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Reversible acetylation of lysine residues within a protein is
considered a biologically relevantmodification that rivals phos-
phorylation (Kouzarides, T. (2000) EMBO J. 19, 1176–1179).
The enzymes responsible for such protein modification are
called histone acetyltransferases (HATs) and deacetylases
(HDACs). A role of protein phosphorylation in regulating mus-
cle contraction is well established (Solaro, R. J., Moir, A. J., and
Perry, S. V. (1976) Nature 262, 615–617). Here we show that
reversible protein acetylation carried out by HATs and HDACs
also plays a role in regulating themyofilament contractile activ-
ity. We found that a Class II HDAC, HDAC4, and an HAT,
PCAF, associate with cardiacmyofilaments. Primary cultures of
cardiomyocytes as well as mouse heart sections examined by
immunohistochemical and electron microscopic analyses
revealed that both HDAC4 and PCAF associate with the Z-disc
and I- andA-bands of cardiac sacromeres. Increased acetylation
of sarcomeric proteins by HDAC inhibition (using class I and II
HDAC inhibitors or anti-HDAC4 antibody) enhanced the myo-
filament calcium sensitivity. We identified the Z-disc-associ-
ated protein, MLP, a sensor of cardiac mechanical stretch, as an
acetylated target of PCAF and HDAC4. We also show that tri-
chostatin-A, a class I and II HDAC inhibitor, increases myofila-
ment calcium sensitivity of wild-type, but not ofMLPknock-out
mice, thus demonstrating a role of MLP in acetylation-depend-
ent increased contractile activity ofmyofilaments. These studies
provide the first evidence that HATs and HDACs play a role in
regulation of muscle contraction.

Histone deacetylases (HDACs)2 and acetyltransferases
(HATs) constitute two separate families of enzymes, which
were originally characterized as nuclear enzymes modifying
histones (3, 4). In mammals over a dozen HDAC family mem-
bers have been identified, which can be classified into three

different classes based on their structure, complex formation,
and expression pattern (5, 6). All members of the HDAC family
contain a highly homologous catalytic domain; however,
sequences outside the catalytic domain are highly divergent,
suggesting that these enzymes might have different biological
functions and a broader substrate repertoire beyond histones
(7). Recently, several non-histone proteins, including MyoD,
YY1, Ku70, p53, and tubulin have been identified as substrates
of HDACs (reviewed in Refs. 1 and 7).
HDAC4 is member of class II HDACs. Members of this

group are highly expressed in the heart, brain, and skeletal
muscle and possess a unique ability of shuttling in and out of
nucleus. In myocytes phosphorylation of HDAC4 by
calcium/calmodulin-dependent kinase-II generates binding
sites for the 14-3-3 protein and promotes its export from the
nucleus to the cytoplasm (8). In contrast MAPK/ERK1-
dependent phosphorylation causes importation ofHDAC4 into
the nucleus (9). In the nucleus HDAC4 associates with MEF2
and serum response factor and represses the transcription of
muscle genes harboringMEF2 and serum response factor bind-
ing sites (10, 8). The role of HDAC4 outside the nucleus is
virtually unknown. In this report we present evidence for the
first time showing thatHDAC4 and an acetyltransferase, PCAF,
associate with cardiac sarcomeres and play a role in regulation
of cardiac muscle contraction.

MATERIALS AND METHODS

Plasmid Constructs—The constructs Myc-HDAC4 (11),
pcGAL4-HDAC4 (11), GST-HDAC4-AA208-310 (12), GST-
MLP full-length, GST-MLP-LIM1 or LIM2 (13), and FLAG-
hMLP (14) have been described elsewhere. Truncations of
humanHDAC4were generated by PCR frompcGAL4-HDAC4
and inserted into the appropriate restriction sites of pcDNA3-
FlagA. The following primers were used: HDAC4-AA1–210,
forwardprimer (5�-CGGGATCCCATGAGCTCCCAAAGCCAT-
CCAGATGG-3�) and reverse (5�-CCGCTCGAGCTAGGAAC-
TGTGCTGCGTTTTCCCGTACC-3�); HDAC4-AA304–620,
forward primer (5�-CGGAATTCAACAACAGCTCCGGGAG-
CGTCAGC-3�) and reverse (5�-CCGCTCGAGCTAGGACAC-
GGGGATGCCGGCGGCCTCC-3�); and for HDAC4-AA612–
1084, forward primer (5�-CGGAATTCATGGAGGCCGCCGG-
CATCCCCGTGTCC-3�) and reverse (5�-CGGATATCCTACA-
GGGGCGGCTCCTCTTCCATGG-3�). Wild-type and mutant
GST constructs for the MLP-LIM1 spanning from 62 to 119
amino acids were constructed by PCR from GST-MLP full-
length plasmid using the following primers: WT forward,
5�-CCGATCTAGACTATGGGCGCAAGTATGGCCCCAA-
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GGGG-3�; K69A forward, 5�-CCGATCTAGACCGCAAGTA-
TGGCCCCGCGGGGATCGGG-3�; and a common reverse
primer, 5�-CCGCTCGAGCTATTACTTCTCTGATTCTCC-
AAACTTCGC-3�. Purified PCR products were inserted into
XbaI-XhoI sites of pGex-KG vector. All PCRs were carried out
using proofreading Pfu Turbo Cx Hotstart DNA polymerase
(Stratagene).
Antibodies Used—The following antibodies and conjugates

were used in this study: rabbit anti-HDAC4 (ab12172, Abcam,
and sc11418, SantaCruz);mouse anti-HDAC4 (sc-46672, Santa
Cruz); rabbit anti-HDAC1 (sc-7872, Santa Cruz); rabbit anti-
histone H2A (2578, Cell Signaling); rabbit anti-cMyc (sc-789,
SantaCruz); chickenMLP (ab14013,Abcam); rabbit anti-PCAF
(sc-8999, Santa Cruz); rabbit anti-acetyl lysine (06-933,
Upstate); mouse anti-� sarcomeric actinin (A7811, Sigma);
goat anti-actin (sc-1616, Santa Cruz); mouse anti-GST (sc-138,
Santa Cruz); goat anti-integrin �1 (sc-6622, Santa Cruz); goat
anti-RNA polymerase II (sc-5943, Santa Cruz); mouse anti-
cMyc (9E10) agarose beads (sc-40 AC, Santa Cruz); anti-rabbit
SIRT1 (ab28170, Abcam), anti-cardiac myosin (ab15, Abcam),
anti-FLAGM2 affinity gel (A2220, Sigma), rhodamine-phalloi-
din (R415, Invitrogen); goat anti-rabbit IgG-HRP (sc-2054,
Santa Cruz); donkey anti-mouse IgG-HRP (sc-2096, Santa
Cruz); donkey anti-goat IgG-HRP (sc-2056, Santa Cruz) and
bovine anti-chicken IgY-HRP (sc-2917, Santa Cruz); donkey
anti-mouse IgG-fluorescein isothiocyanate (sc-2099, Santa
Cruz); donkey anti-goat IgG-Alexa Fluor 594 (A11058, Invitro-
gen) and donkey anti-rabbit IgG-Alexa Fluor 594 (A21207,
Invitrogen). HDAC4 peptide used for blocking of the antibody
activity was from Abcam.
Cell Culture and Transfection—Primary cultures of 2-day-

