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Abstract

Class lla Histone deacetylases (HDACs), including HDAC4, 5, 7 and 9, play key roles in multiple important developmental and differentiation
processes. Recent studies have shown that class Ila HDACs exert their transcriptional repressive function by interacting with tissue-specific
transcription factors, such as members of the myocyte enhancer factor 2 (MEF2) family of transcription factors. However, the molecular mech-
anism is not well understood. In this study, we determined the crystal structure of an HDAC4-MEF2A-DNA complex. This complex adopts a
dumbbell-shaped overall architecture, with a 2:4:2 stoichiometry of HDAC4, MEF2A and DNA molecules. In the complex, two HDAC4 molecules
form a dimer through the interaction of their glutamine-rich domain (GRD) to form the stem of the ‘dumbbell’; while two MEF2A dimers and their
cognate DNA molecules are bridged by the HDAC4 dimer. Our structural observations were then validated using biochemical and mutagenesis
assays. Further cell-based luciferase reporter gene assays revealed that the dimerization of HDAC4 is crucial in its ability to repress the transcrip-
tional activities of MEF2 proteins. Taken together, our findings not only provide the structural basis for the assembly of the HDAC4-MEF2A-DNA
complex but also shed light on the molecular mechanism of HDAC4-mediated long-range gene regulation.
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Introduction

vided into four subgroups (Class L, IIa, IIb and IV) based on

Histone deacetylases (HDACs) are important epigenetic mod-
ifiers. As their name infers, the primary function of HDACs
is to catalytically remove the posttranslational acetyl modifi-
cations from histones (1). The deacetylation of histones by
HDACs usually induces a compact nucleosome conforma-
tion and downregulates transcription levels (2,3). The human
genome encodes 11 HDAC proteins and can be further di-

their sequence homology (1).

Class ITa HDAC:s, including HDAC4, 5, 7 and 9, are criti-
cal regulators in developmental and differentiation processes.
Class IIa HDACs are characterized by tissue-specific expres-
sion behavior and can shuttle between the nucleus and cy-
toplasm (4). Compared to other HDACs, class I[la HDACs
are relatively large proteins (120-135 kDa) with an extended
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N-terminal domain and only have weak deacetylase activity
(4-6). It has been suggested that the transcriptional repressive
function of class Ila HDAC:s is independent of the C-terminal
deacetylase domain (7,8). Instead, class Ila HDACs can inter-
act directly with tissue-specific transcription factors, such as
members of the myocyte enhancer factor 2 (MEF2) family of
transcription factors, to repress gene transcription (9).

The HDAC-MEF?2 axis has been implicated in diverse bio-
logical processes, including differentiation, tissue morphogen-
esis, and adaptive responses (10-12). Dysfunction of class Ila
HDACs and MEF2 transcription factors has been frequently
observed in different cancers (13-16). Class IIla HDACs con-
tain a conserved N-terminal glutamine-rich domain (GRD)
that can bind and repress the transcriptional activity of MEF2
proteins. Previous studies revealed that the C-terminal end of
class IlTa HDAC GRD folds into an amphipathic helix that
binds to the MADS-box/MEF2s domain of MEF2 (17-21).
The majority of glutamine-rich sequences fold into a long he-
lix that dynamically equilibrates between dimer and tetramer
(17,22). These observations highlighted the possibility that the
HDAC-MEF2 axis functions in a high-order complex. Indeed,
increasing evidence has shown that the MEF2-HDAC repres-
sion complex organizes in an oligomerization state and impli-
cates long-range gene regulation (23-235).

Long-range genomic contacts between distal regulatory el-
ements are important for diverse nuclear processes, especially
in gene regulation (26-30). Genome-wide analyses of MEF2
binding sites in Drosophila by ChIP-on-chip reveal that MEF2
binds an unexpectedly large number of sites throughout the
genome and that many genes have multiple MEF2 sites scat-
tered in their promoter regions (31). These observations imply
that the HDAC-MEF2 complex may exert a strong effect on
chromosome construction and gene regulation. However, the
underlying molecular basis has not been fully elucidated. In
this paper, we aim to address this question by combining crys-
tallographic and biochemical assays.

Materials and methods

Protein expression and purification

The genes encoding human HDAC4 GRD (HDAC4grp
residues 62-192) and MEF2A (1-95, MEF2A _95) were am-
plified by polymerase chain reaction (PCR) and subsequently
subcloned into a pET-28a expression vector (Novagen, USA),
respectively. Recombinant proteins were overexpressed in Es-
cherichia coli BL21 (DE3) pLysS (Stratagene, La Jolla, CA,
USA). Cells were grown at 37°C in 2x YT culture medium,
induced with 0.5 mM IPTG when the culture ODssq reached
0.6, and then further cultured at room temperature for 6
hours. Cells were harvested by centrifugation at 4000 rpm
for 15 min. For protein purification, cells were resuspended
and homogenized by sonicating in a buffer containing 30 mM
HEPES pH 7.5,250 mM NaCl and 10 mM imidazole. The cell
lysate was further clarified by centrifugation at 16 000 rpm for
30 min. Then, the supernatant was subjected to nickel-affinity
chromatography and subsequently treated with thrombin pro-
tease to remove fusion tags, followed by ion exchange and
size exclusion chromatography for further purification. Puri-
fied proteins were stored in a buffer containing 20 mM HEPES
pH 7.5,250 mM NaCl and 0.5 mM TCEP.

