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Recent proteomics studies of vertebrate striated muscle have
identified lysine acetylation at several sites on actin. Acetylation
is a reversible post-translational modification that neutralizes
lysine’s positive charge. Positively charged residues on actin,
particularly Lys326 and Lys328, are predicted to form critical
electrostatic interactions with tropomyosin (Tpm) that promote
its binding to filamentous (F)-actin and bias Tpm to an azi-
muthal location where it impedes myosin attachment. The tro-
ponin (Tn) complex also influences Tpm’s position along
F-actin as a function of Ca21 to regulate exposure of myosin-
binding sites and, thus, myosin cross-bridge recruitment and
force production. Interestingly, Lys326 and Lys328 are among
the documented acetylated residues. Using an acetic anhydride-
based labeling approach, we showed that excessive, nonspecific
actin acetylation did not disrupt characteristic F-actin–Tpm
binding. However, it significantly reduced Tpm-mediated inhi-
bition of myosin attachment, as reflected by increased F-actin–
Tpmmotility that persisted in the presence of Tn and submaxi-
mal Ca21. Furthermore, decreasing the extent of chemical acet-
ylation, to presumptively target highly reactive Lys326 and
Lys328, also resulted in less inhibited F-actin–Tpm, implying
that modifying only these residues influences Tpm’s location
and, potentially, thin filament regulation. To unequivocally
determine the residue-specific consequences of acetylation on
Tn–Tpm–based regulation of actomyosin activity, we assessed
the effects of K326Q and K328Q acetyl (Ac)-mimetic actin on
Ca21-dependent, in vitro motility parameters of reconstituted
thin filaments (RTFs). Incorporation of K328Q actin signifi-
cantly enhanced Ca21 sensitivity of RTF activation relative to
control. Together, our findings suggest that actin acetylation,
especially Lys328, modulates muscle contraction via disrupting
inhibitory Tpm positioning.

Muscle contraction is driven by cyclical, force-generating
interactions between myosin-containing thick and actin-
based thin filaments (1, 2). Conversely, relaxation occurs
when actomyosin binding is inhibited and/or suppressed by
Tn and Tpm on thin filaments, or by the sequestration of
myosin heads on thick filaments (1–4). Tn is a trimer com-
posed of inhibitory (TnI), Tpm-binding (TnT), and Ca21-
binding (TnC) subunits (1, 2, 5). Each Tn–Tpm holoregula-
tory complex associates with seven actin protomers of the

thin filament to confer Ca21 sensitivity of contraction (1, 2).
Under low Ca21, TnI restricts Tpm to the blocked “B-state”
position along F-actin where it sterically inhibits myosin
binding (1, 2, 5). This effect is attenuated as free intracellular
Ca21 rises and binds to TnC. Ca21-TnC binding relieves
TnI-mediated constraints on Tpm and facilitates its azi-
muthal movement to the closed “C-state,” partial exposure
of myosin-binding sites on actin, and weak myosin binding.
The transition of myosin heads from a weak to strong F-
actin-bound state induces additional Tpm movement to the
open “M-state,” triggering cooperative thin filament activa-
tion and force generation. Hence, contraction demands
both Tn- and myosin-dependent shifts in Tpm position.
Tpm is an a-helical, coiled-coil dimer consisting of seven

tandem “quasi-equivalent,” pseudorepeating motifs that bind
adjacent actin monomers (6–8). It self-polymerizes head to tail
to form a continuous cable that extends the entire length of F-
actin (9–13). Tpm dimers individually bind with weak affinity,
orchestrated by favorable electrostatic contacts between resi-
dues of each actin protomer and Tpm pseudorepeat, yet the
polymerized cable binds with exceedingly high affinity (10, 14–
19). This contrasting behavior, described as “gestalt-binding,”
bestows on Tpm the requisite ability to easily shift its azimuthal
position over the F-actin surface to regulate myosin binding to
the thin filament without risk of catastrophic detachment (10,
20). Mutations that disrupt the weak, local binding of Tpm to
F-actin, as suggested by distorted, computationally derived F-
actin–Tpm electrostatic energy landscapes, may minimally
impact F-actin–Tpm global binding affinity yet elicit significant
changes in Tpm’s ability to properly impede actomyosin bind-
ing and cross-bridge cycling (21–23). Therefore, perturbed
F-actin–Tpm electrostatic interactions could affect Tpm’s pre-
ferred binding position and/or its regulatory switching between
the B-, C-, andM-states along F-actin and, thus, Tpm-mediated
regulation of actomyosin activity.
EM reconstructions and in silico-generated atomicmodels of