old neonatal rat heartmyocyteswere carried out using an estab-
lished procedure described previously (10). Adult rabbit heart
myocytes were isolated from New ZealandWhite rabbits (2.2–
2.7 kg) by retrograde collagenase perfusion (15). Rabbits were
sedated with intramuscular injection of ketamine (40 mg/kg)
and xylazine (6 mg/kg), the heart was rapidly excised and per-
fused in a retrograde Langendorff mode for 35 min with type II
collagenase (Worthington Biochemical Corp.) in calcium-free
Tyrode solution. After perfusion the ventricles were gently dis-
sociated in 2.5% bovine serum albumin (Sigma) in Tyrode solu-
tion and cells were filtered through 200-�m2 pore nylon mesh
(Spectrum Labs). Calcium concentration was increased from
50 to 800�Mover a period of 1 h. Cells were suspended inM199
medium (Sigma) supplemented with penicillin (100 units/ml,
Invitrogen), streptomycin (0.1 mg/ml, Invitrogen), 10 �M cyto-
sine-1-�-D-arabinofuranoside (Sigma), and 5% fetal bovine
serum. Cells (20,000–50,000) were seeded on laminin (1
�g/cm2, Sigma)-coated coverslips in 20-mm2 culture plates
with 2 ml of growth medium. Cells were allowed to attach for
12 h and, thereafter, fresh supplemented medium was applied
to cells. Twenty-four to 30 h after seeding cells were used for
immunostaining as described below.COS-7 cells were grown in
Dulbecco’s modified Eagle’s medium supplemented with peni-
cillin-streptomycin and 10% fetal bovine serum (complete
growthmedium). Cells were transfected with appropriate plas-
mids using Superfect transfection reagent (Qiagen) according
to the manufacturer’s protocol. All animal protocols were

approved by the University of Chicago’s Institutional Animal
Care and Use Committee.
Subcellular Fractionation, Immunoprecipitations, andWest-

ern Analyses—Subcellular protein fractions of mouse hearts
were prepared using a Proteoextract subcellular Proteome
Extraction Kit (Calbiochem) according to the manufacturer’s
protocol. For protein sample preparations from heart papillary
muscles or skinned fibers, tissue was homogenized in an appro-
priate volume of 6� SDS-PAGE sample loading buffer without
�-mercaptoethanol. Protein concentration was determined
using the detergent-compatible BCA kit (Pierce). �-Mercapto-
ethanol was added before boiling the samples. The whole cell
lysate was prepared by incubating cell pellets (2� 107 cells) in 1
ml of RIPAbuffer (150mMNaCl, 50mMTris-HCl, pH7.4, 1mM
EDTA, 1% Triton X-100, 0.1% Nonidet P-40, 1 mM phenyl-
methylsulfonyl fluoride, protease inhibitor mixture, Sigma),
passed through 21-gauge needle to shear the DNA and incu-
bated on ice for 40 min with intermittent vortexing every 10
min. Lysates were centrifuged at 10,000 � g for 10–15 min in
the cold and clear supernatants were used as whole cell lysates.
For immunoprecipitation, whole cell lysate, lysate prepared
from skinned fibers, or nuclear extracts from mouse heart
(500–700 �g) were pre-cleared with Protein A/G plus (Santa
Cruz) for 30min at 4 °C. Beadswere pelleted at 1000� g for 30 s
and pre-cleared supernatants were incubated with 10–20�g of
primary antibody-agarose conjugates at 4 °C overnight on a
rotator. When agarose or a gel conjugate was unavailable,
lysates were incubated with primary antibody or an equivalent
amount of control IgG for 2 h at 4 °C and then overnight along
with Protein A/G plus beads to collect the immune complexes.
Beads were collected by centrifugation, washed several times
with RIPA buffer, one wash with PBS, and resuspended in SDS-
PAGE sample loading buffer. Immune complexes and 75–100
�g of input proteins were resolved by SDS-PAGE.Western blot
analyses were performed using appropriate antibodies as men-
tioned in figure legends.
GST Pull-down Assay—GST, GST-MLP full-length, GST-

LIM1, GST-LIM2, and GST-HDAC4-AA208–311 were puri-
fied as described before (16). For pull-down assays, 50 �g of
GST or GST fusion proteins purified using glutathione-
Sepharose 4B beads (GE Healthcare) were incubated for 2 h
at 4 °C on a rotator with the in vitro translated [35S]methi-
onine-labeled HDAC4-Myc or hMLP-FLAG proteins as
appropriate. Beads were washed initially with a buffer con-
taining 200 mM NaCl, 50 mM Tris-HCl (pH 7.5), 0.5% Non-
idet P-40, 1 mM dithiothreitol, protease inhibitor mixture
(Sigma) and 1% bovine serum albumin. Bound proteins were
sequentially washed again with the same buffer containing
350 and 600 mM NaCl, three times with each buffer followed
by a rinse in PBS. Bound complexes were resolved by SDS-
PAGE and detected by autoradiography.
In Vitro Acetylation Assay of MLP—GST-MLP full-length,