Site-directed mutagenesis was obtained by PCR with the
wild-type HDAC4grp plasmid used as the template and con-
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firmed by DNA sequencing. The purification of HDAC4grp
mutants was conducted following the same steps as the WT
protein.

Duplex DNA preparation

All single-stranded DNA oligonucleotides were purchased
from Genewiz (Suzhou, China) and further purified by
ion exchange. DNA duplexes were generated by anneal-
ing as described previously (32). The 28 bp DNA 5'-
GGGAAAGTTTCTATTATTAGCAGAGATA-3' (underlined
nucleotides indicate the core MEF2 binding motif) used for
the electrophoretic mobility shift assay (EMSA) was an-
nealed to 45 uM. The 15 bp DNA 5'-AAACTATTTATAAGA-
3’ used for crystallization was annealed to a concentration
of 2 mM.

Crystallization and data collection

The HDAC4Grp—MEF2A;_9s-DNA complex was prepared
by mixing HDAC4Grp, MEF2A 1 95 and the 15 bp DNA du-
plex at a molar ratio of 1:2:1.2. The final concentrations of the
three components were 0.3, 0.6 and 0.36 mM, respectively.
Crystals were obtained by the hanging-drop vapor diffusion
method under the condition of 50 mM HEPES pH 7.5, 0.2
M NaCl, 3% (v/v) PEG 4000 at 20°C. Crystals were grown
to full size within 10 days and flash-frozen in liquid nitrogen
after treatment with cryoprotectant buffer consisting of reser-
voir solution plus 20% (v/v) glycerol and 10% (v/v) ethylene
glycol. Diffraction data were collected at beamline 8.2.1 of the
Advanced Light Source (ALS).

Data processing, structure determination and
refinement

The diffraction data were processed using the HKL2000 soft-
ware suite (33). The structure was determined by molecular re-
placement (MR) under the program Phenix.Phaser (34), with
the HDAC9-MEF2B-DNA (PDB code: 1TQE) (20) and apo
HDAC4grp (PDB code: 2H8N) (17) structures used as search
templates. After initial phases were determined by MR, rigid
body refinements were performed to better determine the non-
crystallographic symmetry constraints (NCS). Subsequently,
several rounds of torsional angle dynamics, NCS, and grouped
B factor refinement were carried out, resulting in a model with
an Ry value of 38%. Phases calculated from this model was
further improved using non-crystallographic symmetry aver-
aging, solvent flattening, and histogram matching with DM
(35). Using the improved phases, F, — F. maps were calculated
and used to build the missing HDAC4grp residues 130-166
in Coot (36). The final structure model, with an Ry,qc/Rree
of 26%/30%, was obtained after several cycles of LORESTR
refinement (37), manual rebuilding, and Phenix.Refine (38).
Data processing and structure refinement statistics are sum-
marized in Supplementary Table S1.

EMSA

EMSA was performed as described previously (39). In brief,
reaction mixtures were prepared in a total volume of 10
ul with 20 mM HEPES pH 7.5, 200 mM NaCl, 10 mM
MgCl,, 1 mM EDTA, 0.1 mM DTT and 0.5% Triton X-
100 used as an analysis buffer. MEF2A 95 and DNA were


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae036#supplementary-data

Nucleic Acids Research, 2024, Vol. 52, No. 5 2713
A
Crystallized residues 1-95
< p §
MEF2A TAD —
J
HDAC4 { Catalytic domain —
Crystallized residues 62-192
B
dsDNA
7 ’le’EEZAWS
e - Ternary complex A !"_Tf\ s~ HDAC4crp é
HDAC4aro SRS 555
> ARRRRARA Y C e oS S
o W
MEF2A1.05 e ke
270 A |
C

amphipathic helix
(167-182)

loop region

I
Residues 130-151 J
(152-166)

long helix (64-151)

Figure 1. Overall structure of the HDAC4grp—MEF2A_95—DNA complex. (A) Schematic diagram of human MEF2A and HDAC4 proteins. The truncations
used for crystallization are indicated. (B) Ribbon diagram of the HDAC4grp—MEF2A_gs—DNA complex. (C) Structure of HDAC4grp. The 2F, — F. omit

map is contoured at the 1.0 o level.

mixed at a molar ratio of 2:1.2 with a final concentration
of DNA of 1.2 uM. HDAC4rp was supplied at gradient
concentrations of 0.5, 1, 1.5 and 3 uM. Reaction mixtures
were incubated on ice for at least 30 min before loading
onto a 6% (w/v) native polyacrylamide gel. Electrophore-
ses were performed with 0.5x TBE used as a running buffer
and visualized by using GoldView at a final concentration
of 0.5 ug/ml.

Size exclusion chromatography (SEC)

SEC analyses were conducted using an AKTA Pure (GE
Healthcare, USA) and a Superdex 200 10/300 GL column
at 16°C. The column was pre-equilibrated with a SEC buffer
(20 mM HEPES, pH 7.5,200 mM NaCl and 2 mM DTT), and
then calibrated with premixed protein standards, including ri-
bonuclease A (13.7 kDa), carbonic anhydrase (29 kDa) and
ovalbumin (44 kDa) (GE Healthcare, USA). The chromato-
graphic profiles of HDAC4grp proteins (WT, F93D and
H109D) were measured by injecting 500 ul of protein sam-
ple at a concentration of 50 uM. Due to the absence of Trp,
Tyr, or Cys residues in the recombinant HDAC4grp proteins,
curves were recorded at UV absorbance at 230 nm (A,30)

instead of Asgy. Data were processed and presented using
Origin 8.