Tpm bound to F-actin have identified Tpm’s potential default
Apo- or “A-state” binding location, where the regulatory strand
is positioned such that it sterically hinders myosin binding in
the absence of Tn (12, 15, 20, 24). Lys326 and Lys328 of actin are
predicted to form highly favorable electrostatic contacts with
Tpm and stabilize its native inhibitory configuration (12, 15,
17–19, 25, 26). These associations dominate the computed
F-actin–Tpm interaction energy landscape and, together with
TnI-actin interactions, are essential for establishing the B-state
(5, 12, 15, 22, 27). Modification or mutation of Lys326 or Lys328
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on actin or residues in their vicinity has been shown to alter
contractile regulation and induce cardiac and skeletal myopa-
thies (21, 22, 28–30).
Recently, 10 distinct lysines of actin were identified as targets

of acetylation in independent proteomics assessments of
healthy, vertebrate cardiac and skeletal muscle (31, 32). Of
those 10 residues, 5, including Lys326 and Lys328, were reported
to be acetylated in both studies. Lysine acetylation is a reversi-
ble post-translational modification (PTM) where the transfer
of an Ac group to the residue’s side-chain terminal amine neu-
tralizes its positive charge. Because Lys326 and Lys328 on actin
are likely critical for establishing favorable electrostatic interac-
tions with Tpm, “masking” the charges could destabilize F-
actin–Tpm binding and/or inhibitory positioning, resulting in
increased actomyosin cross-bridge formation and enhanced
force production. In fact, mimicking acetylation by replacing
the charged lysines at positions 326 and 328 with uncharged
glutamines in Drosophila indirect flight muscle (IFM) altered
flight ability and stimulated IFM fiber destruction because of
excessive, myosin-dependent force generation (30).
In vivo, actin acetylation levels may be distinctly modulated.

For example, fluctuations in intracellular concentrations of
Ac-CoA stimulate changes in lysine acetylation levels via mass
action (33, 34). Alternatively, enzymatic-mediated changes in
acetylation require targeting of actin by particular lysine acety-
lase(s) (KATs) and/or deacetylase(s) (KDACs). Despite evi-
dence implicating specific enzymes that may perform this role
in vivo (35–37), to the best of our knowledge no group has pro-
vided evidence of successful enzymatic acetylation of purified,
sarcomeric actin in vitro. On the other hand, in vitro chemical
acetylation of actin is eminently feasible (38–40). For example,
Hitchcock-DeGregori et al. discovered, via a competitive label-
ing method, that Lys326 and Lys328 on F-actin displayed a high
propensity for acetylation and were preferentially modified rel-
ative to all other lysines (38).
Here, we hypothesize that actin Lys326 and/or Lys328 acetyla-

tion decreases Tpm-based inhibition of myosin binding by
direct disruption of F-actin–Tpm electrostatic contacts and re-
sultant Tpm mispositioning, which ultimately manifests as
enhanced Ca21 sensitivity in regulated thin filaments. To test
our hypothesis, we implemented a two-pronged approach that
determined the effects of 1) indiscriminate and probabilistic,
but preferential, actin lysine acetylation on global F-actin–Tpm
binding and on the inherent inhibitory positioning of Tpm
along F-actin in the absence and presence of Tn and 2) residue-
specific pseudoacetylation of Lys326 or Lys328 on Ca21-medi-
ated regulation of RTFs. Our results suggest that although
Lys326 and Lys328 acetylation does not affect collective F-actin–
Tpm affinity, Lys328 acetylation does lessen Tpm’s intrinsic
ability to inhibit myosin cross-bridge binding, which contrib-
utes to enhanced thin filament Ca21 sensitivity.

Results

According to the Behrmann et al. (41) F-actin–Tpm–myosin
rigor structure, Lys328 of actin forms a salt bridge with Glu286 of
myosin (Fig. 1A). Acetylation of Lys328 and masking of its posi-
tive charge would predictably disrupt this interaction, which

could potentially affect myosin binding and/or cross-bridge cy-
cling. We pan-acetylated F-actin with acetic anhydride to
increase actin-normalized lysine acetylation levels ;290-fold
(Fig. 1, B and C, and Fig. S1) and employed in vitro motility
assays to assess its gross effect on actomyosin interactions (Fig.
1D). Sliding velocities of control and acetylated F-actin did not
significantly differ at any of the myosin concentrations tested,
suggesting that, in general, actomyosin cross-bridge cycling is
seemingly unaffected by actin acetylation.
To rule out the possibility that the lack of an effect on F-actin

