initial analysis
of shape parameters predicted for 10-mers obtained from
SELEX-seq experiments revealed that high-affinity sites ex-
hibited enhanced negative propeller twist, increased helix
twist, and narrow minor groove within the central region
of the binding site (Figure 3A). Helix twist and propeller
twist showed the most significant differences between high-
and low-affinity binding sites, although minor groove width
values also differed significantly (Figure 3A and B).

Investigation of DNA shape features from MEF2B bind-
ing sites with variable sequence context (W4 versus non-W4)
suggested that some shape features might aid in discrimi-
nating such binding sites (Figure 3C). Helix twist was in-
creased at central positions in high-affinity sites that dis-

played a conserved central W4 region of the binding site
(Figure 3C). Deviations from the W4 sequence at the central
region (non-W4) generated sites that had conserved helix
twist patterns for higher- but not for lower-affinity binding
sites (Figure 3C). Some DNA shape features (e.g. roll an-
gle between adjacent bp) displayed indistinguishable over-
all shape patterns (Figure 3B). AT-rich regions showed en-
hanced negative values for propeller twist (Figure 3C). For
most cases where distinguishable shape patterns were noted,
these differences were mainly observed at the central 2–3 po-
sitions of the binding site.

Overall, the DNA shape characteristics highlighted here
suggest unique structural signatures of the MEF2 target
sites. These findings are in agreement with previously re-
ported individual structural features of MEF2–DNA com-
plexes, including the narrow minor groove and enhanced
negative propeller twist observed from co-crystal structural
analysis (24). Increased DNA bending has also been associ-
ated with high-affinity binding to MEF2C target sites (73).
Although our analysis was based on MEF2B binding data,
we expect to observe most of the same characteristics with
other MEF2 family members, as they share the same DNA
recognition motif (14). However, specific differences in the
DBD among MEF2 homologs could affect variations in
binding specificity.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/48/15/8529/5879706 by guest on 06 N

ovem
ber 2020



D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/48/15/8529/5879706 by guest on 06 N

ovem
ber 2020



D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/48/15/8529/5879706 by guest on 06 N

ovem
ber 2020



D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/48/15/8529/5879706 by guest on 06 N

ovem
ber 2020