Co-immunoprecipitation (Co-IP) and western
blotting

HEK293T cells were transfected with Flag-HDAC4¥T, Flag-
HDAC4M1D o1 Flag-HDAC4"3P | along with Myc-HDAC4,
and cultured for an additional 24 h. For anti-Flag immunopre-
cipitation, cells were lysed in a 0.3% NP40 buffer containing
inhibitors (1 mM phenylmethylsulphonyl fluoride, 1 mg/ml
of aprotinin, 1 mg/ml of leupeptin, 1 mg/ml of pepstatin, 1
mM Na3;VOy4, 1 mM Nak all in their final concentrations).
Debris was removed by centrifugation at 4°C, 12 000 rpm
for 15 min. The cell lysates were then incubated with anti-flag
M2-agarose (Sigma) overnight at 4°C. The immunoprecipi-
tates were washed thrice with lysis buffer, boiled, loaded into
a denaturing polyacrylamide gel, separated by SDS-PAGE,
and transferred to a PVDF membrane (Millipore). The mem-
brane was blocked with 5% milk, washed with PBST buffer
(500 ml 1 x PBS buffer with 1 ml Tween-20, pH 7.5), and
incubated with appropriate antibodies. The MYC antibody
(Immunoway, YM3002) was used at a 1:1000 working dilu-
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Figure 2. HDAC4-MEF2A interactions. (A) Surface presentation of the HDAC-binding cleft formed by the MEF2A,_gs homodimer. Residues that
contributed to shaping the binding groove are colored gray. (B) Hydrophobic interactions between HDAC4grp and MEF2A1_g5 are shown in two views.
Interaction residues are shown in sticks. (C) H-bond interactions present in the HDAC4grp—MEF21_g5 interaction interface. H-bonds are indicated by
dashed lines and defined at a distance cutoff of 3.5 A. (D) The interaction interface contributed by HDAC4 residues outside its MEF2-binding motif.
HDAC4 is shown in surface representation with the MEF2-binding motif hidden for clarification. The MEF2A binding interface of HDAC4 is highlighted in

red.

tion, the Flag antibody (Sigma, F7425) was used at a 1:1000
working dilution, and the secondary antibodies (Proteintech,
SA00001) were commercially obtained. Finally, the ECL sub-
strate (Biosharp, BL520A) was applied to the membranes and
the results were scanned by G:BOX Chemi XX9.

DNA bridging assay

For the DNA bridging assay, two DNA duplexes, Site-1
(forward sequence: 5'-GGGAAAGTTTCTATTATTAGCA
GAGATA-3') and Site-2 (5'-CTAAGCAAATGAGATGAATA
TGCAGGGCACCATGCTAAAAATAAAATGGTTTCATG
GTGCTAGTGAGGAAGGAA-3'), were synthesized. The 5’
end of the forward chain of Site-1 DNA was synthesized with
a biotin label. The pull-down experiment was conducted as
follows: 10 pmol Site-1 DNA was bound to 10 ul Streptavidin
MagBeads (GenScript, Cat. No. L00424) according to the
reaction conditions following the manufacturer’s recommen-
dation; the beads were blocked with 5% BSA and 1 uM T7
primers; the beads were washed thrice with binding buffer
(5 mM Tris pH 7.4, 0.5 mM EDTA, 250 mM NacCl); immo-
bilized Site-1 DNA was mixed with recombinant proteins
(HDAC4Grp and MEF2A, ¢5) and 2 pmol Site-2 DNA, and
further incubated at 4°C for 1 h; the beads were washed 8
times, and Site-2 DNA was released by boiling in pure water
containing 0.1% SDS. The enrichment of Site-2 was detected
by qPCR using the SYBR green system with the following
primers: 5-CTAAGCAAATGAGATGAATATGCA-3 and
§’-TTCCTTCCTCACTAGCACCATG-3'.

Atomic force microscope (AFM)

The 1040 bp AFM DNA was obtained through PCR
amplification using the Homo sapiens aryl hydrocarbon
receptor interacting protein cDNA (NCBI accession num-
ber: NM_003977) as a template. The primers used were
5'-CAGGGAAAGTTTCTAAAAATAGCAATGGCGGATA
TCATCGCAAGACTCCG-3  and 5-GTAGGTATCTCT
GCTATTTTTAGTCAATGGGAGAAGATCCCCCGGAAC-
3’ (underlined nucleotides indicate the core MEF2 binding
motif). For the DNA alone AFM sample, 20 ul of 4 ng/ul
DNA in a buffer containing 20 mM Tris-HCI pH 7.5,
50 mM NaCl, 2.5 mM DTT and 2.5 mM MgCl, was
deposited onto a newly cleaved mica surface. To obtain
the AFM sample of MEF2A; 9s-bound DNA, MEF2A; o5
protein was supplied to the 4 ng/ul DNA at a final con-
centration of 4 nM and further incubated for 20 minutes
before being deposited onto the mica surface. To obtain the
HDAC4GRD—MEF2A1_95—DNA complex, 4 nM HDAC4GRD
was added to the MEF2A_9s—DNA mixture and further
incubated for 20 minutes before being deposited onto the
mica surface. All micas were equilibrated for 10 minutes, then
raised with 500 pl of MilliQ water and dried with nitrogen
gas.