GST.LIM1, GST.LIM2, GST�LIM1 (aa 62–119), or
GST�LIM1.K69A were used as a substrate for in vitro acetyla-
tion. Briefly, 6 �g of substrate protein bound to glutathione-
Sepharose beads (GE Healthcare) were resuspended in 1�
HAT buffer (Upstate Biotechnology). A typical acetylation
reaction was comprised of 1 �g of active PCAF enzyme
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(Upstate Biotechnology), 3�g of active p300-HAT enzyme, 250
nCi of [1-14C]acetyl-CoA (Moravek Biochemicals), and 10 mM
sodium butyrate in 1� HAT buffer. Reactions were incubated
at 30 °C for 30–60min on a rotator. Reactions were terminated
by adding SDS sample buffer and resolved on 12% SDS-PAGE
gel. Proteins were transferred to Hybond-P membrane (GE
Healthcare) and detected by autoradiography. The samemem-
brane was also used for Western analysis with anti-GST anti-
body to demonstrate that equal amounts of GST proteins were
used for the assay.
In Vitro Acetylation-Deacetylation Assay of MLP—For this

assay, unlabeled FLAG-MLP was translated in vitro using the
TNT coupled Transcription/Translation rabbit reticulocyte
lysate kit (Promega) according to the manufacturer’s instruc-
tions. FLAG-MLP was immunoprecipitated from the reaction
using anti-FLAGM2 affinity beads. Beads with bound proteins
were washed 4–5 times with RIPA buffer followed by a PBS
wash. Final washwas given in 1�HATbuffer (Upstate Biotech-
nology). The acetylation reaction was carried out as described
above except only active PCAF enzymewas used thatwas found
to be sufficient to carry out acetylation. For the deacetylation
assay, acetylated FLAG-MLP bound to beads was washed as
above and resuspended in 1� HDAC buffer (Upstate Biotech-
nology). This acetylated FLAG-MLP substrate was either incu-
bated just in 1� HDAC buffer (control) or with 10 �g of HeLa
cell lysates or with equal amounts of Myc-HDAC4 or Myc tag
protein immobilized onto Myc (9E10, Santa Cruz)-agarose
beads in 1� HDAC buffer. To obtain Myc tag proteins, COS7
cells were transfected with the respective plasmids and 24 h
post-transfection proteins were immunoprecipitated using the
Myc-agarose beads. These beads were washed with 1� RIPA
buffer 4–5 times, once with PBS, and once with a final wash of
1� HDAC buffer and resuspended in 20 �l of the same buffer.
Five and fifteen�l of these resuspended beads were used for the
deacetylation reaction. Reaction mixtures were incubated for
2 h at 37 °C on a rotator. Proteins were resolved by 12% SDS-
PAGE and subjected to autoradiography after transferring to a
Hybond-P membrane.
Immunostaining—Neonatal rat cardiomyocytes (10,000–

20,000) plated on 1% laminin-coated coverslips were used for
immunostaining after 2 and 7 days of culturing. Cells were
washed briefly in 1� PBS and fixed for 15 min in 3.7% formal-
dehyde at room temperature. After 3 washes of 1� PBS, cells
were permeabilized with 0.1% Triton X-100 for 5 min and
washed again 3 times with 1� PBS. Cells were incubated at
room temperature for 1 h in blocking solution (5% donkey
serum, 1% bovine serum albumin in 1� PBS) and then in a
primary antibody overnight at 4 °C in a humid chamber. The
next day, after 3 washes of 1� PBS containing 0.02% Tween 20
and 1 wash of 1� PBS (10min each wash), cells were incubated
for 1 h with appropriate secondary antibody conjugated with
either fluorescein isothiocyanate (green) or Alexa Fluor 594
(red). Cells were washed as before and mounted in Vectashield
mounting medium with 4�,6-diamidino-2-phenylindole (Vec-
tor Laboratories). Adult rabbit cardiomyocytes were similarly
processed for immunostaining. For F-actin visualization, rho-
damine-phalloidin (Invitrogen) staining of cells was done
according to the manufacturer’s instructions. For immunoflu-

orescent staining of adult mouse heart, 7-�m thick cryosec-
tions of ventricular tissuewere fixed in chilled acetone for 5min
at room temperature, rinsed in 1� PBS, and then processed as
above. All microscopy and imaging analyses were done in the
digital light microscopy core facility at the University of
Chicago.
Electron Microscopy—Freshly isolated mouse heart ventric-

ular tissue was fixed in 0.2% gluteraldehyde and embedded in
L.R. white resin. Post-embedding staining of sections was done
using a primary antibody rabbit anti-HDAC4 (ab12172,
Abcam), rabbit anti-PCAF (sc-8999, SantaCruz), or rabbit anti-
histone H2A (2578, Cell Signaling). Primary antibody staining
was detected using goat anti-rabbit IgG conjugated to 10-nm
gold beads (Ted Pella Inc.). Transmission electron microscopy
and imaging were carried out at the electron microscopy core
facility at the University of Chicago.
Skinned Cardiac Papillary Muscle Fibers—Mice were anes-

thetized using isoflurane followed by cervical dislocation. The
heart was rapidly removed and placed in ice-cold PBS. The
heart was then transferred to relaxing solution containing: 40
mM BES (pH 7.0), 20 mM KCl, 1 mM free Mg2�, 5 mM MgATP,
10 mM creatine phosphate, 20 mM EGTA, 1 mM dithiothreitol,
0.01 mM leupeptin, 0.1 mM phenylmethylsulfonyl fluoride (180
mM ionic strength). Papillary muscles were dissected out and
cut into strips and skinned for 4 h in relaxing solution with 1%
Triton X-100 at 4 °C. Skinned fibers were then treated over-
night with HDAC inhibitor, acetyl-CoA, or vehicle at 4 °C.
Steady-state Force-pCa Relationship—Skinned muscle bun-

dles were mounted in a 750-�l bath and were attached to a
length controller (model 322B, Aurora Scientific) at one end
and a force transducer (model 403A, Aurora Scientific) at the
other end using aluminum T-clips (KEM-MIL-CO). Average
bundle dimensions were �1-mm long by 180-�m wide. Sar-
comere length was then set using laser diffraction methods (10
milliwatt HeNe laser, Spectra-Physics, Mountain View, CA) to
1.9 �m. The muscle bundle was then fully activated twice prior
to generation of force-pCa curves.
Statistical Analysis—Data are expressed asmean� S.E. Data

from the normalized force-pCa curves were fitted using a non-
linear regression (variable slope) equation of the graphical soft-
ware GraphPad (San Diego, CA) to obtain pCa50 and Hill coef-
ficient values. Statistical differences among groups were
determined using either Student’s t test (for two groups) or
one-way analysis of variance (for more than two groups) fol-
lowed by Fisher’s least significant difference test for post hoc
pairwise comparisons if necessary.