sliding velocities was because Lys328 remained unmodified, we
employed MS to confirm which lysines were acetylated follow-
ing chemical treatment (Table 1). Specifically, MS detected 22
unique spectral matches to 19 unique tryptic peptide sequen-
ces. These corresponded to 12 distinct acetylation sites, most of
which are common to multiple actin gene products, including
cardiac, skeletal, and cytoplasmic isoforms. Lys328 acetylation
was confirmed. Therefore, the absence of an acetylation-
induced effect on actomyosin cycling, and specifically F-actin
propulsion speeds, could not be attributed to a failure of Lys328

to be chemically modified in vitro.
Lys326 and Lys328 of seven consecutive actin protomers are

predicted to interact with negatively charged residues of every
pseudorepeat along Tpm’s entire length (12, 15, 20, 25, 26) (Fig.
2A). Previously, site-directed mutagenesis of Asp25, Glu334,
Lys326, and Lys328 of human smooth muscle actin was shown to
result in a complete loss of bacterially expressed Tpm binding,
which suggests that the lysines may contribute to global F-
actin–Tpm binding (19). Therefore, we determined the effect
of F-actin acetylation on the binding of tissue-purified cardiac
Tpm via co-sedimentation (Fig. S2). We postulated that modi-
fying the preponderance of actin lysines, especially Lys326 and
Lys328, would potentially decrease maximum F-actin–Tpm
binding (Bmax) and/or affinity (Kd). However, Bmax and Kd of
Tpm for control (Bmax = 0.156 0.01; Kd = 0.216 0.03 mM) and
acetylated (Bmax = 0.14 6 0.01; Kd = 0.15 6 0.04 mM) F-actin
did not significantly differ (Fig. 2B). Thus, extensive chemical
modification of actin lysines did not appear to alter either the
number of available Tpm-binding sites or the affinity of the
polymerized Tpm cable for F-actin.
It is well-established that F-actin–Tpm association is highly

influenced by buffer ionic strength because of the considerable
contribution of electrostatic interactions to binding (42–44).
Therefore, actin acetylation may alter the buffer salt sensitivity
of Tpm binding because of marked reduction in positively
charged lysines, specifically Lys326 and/or Lys328. We per-
formed F-actin–Tpm co-sedimentation assays at varying KCl
concentrations to determine whether actin acetylation modi-
fies the effect of buffer salt on F-actin–Tpm binding (Fig. 2C).
At 40 and 200 mM KCl, control (112 6 6.3 and 85.4 6 6.9%,
respectively) and acetylated (1136 2.2 and 70.46 4.7%, respec-
tively) F-actin bound roughly equivalent amounts of Tpm,
although increasing KCl concentration to 500 mM and above
resulted in a nearly complete lack of Tpm binding to both F-
actin types. This supports the idea that despite extensive lysine
charge neutralization of acetylated F-actin, including Lys326

and Lys328, collective Tpm binding to F-actin remains largely
intact.
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Next, we assessed whether Tpmwas located along acetylated
F-actin at or near its typical inhibitory A-state position and
could, therefore, alter actomyosin cycling and/or the extent of
myosin recruitment, which influences muscle contraction (45,
46). We first determined in vitro motility velocities of control
and acetylated F-actin and F-actin–Tpm at varying myosin
concentrations (Fig. 3, A and B). To facilitate interpretation
regarding the degree to which Tpm reduces filament gliding
speeds, we normalized control and acetylated F-actin–Tpm
velocities at each myosin concentration to their respective F-
actin velocities, subtracted normalized values from one, and
multiplied by 100 to quantify the percentage of Tpm-based in-
hibition (Fig. 3C). As observed previously (47–50), Tpm signifi-
cantly decreased (p, 0.0001) both control (Fig. 3A) and acety-
lated (Fig. 3B) F-actin velocities; however, actin acetylation had
no significant effect on Tpm-mediated reduction of velocity
(Fig. 3C). To further assess the effect of Tpm on actomyosin
binding, we quantified the percentage of moving control and
acetylated actin and actin–Tpm filaments (Fig. 3, D and E).
Consistent with an inhibitory effect on velocity (Fig. 3, A–C),
Tpm significantly decreased (p , 0.0001) the percentage of
motile control (Fig. 3D) and acetylated (Fig. 3E) F-actin. How-
ever, in contrast, acetylated F-actin–Tpm movement was sig-
nificantly elevated (i.e. less inhibited (p , 0.0001)) relative to
control (Fig. 3F), whereas the PTM, again (Fig. 1D), had no
impact on F-actin movement (Fig. 3, D and E). Therefore,