AFM images were collected at a Dimension Icon AFM
(Bruker) in a ScanAsyst mode in air, using a SCANASEYST-
AIR cantilever (resonant frequency: 70 kHz; force constant:
0.4 N m~'). The images were flattened and the contrast and
brightness were adjusted for optimal viewing conditions with
NanoScope Analysis V1.7 software.
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Figure 3. Structural comparison of the HDAC4-MEF2A and HDAC9-MEF2B complexes. (A) Superimposition of HDAC4-MEF2A-DNA and
HDAC9-MEF2B-DNA (gray) complexes. Residues except for the MEF2-binding motif of HDAC4 were hidden for clarity. (B) Local structural differences
present between the two compared structures. Significant conformation variants are indicated by arrows. (C) Schematic diagram of detailed

HDAC-MEF?2 interactions between the two structures.

Luciferase reporter gene assay

HEK293T cells were seeded in 12-well plates and further cul-
tured overnight. The cells were then transfected with 500 ng
of pcDNA-HDAC4YT or pcDNA-HDAC4™, 1000 ng of
pGL3-3xMEF2s-Luc (containing three tandem MEF2 bind-
ing motifs), and 200 ng of pRL-TK (control Renilla luciferase).
After 24 h of transfection, luciferase activity was measured us-
ing the dual-luciferase reporter assay kit (Beyotime, RG027)
by following the manufacturer’s instructions. Firefly luciferase
activity values were normalized to the Renilla luciferase activ-
ity to reflect expression efficiency. The experiments were per-
formed in triplicate and repeated four times. Data were ana-
lyzed using Microsoft Excel and plotted with Prism 7 (Graph-
Pad Software).

Results
Overall structure of the HDAC4grp—MEF2A,_g5s—DNA
complex

To elucidate how the MEF2-HDAC repressive complex is as-
sembled, we purified the GRD of HDAC4 (HDAC4Rrp) and

the MADS-box/MEF2s domain of MEF2A (MEF2A_95) and
co-crystallized these two proteins in the presence of a 15-
mer DNA duplex that possesses a MEF2A binding site (Fig-
ure 1A). The complex structure was determined by molec-
ular replacement and refined to a resolution of 3.6 A with
an Ryoc/Riee 0f 0.26/0.30 (Supplementary Table S1). The
crystal asymmetric unit (ASU) contains two copies of the
HDAC4Grp—MEF2A_95-DNA complex, which is formed by
the three components at a stoichiometry of 1:2:1 (Figure 1B).
HDACH4Ggrp bound to dimeric MEF2A 95 through an amphi-
pathic helix similar to observations in the Cabin1vMEF2B
and HDAC9-MEF2B structures (20,40). Interestingly, the
structure showed that the two nearly identical HDAC4grp—
MEF2A, 9s-DNA complexes in ASU were further dimer-
ized through coiled-coil interactions mediated by HDAC4Grp.
The two HDAC4Grp—-MEF2A 1 95—-DNA complexes dimer-
ized and assembled into an ~270 A dumbbell-like shape,
where the HDAC4grp helix dimer formed the stem of the
‘dumbbell’, and two MEF2A; o5 dimers and their cognate
DNA molecules were bridged by the HDAC4grp dimer
(Figure 1B).
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Figure 4. HDAC4 dimer interface. (A) Surface presentation of HDAC4ggrp dimer interface |. Residues involved in dimerization are indicated. (B)
‘Knob-into-hole” interactions present in the HDAC4grp dimer interface. H-bonds are indicated by dashed lines. (C) Hydrophobic core formed in Interface
|. Residues that engaged in the hydrophobic core are shown in sticks. (D) Superposition of dimer interface | and the same dimer interface observed in

the apo HDAC4ggp structure (gray, PDB entry: 2H8N). (E) HDAC4ggrp dimer interface Il in the crystal lattice. (F) Interactions presented in interaction
interface Il.
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Figure 5. Characterization of the HDAC4-MEF2A-DNA complex. (A) EMSA migration profile of HDAC4grp—MEF2A1_95s—DNA complexes formed by
different HDAC4grp mutants. DNA and MEF2A1_g5 were supplied at constant concentrations of 1.2 and 2 uM, respectively. The concentration of
HDAC4grp Was applied in a serially diluted concentration from 0.5 to 3 uM. (B) SEC profiles of different HDAC4ggrp proteins on a Superdex 200 10/300
GL column. Curves were recorded at the UV absorbance of 230 nm. (C) Interaction between full-length myc-HDAC4 and different Flag-HDAC4 proteins.
HEK293 cells were co-transfected with myc-HDAC4 and one of the Flag-HDAC4 proteins (WT, F93D and H109D). Immunoprecipitation was performed
using anti-Flag antibody, and the precipitates were subjected to WB analysis. Blots were probed with anti-Flag or anti-Myc antibody.

Although the diffraction was limited to 3.6 A, HDAC4
residues (64-183) could be contiguously built in the final
structure model (Figure 1C). From the N- to C-terminus,
HDAC4Grp can be divided into three parts: the long helix
(residues 64-151), the loop region (residues 152-166), and
the amphipathic MEF2-binding helix (residues 167-182) (Fig-
ure 1C). Surprisingly, amino acids 130-151 of HDAC4 were
shown to be disordered in our previous biochemical and struc-
tural studies (17), whereas these residues fold into a helix in
the structure determined here. This helix is observed at both
HDAC4:rp copies in the ASU; therefore, it is unlikely to be an
artifact caused by crystallization. Our observations suggested
that HDAC4Grp may undergo conformational changes dur-
ing HDAC4-MEF2 assembly.