RESULTS

To examine the expression pattern of HDAC4 in cardiac
myocytes, we double-stained neonatal rat cardiomyocytes with
HDAC4 and �-actinin-specific antibodies and localized the
protein expression by using confocal microscopy. As expected,
staining for �-actinin, a Z-disc-associated protein, uncovered
striations of sarcomeres, the contractile units of cardiomyo-
cytes (Fig. 1).Whenmyocyteswere examined forHDAC4 local-
ization, we found that the deacetylase was present both in the
cytoplasm and in the nucleus of the cell. Much to our surprise
we noticed that the myocytes that were grown for a relatively
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longer period (7 days) and had well
developed sarcomeres showed a
striated pattern of HDAC4 staining
(Fig. 1). This striated pattern of
HDAC4 expression was, however,
difficult to see in younger myocytes
cultured for 3 days or less, not hav-
ing well defined sarcomeres (Fig. 1).
To validate these results further, we
performed a similar experiment
with cardiomyocytes isolated from
adult rabbit hearts (Fig. 2). Again, as
with neonatal rat myocytes, we
found HDAC4 localization to sar-
comeres of cardiomyocytes. These
results were intriguing because, so
far, no HDAC isoform of any class
has been shown to be associated
with cardiac myofilaments.
To confirm these results, we ana-

lyzed the adultmouse heart sections
stained withHDAC4 and�-actinin-
specific antibodies. Both �-actinin
and HDAC4 revealed striated pat-
terns of expression that overlapped
neatly (Fig. 3A), indicating that
HADC4 is likely to be a Z-disc-asso-

ciated deacetylase. When these heart sections were analyzed at
higher magnification, we found that HDAC4 was localized not
only to the Z-disc, but also between Z-discs where no �-actinin
staining (no yellow in merge) could be seen (Fig. 3B). As a neg-
ative control, we stained cardiomyocytes with four other anti-
bodies against histones and HDACs (e.g.HDAC1, SIRT1, H2A,
and HDAC6), and none of them showed a striated pattern of
staining (Figs. 1B and 3D, HDAC1 staining). We also included
another negative control in which heart sections were stained
with HDAC4 antibody that was blocked with the peptide, and
again found no striated pattern of staining (Fig. 3C). These
results strongly indicated that the observed HDAC4 staining of
sarcomeres was specific.
To obtain firm evidence for HDAC4 localization to sarcom-

eres, we next performed immunoelectron microscopy. Immu-
nogold particles, as reflected by high-density black dots, depict-
ing HDAC4, were found to be localized in the nucleus as well as
to the Z-discs of sarcomeres (Fig. 3E). At higher magnification,
HDAC4 was found mostly at the Z-disc, but a small portion of
the deacetylase was also present at the “I” and “A” bands of
sarcomeres (Fig. 3F). However, no HDAC4 was found at the
M-line of sarcomeres. These results were substantiated by use
of three different sources of HDAC4 antibody as well as by use
of different negative controls, such as no primary antibody,
nonspecific IgG, or H2A antibody (Fig. 3G). Taken together,
these results demonstrated that HDAC4 associates with car-
diac sarcomeres.
The effect of HDACs is counteracted by HATs (17). We,

therefore, wanted to investigate whether a member of the HAT
family was also localized to sarcomeres. Mouse heart sections
were immunostained with antibodies against PCAF and p300,

Culture – day 7
ninitcAninitcA

4CADH4CADH

egreMegreM

4 μm

HDAC1

Actinin

Merge

Negative control

A

B

Culture – day 3

4 μm

FIGURE 1. HDAC4 is localized to sarcomeres of neonatal rat heart myocytes. A, cardiomyocytes grown for
3 or 7 days were stained with �-actinin and HDAC4-specific antibodies. Nuclei were localized by 4�,6-dia-
midino-2-phenylindole staining. The white arrow indicates the striated pattern of HDAC4 staining in myocytes.
B, a negative control in which neonatal rat heart myocytes were stained with �-actinin and HDAC1-specific
antibodies. Note the exclusive nuclear localization of HDAC1 in the cardiomyocyte.

Merge

HDAC4

Actin

4 μm

FIGURE 2. Localization of HDAC4 on sarcomeres of adult rabbit heart
myocytes. Adult rabbit heart myocytes were stained with rhodamine-phal-
loidin to visualize F-actin or stained with HDAC4 primary antibody and fluo-
rescein isothiocyanate-conjugated secondary antibody. Note that HDAC4
was localized both in nuclei and to sarcomeres of the cell.
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two commonly known HATs. We found that PACF antibody
exhibited an obvious striated pattern of expression, which over-
lapped with actin staining, indicating that PCAF is likely to be a
sarcomere-associated acetyltransferase (Fig. 4A). However,
there was no staining of myofilaments with the p300 antibody
(data not shown). We next performed an immunoelectron
microscopic analysis to confirm these results. High-density
immunogold particles (black dots), representing PCAF, were
localized to the Z-disc and the I- and A-bands of sarcomeres
(Fig. 4, B and C). These are the same sarcomere structures with
which HDAC4 was found to be associated. Because, PCAF
immunostaining was less intense than the HDAC4, which
could be related to the reactivity of the antibody, we decided to
confirm PCAF localization to myofilaments by using an alter-
native method. For this purpose, we prepared four subcellular
fractions of the adult mouse myocardium: (i) enriched in
cytoskeleton and myofibrils (myofibrils), (ii) nuclear fraction
(nucleus), (iii) containing intracellular proteins associated with
other subcellular organelles (membrane), and (iv) cytosolic
fraction (cytosol). These subcellular fractions were character-
ized by using antibodies against fraction-specific proteins. As
shown in Fig. 4E, RNA polymerase II was present only in the
nuclear fraction, and myosin was seen only in the myofibrillar
fraction, whereas integrin was present in both the nuclear and

the membrane-bound fractions.
Actin was present in all four frac-
tions, and as expected, it was
enriched inmyofibrillar and nuclear
fractions. When these fractions
were analyzed for PCAF expression,
we found that the acetyltransferase
was present only in the nuclear and
myofibrillar fractions, and it was,
surprisingly more enriched in the
myofibrillar fraction (Fig. 4E). This
higher level of PCAF expression in
the myofibrillar fraction may be
related to the multitude of sar-
comere units present in a cell as
opposed to one or two nuclei of
cardiomyocytes.
Knowing that HDAC4 and