Tpm’s intrinsic ability to inhibit myosin recruitment to acety-
lated F-actin, as opposed to cross-bridge turnover rate, was
significantly attenuated compared with control F-actin (Fig.
3, C and F). In addition, the greatest difference (i.e. a 63%
relative increase) in acetylated versus control F-actin–Tpm
movement occurred at the lowest myosin concentration
tested (12.5 mg/ml). Under these conditions, myosin-depend-
ent, propagated movement of Tpm and exposure of proximal
binding sites is normally relatively minimal. Thus, Tpm likely
remains predominantly in the A-state along control F-actin,
and the extent of myosin binding is determined by Tpm’s in-
herent ability to block myosin attachment, which appears
compromised following modification of F-actin lysines.
Taken together, the data suggest that actin acetylation
increases cross-bridge accessibility by impairing Tpm’s
capacity to adequately impede actomyosin binding when
Tpm alone is bound to F-actin. This effect could potentially
translate into less inhibited thin filaments in the presence of
Tn and Ca21.
We subsequently assessed the ability of acetylated actin to

serve as the backbone of a filament that responds to Ca21. We
reconstituted thin filaments by adding Tn–Tpm to control
and acetylated F-actin and determined the velocity and per-
centage of moving filaments at three distinct Ca21 levels. Given
the more pronounced relative effect of actin acetylation on
F-actin–Tpmmovement under low myosin concentrations, we

Figure 1. Actin acetylation does not significantly alter myosin-driven F-actin sliding velocity. A, proposed Lys328–Glu286 (blue–red, respectively) actin–
myosin (gray–tan, respectively) salt bridge established during strong binding (Protein Data Bank code 4A7f) (41). B, Western blots of actin treated with supra-
stoichiometric acetic anhydride diluted in acetonitrile (acetylated) revealed increased lysine acetylation relative to actin resuspended in acetonitrile only (con-
trol). The blots were probed with anti-actin (top panel) and anti–Ac-lysine (bottom panel; Anti-Ac-K) antibodies. C, anti–Ac-lysine intensities in B were
normalized to corresponding anti-actin signals. Actin-normalized lysine acetylation increased ;290-fold (291 6 37) relative to control. D, in vitro motility of
Alexa 568 Ph-labeled control (black) and acetylated (gray) F-actin at varying myosin concentrations. Average velocities (VelocityAvg.) were not significantly dif-
ferent, suggesting no change in actomyosin cross-bridge cycling caused by actin acetylation (two-way ANOVA; n = 4).
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elected to measure RTF activation at 25 mg/ml myosin. At low
Ca21 (pCa 9), movement of control and acetylated actin-con-
taining RTFs was limited and discontinuous and, therefore,
unquantifiable under our motion criteria (see supporting
information) (Fig. 4A). At high Ca21 (pCa 4), the average
velocity and percentage of filaments moving of acetylated
actin-containing RTFs (1.11 6 0.17 mM/s and 40.5 6 3.4%,
respectively) were comparable with control (1.196 0.21 mM/s
and 40.1 6 3.9%, respectively) (Fig. 4, A and B). However,
when assessed at a submaximal, activating level of steady-
state Ca21 (pCa 6.5), akin to an amount transiently present
in actively contracting human myocytes (51–53), average
acetylated versus control actin-containing RTF velocities
(0.276 0.01 mM/s versus 0.186 0.02 mM/s, respectively) along
with percentage of filaments moving (24.75 6 1.63% versus
20.11 6 1.45%, respectively) were significantly elevated (p ,
0.05) (Fig. 4C). These results are consistent with enhanced
F-actin–Tpm movement (Fig. 3, D–F) and indicate that ace-
tylated actin is capable of forming a Ca21-responsive thin fil-
ament that is less inhibited and hypersensitive to Ca21.