HDAC4-MEF2A interaction interface

The interactions between HDAC4 and MEF2A share com-
mon features with those of previously reported Cabinl-
MEF2B and HDAC9-MEF2B complexes (20,40). In bind-
ing to MEF2A, HDAC4¢gp lies its MEF2-binding helix on
a hydrophobic cleft supplied by the MEF2A; o5 dimer (Fig-
ure 2A). The HDAC4 binding cleft was formed by L66, L67,

Y69 and T70 from both MEF2A |_95s H2 helixes (residues from
MEF2A are italicized throughout the text). The hydropho-
bic interactions are primarily contributed by HDAC4 residues
V171, L175, F178 and V179 of the amphiphilic helix (Fig-
ure 2B). Several hydrogen bonds (H-bonds) formed between
HDAC4crp and MEF2A _95 have also been observed. These
H-bond interactions are formed by amino acid residue pairs
K172/Y72, S168/Y69 and A167/Dé63 (Figure 2C). MEF2A
residue Y69 plays dual roles in interacting with HDAC4. In
the MEF2A dimer, one Y69 utilizes its side chain benzene ring
to form a face-to-edge interaction with HDAC4 F178, while
the other Y69 forms an H-bond with HDAC4 S168 through its
hydroxy oxygen (Figures 2B, C). The dual role of MEF2A Y69
well-explains the observation that once the same tyrosine of
MEEF2B (also Y69) is mutated to alanine, MEF2B completely
loses the ability to recruit HDAC4 in vitro (20).

In addition to interactions mediated by the MEF2-binding
helix, the loop region (152-166) of HDAC4ggrp also offered
an additional ~430 A2 interaction interface for MEF2A bind-
ing (Figure 2D). HDAC4grp utilizes its residues L152, 1155,
K157, A165 and V166 to make extensive van der Waals in-
teractions with the H2 and H3’ helices of the MEF2A o5
homodimer (Supplementary Figure S1). Furthermore, a salt
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Figure 6. DNA bridging by the HDAC4-MEF2A complex. (A) Enrichment of Site-2 tested by DNA bridging assay. Folds of enrichment were quantified by
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mean =+ standard deviation of n = 3 (for B), and n = 4 (for C) independent replicates. P values were calculated using one-way ANOVA with Dunnett
multiple comparisons test with the WT HDAC4ggp group as a control. ***P < 0.001, **** P <0.0001, ns: not statistically significant (P > 0.05).

bridge formed between HDAC4 K156 and MEF2A E71 could
also be observed in this interaction interface (Supplementary
Figure S1). These additional contacts may further stabilize the
HDAC4-MEF2A interaction.

Structural comparison of HDAC4-MEF2A and
HDAC9-MEF2B complexes

We then compared our structure with the previously deter-
mined HDAC9-MEF2B structure (20). The superimposition
of these two structures gave a root mean square deviation
(rmsd) of 0.3 A, indicating that the two structures are very
similar (Figure 3A). However, the orientations of local struc-
tural elements of MEF2 around the HDAC binding cleft, es-
pecially the loop between helices H2 and H3 (H2-H3 loop),
showed notable differences (Figure 3B). In the HDAC4grp—
MEF2A o5 structure, the H2-H3 loop flips away from the

hydrophobic groove and points to the groove in the HDAC9-
MEF2B structure (Figure 3B). The orientation of the MEF2A
H2-H3 loop enabled a deeper insertion of the HDAC4 am-
phiphilic helix C-termini. Consequently, a much tighter inter-
action between the F178 and Y69 side-chain benzene rings is
observed (Figure 3B). The electronic density map shows that
the difference is unlikely to be generated by the model bias we
built (Supplementary Figure S2). Indeed, the H2-H3 loop of
MEF2B has also been shown to adopt distinct conformations
to bind different cofactors, and this plastic feature is thought
to be a mechanism taken by MEF2 proteins to accommodate
the binding of different cofactors (20,40).

In addition, detailed interactions between these two com-
pared structures showed notable differences (Figure 3C). Both
hydrophobic and H-bond contacts show some degree of re-
arrangement. For example, Q148 of HDACY forms an H-
bond with MEF2B T70, while the corresponding glutamine
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Figure 7. Different DNA bridging mechanisms adopted by different transcription factors. (A) The FOXP3 DNA binding domain forms a domain-swapped
dimer to bind two distal DNA sites. (B) The GATA3 DNA binding domain contains two zinc fingers, with each finger binding one DNA molecule. The long
linker present between the two zinc fingers may enable GATA3 to bind DNA sites at various distances. (C) A P300 protein binds three MEF2A-DNA
complexes and assembles into an enhanceosome. (D) The dimeric HDAC4 binds two separate MEF2A-DNA complexes to repress gene transcription.
(E) A hypothetical long-range transcriptional repression model by HDAC4. HDACA4 is recruited as a monomer or a dimer by MEF2 dimers to specific gene
loci. The binding of HDAC4 leads to the transcriptional inactivation of target genes. The dimeric HDAC4 can bridge two gene sites, inducing a looped
DNA conformation that may silence the transcription of genes located in the repression loop. The dimeric HDAC4-MEF2 complex may further form a
tetramer or even higherorder complex, resulting in a more compact chromatin conformation and leading to a transcriptional inactive gene hub.
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(Q176) does not contribute an H-bond interaction in the
HDAC4-MEF2A structure; F178 of HDAC4 forms extensive
hydrophobic interactions with MEF2A residues Y72, Y69 and
T70, whereas the corresponding phenylalanine contacts only
MEF2B S§73 in the HDAC9-MEF2B structure (Figure 3C).
While some of these differences may be caused by alterna-
tive crystal packing, the fact that the two copies of the MEF2
dimer in the symmetric unit displayed the same structural fea-
tures suggests that most of the observed interaction differences
are inherent to different HDAC-MEF2 interactions.