PCAF associate with cardiac sar-
comeres, we next examined the
functional significance of these
enzymes. Skinned fibers from
mouse heart papillary muscles
were used for this purpose. Skin-
ning of myofibers with Triton
X-100 (1%) removes all membra-
nous structures including the
nucleus, sarcolemma, sarcoplas-
mic reticulum, mitochondria, and
other subcellular organelles, leav-
ing only intact myofilaments (18).
After skinning, myofilaments were
treated overnight either with vehi-
cle (Me2SO) or 200 nM trichosta-

tin A (TSA), a class I and II HDAC inhibitor. The next morn-
ing fibers were mounted in a bath, and force-pCa data were
obtained at a constant sarcomere length (1.9 �m). TSA treat-
ment significantly increased the calcium sensitivity of myo-
filaments, as quantified by pCa50 (Fig. 5, A and B; vehicle,
5.72 � 0.02; TSA, 5.84 � 0.02; p � 0.05), without any signif-
icant changes in the maximally activated force, Fmax (Fig. 5B;
vehicle: 53.0 � 3.3; TSA, 51.0 � 6.1 milli-newton mm2�) or
the Hill coefficient (vehicle, 3.55 � 0.40; TSA, 4.22 � 0.70).
To test whether this effect was related to the chemical struc-
ture of TSA, we studied the effect of two other structurally
dissimilar HDAC inhibitors, MS-275 and Scriptaid (19).
Results indicated that all three HDAC inhibitors caused a
similar increase in the myofilament calcium sensitivity (Fig.
5B), suggesting that HDAC inhibition, and not any particular
structure of the inhibitors, was responsible for this observa-
tion. To test whether HDAC4 inhibition was indeed involved
in altered myofilament contractile activity, we performed
the same experiment with myofibers treated with anti-
HDAC4 antibody. Fibers treated with nonspecific IgG were
used as negative controls. As shown in Fig. 5,A–C, treatment
of myofibers with HDAC4 antibody significantly increased
calcium sensitivity of myofilaments without changing the
maximally activated force. However, IgG treatment had no
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G H2A

M
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M

Actinin HDAC4 with peptide Merge with DAPI

D

FIGURE 3. HDAC4 is localized to Z-disc and I- and A-bands of the sarcomere. A, adult mouse heart sections
stained with �-actinin and HDAC4-specific antibodies. Nuclei were localized by 4�,6-diamidino-2-phenylindole
(DAPI) staining. The white arrows indicate that HDAC4 was localized to the Z-discs of the sarcomere. B, analysis
of the mouse heart sections at higher magnification. Arrows indicate localization of HDAC4 not only to the
Z-discs, but also between these structures (see merge picture, white arrow). C, a negative control in which
HDAC4 antibody activity was blocked with the peptide. D, a negative control in which the heart section was
stained with HDAC1 specific antibody. E–G, representative electron micrographs of mouse heart sections
stained with HDAC4 or H2A antibodies. Numbers at the bottom indicate magnification. N and MYO in panel E
represent the position of the nucleus and myofilaments, respectively. High density black dots (arrows) indicate
localization of HDAC4. In panel G, stained with H2A antibody, different regions of the sarcomere (Z-disc, I- and
A-bands, and M line) are shown. Note that HDAC4 is present at Z disc and on I- and A-bands, but not at the M
line of the sarcomere (panel F).
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effect on mechanical parameters of myofibers. Thus, these
data indicated that HDAC4 does in fact participate in regu-
lating the myofilament contractile activity.
HDAC inhibition is expected to increase the acetylation of

the target proteins. Therefore, to complement HDAC inhibi-
tion experiments, we also obtained the force-pCa data from
skinned fibers treated with 1mM acetyl-coenzymeA. Similar to
the effects of TSA, an increase in calcium sensitivity was
observed following acetyl-CoA treatment (Fig. 5B; acetyl-CoA,
5.84 � 0.04; p � 0.05 versus vehicle). Thus, the HDAC inhibi-
tion and acetyl-CoA results suggested that the reversible acety-
lation of myofilament proteins can regulate the calcium sensi-
tivity of myofilaments.
After measuring mechanical activity, we homogenized the

skinned fibers in Laemmli buffer and subjected them to West-
ern analysis to determine the localization of HDAC4 and PCAF
with myofilaments. Protein bands corresponding to HDAC4
and PCAF were detected from skinned fibers as well as from
intact papillary muscle samples (Fig. 5, D and E). However, no
evidence for the presence of other nuclear proteins, such as
SIRT1 or H2A, was found on the skinned fibers. On the con-
trary, these molecules were present in the papillary muscle
samples. Thus, these data again confirmed that HDAC4 and
PCAF associate with myofilament structures.

We next asked whether TSA
treatment did indeed alter the
acetylation of sarcomeric proteins.
Skinned myofibers, incubated over-
nightwithTSAor vehicle, were sub-
jected to Western analysis with an
acetyl-lysine antibody. We found a
notable increase in the acetylation
of several myofilament proteins fol-
lowing TSA treatment. Among
them, a protein running below 25
kDa was consistently recognized by
the acetyl-lysine antibody from
TSA-treated samples (Fig. 6A). To
identify this protein, we probed the
same membrane with antibodies
against different sarcomeric pro-
teins with molecular masses of less
than 25 kDa: for example, tropo-
nin-I, troponin-C, myosin light
chain-1, myosin light chain-2, and
MLP (20). We found that the acety-
lated protein band running below
the 25-kDa marker was identical to
the band recognized by the MLP
antibody, suggesting that MLP of
sarcomeres might be a substrate of
acetylation (Fig. 6A). These experi-
ments also gave us a clue that MLP
could be a sarcomeric partner pro-
tein binding to HDAC4. To explore
this possibility, we first performed
co-immunoprecipitation experi-
ments using a cardiac cell lysate. As

shown in Fig. 6B, MLP was successfully pulled down by the
HDAC4 antibody, but not by theH2A antibody or by IgG alone,
which served as negative controls. We also performed an
inverse experiment in which HDAC4 was sought to be pulled
down by MLP. For this experiments we co-transfected COS7
cells with plasmids encoding FLAG-MLP and Myc-HDAC4.
Cell extract was prepared and subjected to immunoprecipita-
tion with an anti-FLAG antibody. The resulting beads were
analyzed by theWestern blot analysis using anti-Myc antibody.
As shown in Fig. 6C,Myc-HDAC4was co-immunoprecipitated
with FLAG-MLP and not with IgG alone. To obtain further
evidence for interaction ofHDAC4withMLP,we examined the
co-localization of both proteins on sarcomeres. Mouse heart
sections were immunostained with HDAC4 andMLP antibod-
ies, and the expression pattern of proteins was examined by use
of color-tagged secondary antibodies. As before, HDAC4
revealed a striated pattern of expression and that overlappedwith
MLP staining of sarcomeres (Fig. 6D), suggesting that both are
Z-disc-associated proteins. These data indicated that both native
and recombinantMLPandHDAC4bind toeachother in vivo, and
that they associate with the Z-discs of cardiac sarcomeres.
Because proteins in vivo could associate by either direct or