Because Lys50, Lys61, Lys315, Lys326, and Lys328 are commonly
observed actin acetylation sites in vertebrates (31, 32), they may
be the most physiologically relevant. As previously noted,
Lys326 and Lys328 are critical for establishing Tpm’s inhibitory
state in vitro and in vivo (12, 15, 20, 22, 30); accordingly, it
stands to reason that acetylation of these residues specifically
would have the greatest contribution to Tpm mispositio-
ning and increased actomyosin accessibility. Therefore, we
attempted to more precisely resolve the effects of modifying
Lys326 and Lys328 by altering the acetylation reaction to favor-
ably target these residues (Fig. S3). Based on previous measures
of relative reactivities of actin lysines (38), we proceeded under
the premise that performing the acetylation reaction with sub-
stoichiometric amounts of acetic anhydride would preferen-
tially target Lys326 and Lys328, and thus, any observed changes
in Tpm-dependent inhibition of myosin binding could pre-
dominantly be attributed to modifying these residues. F-actin–
Tpm in vitro motility was performed following treatment of
actin with either sub- or suprastoichiometric amounts of acetic
anhydride (Fig. 5A). Substoichiometric acetic anhydride

Figure 2. Actin acetylation does not disrupt global F-actin–Tpm binding. A, purported contacts between Lys326/Lys328 (blue) on actin (gray) and nega-
tively charged Tpm (purple) residues (red) in pseudorepeats 4, 5, and 6 (from bottom to top) (12). B, F-actin–Tpm co-sedimentation data were fit to the Hill
equation (y = Bmax3 xh/(Kd

h1 xh)), and no significant differences were found in Bmax or Kd of Tpm for control (black; Bmax = 0.156 0.009; Kd = 0.216 0.03mM,
respectively) versus acetylated (gray; Bmax = 0.14 6 0.013; Kd = 0.156 0.04 mM, respectively) F-actin. C, saturating amounts of Tpm were mixed with control
(black) or acetylated (gray) F-actin at 40, 200, 500, and 820 mM [KCl] and pelleted. At 40 mM, the percentage of Tpm saturation of control (1126 6.3%) versus
acetylated (1136 2.2%) F-actin was equivalent. Increasing [KCl] to 200 mM similarly decreased Tpm binding to control (85.46 6.85%) and acetylated (70.46
4.68%) F-actin, which was nearly fully ablated by 500mM.
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treatment resulted in significantly greater (p , 0.001) F-
actin–Tpm movement relative to control. Furthermore,
movement of F-actin–Tpm containing substoichiometric-
treated actin was statistically equivalent to F-actin–Tpm
movement containing suprastoichiometric-treated actin (Fig.

5A). Therefore, actin acetylation with substoichiometric lev-
els of acetic anhydride that favors Lys326 and Lys328 acetyla-
tion recapitulates the impact of actin treated with suprastoi-
chiometric levels of acetic anhydride, which is less
discriminate. This might indicate that Lys326 and/or Lys328

Figure 3. Actin acetylation reduces Tpm-based inhibition of actomyosin binding. A and B, control (A, black) and acetylated (B, gray) F-actin (solid) and F-
actin–Tpm (checkered) velocities significantly increased as a function of myosin concentration, whereas Tpm addition significantly decreased velocities (two-
way ANOVA; p , 0.0001; n = 4). C, percentage of decrease in control (black) and acetylated (gray) F-actin velocities observed as a result of Tpm addition
revealed that acetylation had no significant effect on Tpm-mediated reduction of velocity (two-way ANOVA; n = 4). D–F, the effects of myosin concentration
and Tpm on percentage of moving control (D, black) and acetylated (E, gray) F-actin (solid) and F-actin–Tpm (checkered) mirrored those on velocity, whereas
actin acetylation (F, gray) significantly decreased Tpm-based inhibition of filament motion relative to control (black) (two-way ANOVA; p, 0.0001; n = 17–22).

Figure 4. Reduced Tpm-based inhibition persists in acetylated actin-containing RTFs. A, representative images illustrating immeasurable (pCa 9) and
equivalent (pCa 4) movement of control and acetylated actin-containing RTFs by overlaying the first frame of a 17–20-s movie (white) with a summative image
of total motion (yellow). Scale bar, 7 mM. B, percentage of filaments moving (left; n = 9) and average velocities (right; n = 2) of control (black; 40.16 3.9% and
1.196 0.21 mM/s, respectively) and acetylated (gray; 40.56 3.4% and 1.116 0.17 mM/s, respectively) RTFs at pCa 4 were indistinguishable (two-tailed t test). C,
percentage of filaments moving (left; n = 7) and average velocities (right; n = 2) of acetylated (24.756 1.63% and 0.276 0.01mM/s, respectively) RTFs were sig-
nificantly greater than control (20.116 1.45% and 0.186 0.02mM/s, respectively) at pCa 6.5 (two-tailed t test; *, p, 0.05).
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acetylation preferentially contributes to the observed
increases in the percentage of F-actin–Tpm movement and
RTF movement and velocity, which is in agreement with cor-
roborating structural and in silico modeling data of the F-
actin–Tpm interface (12, 15, 17–19, 25, 26). Hence, actin
Lys326 and/or Lys328 modification specifically may modulate
regulation of filaments replete with Tn–Tpm complexes.
Drosophila serves as a vehicle for transgenic actin production