Helix dimer interface of HDAC4grp

Our structure showed that the long helix of HDAC4gRrp fur-
ther dimerizes and forms a head-to-tail stack (Figure 4A).
PSIA (41) assigned this dimerization interface (Interface I) an
~2767 A? buried surface area formed by residues 62-129
of both HDAC4grp molecules. The dimerization is mediated
by typical coiled-coil interactions, which are characterized by
regularly arranged non-polar residues and ‘knob-into-hole’
hydrophobic interactions. For example, M118 and H111 of
one helix (helix A) and L71 and L78 of the other helix (helix
B) act as ‘knobs’ and insert into the ‘hole’ formed by residues
of each opposite helix. For instance, helix B L71 inserts into
the ‘hole’ formed by M118,Q115, Q114 and H111 of helix A
(Figure 4B). In addition to ‘knob-into-hole’ interactions, sev-
eral H-bonds were also observed (Figure 4B). In the center of
the dimer interface, a small hydrophobic core formed by L89,
190 and F93 from both chains is present (Figure 4C). As there
is a 2-fold symmetry between the F93-F93 residue pair, the
other side interactions in the dimer interface are identical. Al-
though residues 130-151 further extended the long helix, this
region does not contribute directly to dimerization.

The HDAC4Grp dimerization interface we reported here
has also been observed in our previously reported apo HDAC4
tetramer structure (17) (Supplementary Figure S3A). The su-
perimposition of these two HDAC4grp dimers gave a rmsd
of 1.45 A for all 123 aligned C« atoms, indicating that these
two structures share almost an identical dimer interface (Fig-
ure 4D). However, we observed that hydrogen bonds formed
between E92-Q96 residue pairs in the apo HDAC4ggp struc-
ture were absent in our structure (Supplementary Figure S3B),
which might be due to model bias or resolution limitations.
In addition, we did not observe other dimerization interfaces
present in the apo HDAC4grp tetramer in the structure we
determined here (Supplementary Figure S3A).

In the crystal lattice, another potential HDAC4 dimer-
ization interface (Interface II) can be observed (Figure 4E,
and Supplementary Figure S3C). Interface II was contributed
by the two entire long helixes (residues 64-153) of the
HDAC4crp dimer and had a buried surface area of 3735 AZ2.
Similar to Interface I, in which the F93-F93 residue pair forms
a mvr stacking interaction, an H109-H109 stacking interac-
tion has also been observed in the center of Interface II (Fig-
ure 4F). Although it has a larger interaction interface than
Interface I, neither typical knob-into-hole interactions nor hy-
drophobic core was observed in Interface II (Figure 4F). These
observations suggest that interface I may not be stable.

The HDAC4grp—MEF2A_9s—-DNA complex forms
high-order oligomers in solution

To verify that the HDAC4Grp—MEF2A _9s-DNA complex
can assemble into high-order oligomers in solution, we per-
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formed EMSAs to analyze the migration of the HDAC4Grp—
MEF2A_9s-DNA complex. The complex migrated primarily
as a monomer complex at a low HDAC4Ggrp concentration
(Figure SA, lane 3). However, once the HDAC4¢grp concen-
tration increased, the monomeric complex (one HDAC4grp
binds a MEF2A 95 dimer on one double-stranded DNA
molecule) band became weak and could barely be detected at
a high HDAC4grp concentration (Figure SA, lanes 4-6). Un-
expectedly, the free DNA band also decreased alongside the
complex when the HDAC4Grp concentration increased. No
clear bands indicating higher-order complexes were seen on
the gel but wells of the gel appeared to retain most of the ma-
terials of the binding reactions, suggesting that most of the
protein/DNA complexes formed at high HDAC4grp concen-
trations were unable to enter the gel matrix.

Mutating HDAC4ggrp interface | residue disrupts its
ability to form a dimeric HDAC4-MEF2A-DNA
complex

To further clarify whether Interface I, Interface II, or both con-
tribute to the dimerization of the HDAC4Grp—MEF2A |_g5—
DNA complex, we constructed HDAC4rp F93D and H109D
mutants and performed EMSAs. Compared to the wild-type
(WT) HDAC4Grp, the migration profile of F93D was dramat-
ically different (Figure 5A, lanes 7-10). The mutation of F93
to aspartate abolished its ability to form a high-order com-
plex, and only the monomeric complex band was observed
(lanes 7-10). Furthermore, neither the migration of the com-
plex nor the free DNA was impacted by the increase in F93D
concentration. In contrast, H109D behaved almost identically
to the WT protein (Figure 5A, lanes 11-14).