indirect means, we performed GST pull-down assays to dem-
onstrate a direct physical interaction between these two pro-
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teins. Full-length HDAC4 and its different truncated versions
were in vitro synthesized as 35S-labeled proteins. Synthesis of
proteins was verified by SDS-PAGE and samples having 	90%
of the expectedmolecularweight of proteins utilized for further
analysis. As shown in Fig. 7C, the full-lengthHDAC4was pulled
downwithGST-MLP, but not the truncated version of HDAC4
having 1–210, 304–620, or 612–1084 aa fragments, indicating
that the MLP-binding region of HDAC4 must lie between aa
210 and 304. To test the binding potential of this region we
obtained a GST-HDAC4 containing 208–311-aa fragment of
the deacetylase. This fusion protein was examined for its ability
to pull down in vitro synthesized full-length MLP. As shown in
Fig. 7E, 35S-labeledMLPwas successfully pulled down by GST-
HDAC4-(208–311), but not by GST alone. In this series of
experiments we also examined the binding ability of two trun-
cated versions of MLP, one containing the LIM1 domain and
the other having the LIM2 domain of MLP. We found that
HDAC4 binds to the LIM1 domain, and not to the LIM2
domain of the MLP protein (Fig. 7D). From these results we
conclude that the N-terminal fragment of HDAC4 spanning
the 208–304-aa region interacts with the LIM1 domain of
MLP.

Results described above demonstrated that MLP can be
acetylated when it is present on sarcomeres. To provide addi-
tional evidence to this observation, we examined acetylation of
MLP in in vitro assay conditions. Recombinant GST-MLP was
incubated with [1-14C]acetyl-CoA in an acetylation reaction
buffer containing GST-PCAF and GST-p300HAT as provided
with the acetylation kit. The protein acetylationwas detected by
SDS-PAGE followed by autoradiography. We found that GST-
MLP was highly acetylated, but not the GST alone (Fig. 8A). In
this assay, we also analyzed the acetylation ability of two trun-
cated fragments of MLP containing either LIM1 or the LIM2
domain. We found that the LIM1 domain of MLP was acety-
lated to the same extent as the full-length MLP; however, no
acetylation of the LIM2 domain was detected (Fig. 8A). By ana-
lyzing different point mutations within the LIM1 domain we
identified conserved lysine 69, situated within the motif YGP-
KGIG, as a target amino acid acetylated by HATs (Fig. 8C). In
these blots, we could also detect two slow migrating bands of
autoacetylated GST-PCAF and GST-p300HAT, which served
as positive controls.
We next asked whether MLP could be deacetylated by

HDAC4. For this experiment, in vitro synthesized full-length
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FLAG-MLP was immunoprecipi-
tated with the FLAG antibody and
then subjected to in vitro acetyla-
tion with PCAF. We noticed that
PCAF alone was sufficient to acety-
late FLAG-MLP and inclusion of
p300 in the reaction mixture had no
additional effect. To test deacetylase
activity of HDAC4, acetylated
FLAG-MLP was incubated in a
deacetylation reaction buffer with
in vitro synthesized full-length
HDAC4. We found, however, no
detectable deacetylation of FLAG-
MLP by this experiment (results not
shown). We reasoned that this neg-
ative result could be either due to
lack of catalytic activity of in vitro
synthesized HDAC4, or the enzyme
needs other accessory factors for its
deacetylase activity. To test this
possibility, we then examined the
deacetylase activity of in vivo syn-
thesized HDAC4. Cells were over-
expressed with plasmids synthesiz-
ing Myc-HDAC4 or Myc tag alone.
Proteins were immunoprecipitated
usingMyc-specific antibody and the
resulting beads were incubated with
acetylated FLAG-MLP. As shown in
Fig. 8, D and E, we found that beads
containing Myc-HDAC4 had the
ability to deacetylate FLAG-MLP in
a concentration-dependent manner
(lanes 4 and 5), but not theMyc only
protein (lanes 2 and 3). In this assay,
HeLa cell extract having the
deacetylase activity was used as a
positive control (lane 6). These
results thus demonstrated that
HDAC4 from the in vivo source has
the ability to deacetylate MLP.
Finally, to test whether MLP is

required for an acetylation-medi-
ated change inmyofilament calcium
sensitivity we examined the effect of
TSA on skinned papillary muscle
fibers obtained from MLP knock-
out (�/�)mice (21). For the control
of the MLP�/� mice, we utilized
skinned fibers obtained from the
same background strain, C57BL6
mice. As shown in Fig. 9A, there was
a significant increase in calcium
sensitivity of the skinned cardiac
fibers from the wild-type mice
(C57BL6 strain) treatedwith 200 nM
TSA (Fig. 9A). However, no effect of

Cells expressed with 
Myc-HDAC4 + Flag-MLP

IP with Flag

WB with Myc

Input 20% IP-IgG IP-Flag

WB Myc

Myc-HDAC4

IP
-H

2A

IP
-H

D
A

C
4

To
ta

l I
np

ut

WB MLP

MLP

egreM4CADHPLM

Actin

D
M

S
O

WB Pan-Ac WB MLP

TS
A

150 - 
100 -

75 -

50 -
37-

25 -

D
M

S
O

1      21      2
TS

A

MLP
(23 kDa)

A B C

D

kDa

FIGURE 6. MLP of sarcomeres is acetylated and recognized by HDAC4. A, skinned fibers treated overnight
with 200 nM TSA or vehicle (Me2SO) were analyzed by Western blot (WB) using an acetyl-lysine antibody
(Pan-Ac). The same membrane was probed with an anti-MLP antibody (WB-MLP). Note the 23-kDa band rep-
resenting MLP was highly acetylated following TSA treatment. B, co-immunoprecipitation (Co-IP) of native MLP
with HDAC4. Mouse heart lysate was subjected to co-IP using either anti-HDAC4 or anti-H2A antibodies. The
resultant beads were analyzed by Western analysis using anti-MLP antibody (WB-MLP). C, co-IP of recombinant
HDAC4 with MLP. COS7 cells were co-transfected with plasmids expressing Myc-HDAC4 and FLAG-MLP. Cell
lysate was subjected to IP with anti-FLAG antibody and the resultant beads analyzed by Western blot using an
anti-Myc antibody. D, co-localization of MLP and HDAC4 on the Z-discs of cardiac sarcomeres. A typical adult
mouse heart section stained with MLP (red) and HDAC4 (green) antibodies is shown.

G
S

T-
M

LP

G
S

T-
LI

M
1

G
S

T-
LI

M
2

G
S

T

G
S

T-
H

D
A

C
4.