that can be purified in ample amounts needed for in vitro stud-
ies (22, 49, 54). The Act88F IFM actin isoform shares 92% iden-
tity with human vertebrate skeletal actin, and previous in vitro
studies have confirmed that the two behave indistinguishably
in vitro (22, 55). Similarly, the Act57B cardiac actin isoform is
93% identical to human vertebrate cardiac actin. To unambigu-
ously assess the site-specific impact of Lys326 or Lys328 modifi-
cation on Ca21-dependent thin filament regulation, we created
transgenic Drosophila fly lines that express WT, K326Q, or
K328Q Ac-mimetic (charge-neutralizing, yet sterically similar)
Act57B actin in the IFM (30). Transgenic actin comprised
roughly 15% of total IFM actin (Fig. S4), which was isolated and
reconstituted into thin filaments using vertebrate cardiac Tn
and Tpm. Ca21 responsiveness of Drosophila actin-containing
RTFs was determined via regulated in vitro motility at 100 mg/
ml myosin as described previously (22). Maximum velocities of
RTFs containing transgenic pseudoacetylated actin did not
deviate more than 3% from respective transgenic WT actin-
containing RTFs (Fig. 5, B and C). Furthermore, K326Q actin-
containing RTFs exhibited no change in Ca21 sensitivity
([Ca21]50 = 0.43 6 0.029 mM) or cooperativity (h = 1.8 6 0.25)
relative toWT ([Ca21]50 = 0.426 0.027 mM and h = 1.76 0.21)
(Fig. 5B). However, K328Q actin-containing RTFs were signifi-
cantly hypersensitive (p , 0.0001) to Ca21 ([Ca21]50 = 0.56 6
0.032 mM) relative toWT ([Ca21]50 = 0.876 0.044mM), with no
change in cooperativity (h = 1.86 0.21 and 2.26 0.22, respec-
tively) (Fig. 5C). Increased Ca21 sensitivity in K328Q actin-con-
taining RTFs is noteworthy for three reasons: 1) it is consistent
with our previous data indicating increased myosin binding to
acetylated F-actin–Tpm and RTFs at submaximal Ca21 (Figs. 3

and 4); 2) it suggests that Lys328 acetylation alone is sufficient to
cause Tpm mispositioning, and therefore less Ca21 is required
for RTF activation; and 3) it reveals the potential for Lys328

acetylation specifically to modulate and enhance thin filament
Ca21 sensitivity in vivo.

Discussion

This is the first study to assess the in vitro effects of actin
acetylation on Tpm- and Tn–Tpm-mediated inhibition of ac-
tomyosin binding and cycling activity. Interestingly, in vitro
chemical acetylation of F-actin appeared to have little effect
on Tpm binding as determined by co-sedimentation assays.
Because a previous study reported that the simultaneous sub-
stitution of actin Asp25, Glu334, Lys326, and Lys328, with alanines
abolished F-actin–Tpm binding (19), we anticipated, at a mini-
mum, a decrease in global Tpm binding affinity. However, no
such reduction was observed under our experimental condi-
tions. This discrepancy might be due to one or more of the fol-
lowing factors. First, negative effects on Tpm binding caused by
alanine substitution–induced perturbations in the F-actin–
Tpm topological landscape might exceed those elicited by ei-
ther glutamine substitutions or Ac group transfer and charge
neutralization. Second, relatively few positively charged Lys326

and/or Lys328 residues may be sufficient for collective Tpm
binding. Third, disparities resulting from expression of
recombinant rat striated a-Tpm and human smooth muscle
actin compared with tissue-purified bovine cardiac Tpm and
rabbit skeletal actin, as employed here, could differentially
affect Tpm binding to the modified actins (16, 19, 20, 56, 57).
Fourth, positively charged arginines on actin potentially mini-
mize the loss in binding caused by lysine charge neutralization.
Last, negatively charged Asp25 and/or Glu334 are also important
contributors to global F-actin–Tpm binding affinity. Discrimi-
nating among these and additional possible mechanisms will
require further investigation.
According to the results obtained using our in vitro motility

protocol, acetylation had no effect on rabbit skeletal F-actin
sliding speeds across all concentrations of rabbit skeletal