On the other hand, we also conducted size exclusion chro-
matography to examine the oligomeric state of HDAC4grp in
solution. Consistent with the EMSA results, WT and H109D
HDAC4grp exhibited similar profiles on a Superdex 200 col-
umn and were likely eluted as oligomers. Compared to WT
and H109D, the elution peak of F93D was largely delayed
and eluted as a monomer (18.2 kDa, with 6xhis tag), as
determined by the retention curve of the standard mixtures
(Figure 5B).

To verify that full-length HDAC4 also employs F93 to
dimerize, we co-transfected HEK293T with full-length Myc-
tagged HDAC4 and Flag-tagged HDAC4 (WT, F93D or
H109D) and performed anti-Flag immunoprecipitation ex-
periments. The results showed that Flag-HDAC4¥T and Flag-
HDAC4M19P could efficiently pull down myc-HDAC4, while
Flag-HDAC4™3P exhibited a comparatively weaker ability
to immunoprecipitate Myc-HDAC4 (Figure 5C). These ob-
servations suggest that F93 plays a crucial role in mediating
HDAC4 dimerization for both HDAC4crp and the full-length
protein.

The HDAC4grp—MEF2A 95 complex bridges two
separate DNA sites in solution

As revealed by the structure, two separate DNA sites were
bound simultaneously by the HDAC4Grp—MEF2A 1 95 com-
plex. However, SEC and EMSA experiments could not directly
prove that two DNA sites were bridged in solution. To fur-
ther clarify this observation, we performed a DNA bridging
assay based on the pull-down and quantitative PCR technol-
ogy (42). Two individual DNA sites were synthesized, with
one site labeled by biotin at its 5'-end (Site-1) and the other
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with qPCR extensions at both ends (Site-2). Site-1 was unable
to enrich Site-2 in the presence of MEF2A_95 or HDAC4Grp
alone, as quantified by qPCR (Figure 6A, lanes 2 and 3). When
both WT HDAC4grp and MEF2A; g5 were supplied in the
mixture, Site-2 was apparently accumulated (lane 4), indicat-
ing that HDAC4Grp—MEF2A 95 could bind Site-1 and Site-2
simultaneously. Furthermore, apparent enrichment of Site-2
could not be observed when F93 was mutated to asparagine,
whereas Site-2 similarly accumulated as WT HDAC4grp by
the H109D mutant (lanes 5 and 6). These results indicated
that the HDAC4Grp—MEF2A 1 95 complex could bridge two
DNA sites in solution and demonstrate again that F93 plays
an essential role in the dimerization of the complex.

To further demonstrate the DNA bridging ability of the
HDAC4Grp—MEF2A 95 complex, we performed AFM scan-
ning to visualize the overall shape of the DNA in the presence
of HDAC4grp. Interestingly, in the presence of HDAC4ggrp,
the MEF2A, 9s-DNA complexes were tandemly linked and
assembled into a bracelet-like shape (Figure 6B). On the
contrary, in the absence of HDAC4Grp, this DNA-tandem
phenomenon is neither observed in the DNA alone nor the
MEF2A, 9s-DNA AFM sample (Figure 6B). These results
indicated that the MEF2A; 9s—-DNA complexes could be
bridged by HDAC4¢rpin vitro.

The dimerization of HDAC4 is essential in
suppressing the transcriptional activities of MEF2
proteins

Biochemical assays and AFM imaging have shown that
HDACH4 is capable of forming a dimer or higher oligomer
when binds to the MEF2A-DNA complex. To investigate
the biological relevance of this observation, we conducted
luciferase reporter gene assays. HEK293T cells were co-
transfected with pGL3-promoter-3xMEF2s, pRL-TK Renilla
control vector, and a full-length HDAC4 over-expression
vector (WT, FI93D or H109D). Compared to cells overex-
pressing HDAC4YT or HDAC4M109P | cells transfected with
HDAC4"3P showed an over 1.8-fold increase in luciferase
activity (Figure 6C). This observation indicates that the im-
paired dimerization ability of HDAC4 can interfere with its
function in repressing the transcriptional activities of MEF2
family transcription factors. Based on this, it can be inferred
that the formation of high-order complexes may lead to an en-
hancement of HDAC#4’s activity to repress gene transcription.

Discussion

Crystal structures showed that diverse MEF2 cofactors bind
MEF2 through an amphipathic helix, including class Ila
HDACs (20,40,43). In addition to this amphipathic MEF2-
binding helix, our structure reveals an additional interaction
interface between HDAC4 and MEF2A, which is contributed
by the loop (residues 152-166) adjacent to the amphipathic
helix (Figure 2D). The additional interaction contributes to
an ~430 A2 binding surface for MEF2-A binding, which is
more than half that of the amphipathic helix (720 A2). There-
fore, this interaction interface could further contribute to the
recruitment of HDAC4 to MEF2A and the interaction sta-
bility. Interestingly, sequence alignment showed that the loop
region is highly conserved among class Ila HDAC members
(Supplementary Figure S4), suggesting that it may be func-
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tionally important in binding with their target transcription
factors, including MEF2 proteins.