20
8-

31
1 

aa

H
D

A
C

4-
FL

H
D

A
C

4.
 1

-2
10

 a
a

H
D

A
C

4.
 3

04
-6

20
 a

a

H
D

A
C

4.
61

2-
10

84
 a

a

GST GST-MLP

H
D

A
C

4.
61

2-
10

84
 a

a

H
D

A
C

4.
 3

04
-6

20
 a

a

H
D

A
C

4.
 1

-2
10

 a
a

MLP bindingHDAC4.aa
1 1084 +

Input 20%

1 210
208 311

304 620
612 1084

50 -

37 -

25 -

kDa 100 -

50 -

25 -

kDa

G
S

T-
H

D
A

C
4.

 2
08

-3
11

 a
a

G
S

T

MLP

Input
20%

Input
20% G

S
T-

M
LP

G
S

T-
LI

M
1

G
S

T-
LI

M
2

HDAC4

CBA

FED

H
D

A
C

4-
FL

H
D

A
C

4-
FL

-

+

-
-

FIGURE 7. GST pull-down assay to localize protein-binding domains. A, Coomassie-stained GST fusion
proteins used in the assay. B, input (20%) of in vitro-synthesized radiolabeled HDAC4 peptides of different
length. C, radiolabeled HDAC4 peptides were incubated with GST or GST-MLP on beads, as indicated at the
bottom of the picture. Beads were repeatedly washed and proteins bound to beads were analyzed by SDS-
PAGE followed by autoradiography. D, radiolabeled HDAC4 was subjected to a pull-down assay with GST-MLP
or GST having the LIM1 or LIM2 domains of MLP. Note HDAC4 binds to the LIM1 domain of MLP. E, in vitro
synthesized radiolabeled MLP was incubated with GST or GST-HDAC4 containing a 208 –311-aa fragment of
the deacetylase. Note that this truncated peptide of HDAC4 was sufficient to bind to MLP. F, summary of MLP
binding ability to different segments of HDAC4.

Acetylation-mediated Control of Cardiac Muscle Contraction

10142 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 15 • APRIL 11, 2008



TSA treatment was observed in skinned cardiac fibers obtained
fromMLPKOmice (Fig. 9B), whereas HDAC4 and PCAF both
were present on these fibers, as detected by the Western anal-
ysis (Fig. 9C). These results demonstrated that MLP is involved
in the acetylation-mediated change in myofilament calcium
sensitivity.

DISCUSSION

In this paper we report two novel findings. First, reversible
acetylation of sarcomeric proteins, like phosphorylation, plays a
role in regulation of muscle contraction. By using various bio-
chemical and biophysical techniques, we found that HDAC4
and PCAF bind to cardiac sarcomeres and inhibition ofHDACs
by several inhibitors increases calcium sensitivity of cardiac
myofilaments. Second, we identified MLP, a Z-disc-associated
protein, as a target of PCAF and HDAC4. MLP was acetylated

in vitro as well as in vivo when asso-
ciated with myofilaments in its
native state.We delineated lysine 69
of the LIM1 domain as an acetylated
residue of MLP. In contrast to the
data from wild-type mice, myofila-
ments from MLP�/� mice were
resistant to the TSA-mediated
change in calcium sensitivity, thus
suggesting a role of MLP in the
acetylation-dependent increase in
myofilament contractile activity.
These studies underscore the
importance of reversible acetylation
in regulation of cardiac muscle
contraction.
HDAC4 belongs to the class II

family of histone deacetylases.
Although most members of this
class are localized mainly in the
cytoplasm and nucleus, one mem-
ber,HDAC7, has been also shown to
be present in mitochondria (8, 9,
22). Under normal growth condi-
tions HDAC4 is localized in both
the cytoplasm and nucleus, and the
proportion of HDAC4 between the
two compartments varies greatly
depending upon cell-type and the
stage of cell development. In prolif-
erating C2C12 myoblasts and NIH
3T3 fibroblasts, HDAC4 is mostly
expressed in the cytoplasm and it is
imported into the nucleus following
activation of the Ras-MAPK path-
way or DNA damage (9, 23). In con-
trast, HDAC4 expression in car-
diomyocytes is nearly 50:50
between the nucleus and cytoplasm
(8). HDAC4 is phosphorylated
by calcium/calmodulin-dependent
kinase-II during hypertrophy ofmyo-

cytes that promotes exportation of HDAC4 from the nucleus to
the cytoplasm (8). Inside the nucleusHDAC4 represses transcrip-
tional activity of MEF2, leading to repression of muscle gene
expression. A recent study has shown that the repression of
MEF2 transcription activity by HDAC4 is independent of its
deacetylase domain (24). Similarly, others have reported that
the catalytic domain of HDAC4 has minimal or no deacety-
lase activity of its own; and whatever enzymatic activity seen
with in vivo precipitated HDAC4 is from factors associating
with the HDAC4 complex. In our study, we found that the
TSA-induced increase in myofilament calcium sensitivity
can be reproduced by incubating fibers with an anti-HDAC4
antibody as well as by treating fibers with acetyl-CoA. These
observations suggest that: (a) acetylation of fibers indeed
increases the calcium sensitivity of myofilaments, and (b)
HDAC4 inhibition does in fact contribute to this effect.
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Experiments carried out to delineate sarcomeric partner of
HDAC4 led to the identification of MLP, a Z-disc protein, as a
target of the deacetylase.Our attempts to demonstrate deacety-
lation of MLP by in vitro synthesized HDAC4 were unsuccess-
ful, which is consistent with other reports (24). However, when
HDAC4 was precipitated from an in vivo source the resulting
beads were able to deacetylate MLP successfully. These results
suggest that either a cofactor associating withHDAC4 or a pro-
tein modification may enhance the deacetylase activity of
HDAC4. Recently, Fischle et al. (25) have reported that the
active complex of HDAC4 contains HDAC3 and corepressors
SMRT and N-CoR, and the deacetylase activity of the complex
was due to the presence of HDAC3. HDAC3 is primarily a
nuclear protein (26); however, one group has shown a notable
amount of HDAC3 expression also in the cytoplasm (27). We
tried to demonstrate co-localization ofHDAC3 andHDAC4on
cardiac sarcomeres; but remained unsuccessful. We also tested
the possibility of whether HDAC6, an enzymatically active
member of class II HDAC that is present in the cytoplasm,
could associate with sarcomeres; however, these results were
again negative (28).
Other possibilities could be that HDAC4 is modified by a

post-translational mechanism and/or it binds to an unknown
protein of sarcomeres that potentiates its deacetylase activity.
Recently, HDAC4 has been shown to be sumoylated, a post-