Figure 5. Lys328 pseudoacetylation enhances RTF Ca21 sensitivity. A, treatment of actin with a substoichiometric amount of acetic anhydride (checkered
gray) significantly increased percentage of actin–Tpm filamentsmoving relative to control (black) (two-way ANOVA; p, 0.001; n = 9–12), whereas substoichio-
metric-treated F-actin–Tpmmovement was not significantly different from suprastoichiometric-treated (gray) (two-way ANOVA, n = 10–12). B and C, velocity-
normalized plots of Ca21-dependent activation of K326Q- and K328Q-containing RTFs relative to respective WT controls. K326Q and K328Q maximum veloc-
ities (Vmax = 4.16 0.1 and 3.36 0.06 mM/s, respectively) did not significantly differ from respective internal WT controls (Vmax = 4.26 0.09 and 3.36 0.06mM/s,
respectively). B, Ca21-dependent activation of K326Q-containing RTFs was equivalent to WT control actin-containing RTFs as revealed by no significant differ-
ences in Ca21 sensitivity ([Ca21]50 = 0.43 6 0.029 versus 0.42 6 0.027 mM, respectively) or cooperativity (h = 1.8 6 0.25 versus 1.7 6 0.21, respectively). C,
although there was no significant change in cooperativity of K328Q-containing RTFs (h = 1.86 0.21) relative to WT control (h = 2.26 0.22), K328Q-containing
RTF Ca21 sensitivity ([Ca21]50 = 0.566 0.032mM) was significantly increased relative toWT control ([Ca21]50 = 0.876 0.044mM) (p, 0.0001; n = 4).
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myosin tested. This corroborates the notion that the modifica-
tion does not overtly impact actomyosin interactions and
cross-bridge turnover rate in the absence of Tpm (Fig. 1D). In
the presence of the regulatory strand, however, the number of
motile actin–Tpm filaments significantly increased relative to
control (Fig. 3, D–F), and the increase was significant under
conditions that favored pan-acetylation of actin lysines or,
potentially, under that which favored modification of only
Lys326 and Lys328 (38) (Fig. 5A). These findings added credence
to the thought that Lys326 and/or Lys328 modification might
mitigate the ability of Tpm to inherently block myosin binding
to actin.
Hyperacetylation of actin did not adversely affect thin fila-

ment stability or trigger disassembly because increasing actin
acetylation;290-fold did not hamper in vitro reconstitution of
or render RTFs unresponsive to Ca21. Acetylated actin-con-
taining RTF motility was completely absent at pCa 9 (Fig. 4A)
and comparable with control RTFs at pCa 4 (Fig. 4, A and B).
Therefore, at steady state, and in the presence of low or maxi-
mal Ca21 (58–60), acetylation did not seemingly impact Tn’s
ability to bind F-actin–Tpm and establish the thin filament reg-
ulatory B- or M-states. However, at submaximal, activating
pCa 6.5, both the percentage of motile and average velocity of
acetylated actin-containing RTFs were significantly higher than
control (Fig. 4C), consistent with reduced inhibition of myosin
binding. Thus, despite a loss in positive surface charge, acety-
lated actin was capable of reconstituting into, and forming the
molecular backbone of, a Ca21-responsive thin filament that
evidently is hypersensitive to Ca21 as indicated by increased
myosin recruitment and propulsion speed at pCa 6.5.
Based on F-actin–Tpm results supporting the idea that

Lys326 and/or Lys328 actin acetylation was largely responsible
for attenuating Tpm-based inhibition (Fig. 5A), we reconsti-
tuted thin filaments containing Ac-mimetic K326Q or K328Q
actin and tested the residue-specific effects of the modification
on Ca21 regulation of motility by measuring maximum sliding
speeds, Ca21 sensitivity, and cooperativity of activation (Fig. 5,
B and C). We found that RTFs containing ;15% K328Q pseu-
doacetylated actin (30) were hypersensitive to Ca21 (Fig. 5C).
Enhanced Ca21 sensitivity is consistent with increased acety-
lated F-actin–Tpmmovement (Fig.’s 3, 5A) and enhanced acti-
vation of acetylated actin-containing RTFs at intermediate
Ca21 (Fig. 4C). Mechanistically, each result can be explained by
either an actin acetylation- or K328Q-induced loss in Tpm-
based inhibition of myosin binding.
Although Lys326 acetylation is not disqualified as a modifier