Previous structural and biochemical studies have demon-
strated that residues 130-151 of HDAC4grp is disordered
(17). In our HDAC4Grp—MEF2A o5 structure, this region
formed an extended helix with a well-defined backbone den-
sity. The differences observed between the MEF2A-bound
HDAC4Grp and its apo structure may suggest that this region
undergoes conformational changes during the assembly of the
transcriptional repressor. The flexibility of this region may fa-
cilitate the binding of dimeric HDAC4 to MEF2 transcription
factors from different orientations and distances, while fold-
ing of the helix after assembly may confer the complex rigidity
and stability. Similar conformational changes were observed
in the STA1T1/P300 and P53/P300 transcriptional regula-
tory complexes, where the P300-binding motifs of STA1T1
and P53 were disordered in solution and folded into a short
helix upon binding by P300 (44,45).

We have shown that the HDAC4grp—MEF2A _¢s—DNA
complex presents as a monomer at a low HDAC4grp con-
centration by EMSA. Strikingly, once the concentration of
HDACA4crp increased, both free DNA and the monomeric
complex band disappeared while no additional upper bands
were observed, indicating that higher-order complexes may
have been formed but failed to enter the 6% EMSA gel.
We tried to extend the electrophoresis time in an attempt to
drive the higher-order HDAC4Grp—MEF2A | 95—-DNA com-
plexes into the gel but without success. A possible explanation
could be that the migratory orientation of the HDAC4Grp—
MEF2A_95-DNA monomer is along the long axis. In con-
trast, it is perpendicular to the long axis when more than one
DNA molecule is bound by the dimeric or higher-order com-
plex. Once the migration orientation is perpendicular to the
long helix, such a 27 nm in-length complex may be too large
to pass through the gel matrix.

Combined with biochemical, AFM, and cell-based func-
tional assays, it has become clear now that HDAC4 utilizes
interface I to dimerize and bridge two separate MEF2A-
DNA complexes. Crystal packing analysis suggests that in-
terface II may also serve as a potential HDAC4-HDAC4 in-
teraction interface. Although our mutagenesis assays demon-
strated that the mutation of interface II residue H109 did
not disrupt the HDAC4-dimerization ability, it is still possi-
ble that the dimeric HDAC4-MEF2A-DNA complexes could
utilize this interface to form a tetramer or higher-order com-
plex (Supplementary Figure S5A). Interestingly, our previous
study showed that apo HDAC4grp can form a tetramer, which
can be regarded as two dimeric HDAC4Grp molecules fur-
ther dimerizing at an approximate cross angle of 20° (17)
(Supplementary Figure S3A). However, when we assigned
two dimeric HDAC4Grp—MEF2A_95—-DNA complexes at the
same orientation, clashes were observed at residues 130-155
of HDAC4¢rp (Supplementary Figure S5B). This partially ex-
plains why these residues of HDAC4¢rp are disordered in the
crystal structure of the apo HDAC4Grp tetramer. Therefore,
we speculate that HDAC4, upon binding with MEF2A pro-
teins, may not adopt such a tetrameric mode as its apo forms.

It is increasingly recognized that long-range chromatin in-
teractions play an essential role in transcriptional regulation
(26,46,47). Many transcription factors have been reported to
be involved in DNA bridging, such as FOXP3, GATA3 and
MEEF?2 proteins (Figure 7A-D). FOXP3 has been shown to me-
diate DNA bridging by forming a domain-swapped homod-
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imer (48). GATA3 possesses a tandem of two zinc fingers (the
N- and C-fingers) capable of binding two separate DNA sites
simultaneously. The link region between the N- and C-finger
may confer GATA3 high flexibility in various modes of DNA
binding and DNA bridging (49). Distinct from GATA3 and
FOXP3, MEF2 transcription factors develop a DNA bridg-
ing mechanism by recruiting other cofactors. The binding of
different cofactors confers MEF2 with different transcription
activities and diverse genomic interactions. For example, P300
binds three MEF2-DNA complexes and acts as a coactivator
(43), while class Ila HDACs can bridge two MEF2-DNA com-
plexes to repress their transcription activities. The dimeriza-
tion of the HDAC-MEF2A complex may confer its ability to
bridge two separate DNA sites and induce a transcriptionally
repressive chromatin conformation by pulling together two
distal genomic loci from either the same or different chro-
mosomes (Figure 7D and E). As has been discussed above,
the HDAC4-MEF2A-DNA complex may further dimerize to
construct a higher-order chromatin conformation (Figure 7E).

Previous studies have shown that the N-terminal fragment
of HDAC4 (residues 1-208) and MEF2 bind each other to
form spherical punctate nuclear bodies (7), now commonly
known as phase separation or subnuclear condensates (50).
Interestingly, HDAC4 (1-208) alone showed a pan-cellular
distribution, whereas MEF2 alone showed a pan-nuclear dis-
tribution. When co-expressed, MEF2 induces nuclear translo-
cation of HDAC4 (1-208) and the formation of punctate nu-
clear bodies. The assembly of the HDAC4-MEF2-DNA com-
plex presented here could serve as the nucleation event of
the phase separation and the formation of the subnuclear
condensates.

In summary, we showed that the HDAC4Grp—MEF2A | 95—
DNA complex could assemble into a higher-order structure
by both biochemical and crystallography studies. Further cell-
based luciferase reporter gene assays demonstrated that the
formation of the high-order HDAC4 complex is important
for its function in repressing the transcriptional activities of
MEF2 proteins. Our studies reveal the first high-order struc-
tural model of site-specific recruitment of class Ila HDACs by
the MEF2 transcription factor and provide new insights into
long-range gene regulation mediated by the HDAC4-MEF2
axis.
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Atomic coordinate and structural factor for the HDAC4—
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