translation modification that alters
its ability to repress gene transcrip-
tion as well as reduces its histone
deacetylase activity (29). It is note-
worthy that most of the studies car-
ried out to date for deacetylase
activity of HDAC4 have utilized a
canonical acetyl-lysine residue of
histones as a substrate. A recent
report has shown that HDAC4 is
nearly a thousand-fold more active
on a non-canonical synthetic sub-
strate having trifluoroacetyl-lysine,
which is proposed to destabilize the
amide bond of lysine (24). Based on
this report, it is reasonable to think
that there could be other natural
substrates, perhaps outside the
nucleus, with less stable amide
bonds that are targeted by HDAC4.
Future studies directed toward the
goal of finding out the mechanism
of deacetylation of the sarcomeric
target proteins by HDAC4 should
be able to distinguish between these
possibilities.
A recent study has reported that

chronic HDAC inhibition can
attenuate the pathologic aspects of
the cardiac hypertrophy secondary
to pressure overload (30). Specifi-
cally, TSA-induced HDAC inhibi-
tion for 3 weeks inmice subjected to

pressure overload resulted in attenuation of hypertrophy and
increased left ventricular systolic function and contractile state
as compared with vehicle-treated mice with pressure overload.
The increased left ventricular contractile performance in TSA-
treated mice was partially attributed to an attenuation of the
myosin heavy chain isoform switch (from �-myosin heavy
chain to �-myosin heavy chain) that is associated with pres-
sure-overload cardiac hypertrophy. Our data regarding
enhanced myofilament contractile activity (as indexed by
increased calcium sensitivity) following TSA treatment are
qualitatively consistent with these in vivo results. However,
because our observations were made with relatively acute
HDAC inhibition (overnight incubation of muscle fibers with
TSA versus 3-weekTSA treatment in the in vivo study), they are
likely due to a direct effect of increased myofilament protein
acetylation and not due to any myosin heavy chain isoform
switch. It is possible that this direct effect of acetylationwas also
present in the in vivo study. If so, the increased acetylation of
myofilament proteins may be another adaptive process that
preserves myofilament contractile activity in pressure overload
cardiac hypertrophy.
A role of reversible phosphorylation of sarcomeric proteins

in regulation of myofilament contractile activity is well estab-
lished (reviewed inRefs. 2 and 31). For example, it is well known
that protein kinase A-dependent phosphorylation of cardiac
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activated force (WT, vehicle, 38.0 � 2.1; WT, TSA, 44.2 � 6.0; MLPKO, vehicle, 42.1 � 6.1; MLPKO, TSA, 43.4 � 3.6
milli-newton mm2�) and Hill coefficient (WT, vehicle, 2.33 � 0.06; WT, TSA, 2.35 � 0.19; MLPKO, vehicle, 1.70 �
0.21; MLPKO, TSA, 1.44 � 0.06). Values are mean � S.E. C, following measurement of mechanical param-
eters, skinned fibers were homogenized and analyzed by the Western analysis. Papillary (Pap.) muscle
samples not subjected to skinning were utilized as controls. Note the presence of both HDAC4 and PCAF
in the wild-type (WT) and MLPKO mice. H2A was utilized as negative control of myofilaments and actin as
a loading control.
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troponin I at the serine residue leads to decreased calcium sen-
sitivity ofmyofilaments. In contrast, phosphorylation of cardiac
troponin I at the threonine residue by p21-activated kinase-3 is
associated with increased myofilament calcium sensitivity.
Whereas the protein kinase C-dependent phosphorylation
of myofilaments reduces the maximal calcium-activated
force, its effects onmyofilament calcium sensitivity is known
to be isoform-specific. In the present study we report a
acetylation-induced increase in myofilament calcium sensi-
tivity of about 0.12 pCa50 units. This magnitude of change is
comparable with that due to protein kinase A-mediated
phosphorylation (�pCa50 � 0.15) (32), although the two
responses are in the opposite directions. Thus, it appears
that reversible acetylation of sarcomeric proteins may be
another significant pathway for post-translational regula-
tion of myofilament contractile activity.
Our data showing reversible acetylation of MLP and lack of

effect of HDAC inhibitors on MLP-null myofibers clearly indi-
cate that MLP is involved in a acetylation-dependent change in
myofilament contractile activity. However, a basic question
remains, how does MLP acetylation enhances myofilament
contractile activity? Based on current knowledge of the role of
MLP and other Z-disc proteins in the regulation of myofila-
ment contraction, at least two possibilities could be envisioned.
First, a growing body of evidence supports the notion of a func-
tionally active Z-disc, i.e. Z-disc-associated proteins are
involved in regulating intracellular signaling pathways and
myofilament activation. For example, CapZ, the cardiac actin-
capping protein, has been shown to play an important role in
regulating the protein kinase C signaling to the myofilaments
(33, 34). Cardiac muscles from a transgenic mouse with
reduced levels of CapZ protein has been shown to exhibit
increased myofilament calcium sensitivity. This effect is medi-
ated by the reduction in the amount of myofilament-bound �2
isoform of protein kinase C and consequently decreased phos-
phorylation of myofilament proteins (troponin I, troponin T,
and myosin binding protein C) (34). It is likely that the MLP
acetylation status plays a similar role in regulating protein
kinase signaling to the myofilaments. The second possible
mechanism is based on the observations that MLP interacts
with a number of other Z-disc proteins (reviewed in Ref. 35),
including the titin filament capping protein T-cap/telethonin
(21). Titin, a sarcomeric giant elastic protein, acts as a molecu-
lar spring and is responsible for the passive force generation in
the sarcomere (36). Because titin connects thick and thin fila-
ments in an oblique manner, titin-based passive force has a
radial component that can modulate interfilament lattice spac-
ing, which, in turn, can alter myofilament calcium sensitivity:
higher passive force pulls filaments together reducing lattice
spacing and consequently, increasing myofilament calcium
sensitivity (37). It is possible that MLP acetylation affects the
interaction betweenMLP and T-cap/telethonin, which in turn,
can change titin-based passive tension and myofilament cal-
cium sensitivity. It is also important to consider that, although
we found a large proportion of HDAC4 present on the Z-disc, a
notable amount of HDAC4 was also detected at the I- and
A-bands of the sarcomeres. Thus, a possibility remains that
there could be other sarcomeric target proteins, in addition to

MLP, that are post-translationallymodified by reversible acety-
lation. Studies are underway in our laboratories to identify new
targets of HDAC4 and to find out themechanism of acetylation
mediated regulation of cardiac muscle contraction. Whatever
may be the ultimate mechanism(s), the data presented in this
study clearly demonstrate that protein acetylation is another
layer of regulation controlling muscle contraction. These data
provide impetus to understand the role of HDACs outside the
nucleus and suggest that these enzymes might have a much
broader role in regulating the cell function than previously
realized.
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