of thin filament Ca21 sensitivity, our results suggest that rela-
tive to Lys328, Lys326 acetylation is, at the very least, significantly
less impactful when present in RTFs at the tested amount. This
is supported by our previous in vivo results that evaluated the
specific effects of K326Q and K328QAc-mimetic actin onDro-
sophila flight ability and IFM morphology (30). Flies that
ectopically expressed K328Q actin in IFMs, at roughly the same
proportion present in RTFs here, were rendered flightless
because of muscle destruction caused by severe, myosin-de-
pendent hypercontraction. On the other hand, whereas the
flight ability of K326Q-containing flies was significantly
reduced, gross morphological structure of the IFMs was pre-

served. Therefore, when present at comparable levels in mus-
cle, K328Q elicited a far more severe phenotype than K326Q
actin, which suggests that the relative influence of Lys328 pseu-
doacetylation on the regulation of striated muscle contraction
exceeds that of Lys326. Our in vitro study corroborates the in
vivo data and reveals a potential molecular mechanism to
explain the exacerbated K328Q muscular phenotype. Relative
to WT and K326Q, Lys328 pseudoacetylation of actin increases
myosin binding to thin filaments because of elevated Ca21 sen-
sitivity and a greater loss in Tpm-based inhibition. These
effects likely result in dysregulation of force production in vivo,
which elicits destruction of IFMs; muscles that are particularly
sensitive to perturbation.
Previous work has demonstrated a correlation between myo-

filament and myofibrillar protein acetylation levels and muscle
function (35, 37); however, individual contributions from the
various modified proteins to overall behavior remain, for the
most part, unknown. One study reported that enzyme-medi-
ated lysine acetylation of striated muscle myosin in vitro
increases actomyosin affinity and F-actin sliding velocity, sug-
gesting an acetylation-dependent enhancement in cross-bridge
cycling (61). In contrast, our data suggest that actin acetylation
does not appreciably affect actomyosin activity except when
Tpm is present. Recently, we found that introduction of cardiac
TnI Ac-mimetic K132Q decreased Ca21 sensitivity of both
RTFs and isolated myofibrils (62). In comparison, K328Q actin
increased RTF Ca21 sensitivity. Future work should focus on
how acetylation of other known targets in muscle, e.g. TnT,
TnC, titin, etc., individually and in combination, affect actomy-
osin activity andmuscle performance (32).
Given both the Ac reactivity and functional importance of

actin Lys328 (30, 38), it will be important to determine whether
its acetylation status is sensitive to changes in cellular Ac-CoA
levels, either physiological (e.g. feeding/fasting) or pathological
(e.g. heart failure (63, 64)). Alternatively, increased/decreased
KAT or KDAC enzymatic activity could alter levels of the PTM
via a residue-specific mechanism. Although a number of small-
molecule compounds have been shown to affect Ac-CoA tissue
levels by inhibiting Ac-CoA carboxylase (65–68), discovery of
specific KAT and/or KDAC activators/inhibitors that preferen-
tially target sarcomeric actin, and in particular Lys326 and/or
Lys328, has been absent.
Ultimately, it will be informative to assess the site-specific

stoichiometry of acetylation on actin, both in vitro and in vivo.
Preliminary assessments by targeted parallel reaction monitor-
ing MS are qualitatively consistent with Lys326 and Lys328 as
highly reactive acetylation sites on actin,1 as reported previ-
ously (30, 38). However, rigorous absolute quantitation at all
previously reported acetylation sites on actin is technically
challenging because of the presence of easily oxidized cysteine
and methionine residues flanking many of the acetylation sites
(Table 1). Nevertheless, site-specific actin Ac-peptide assays
are in development.
In conclusion, notwithstanding the apparent marginal

impact of actin acetylation on global F-actin–Tpm binding

1Anthony Cammarato and D. Brian Foster, unpublished observations.
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affinity and stoichiometry, it reduced Tpm’s ability to block ac-
tomyosin interactions and sensitized RTFs bathed in a submax-
imal, activating amount of Ca21. Site-specific mimicry of acety-
lation at the reactive residue, Lys328 on actin, is sufficient to
recapitulate the Ca21 sensitization of RTF activation. We sub-
mit that the physiological acetylation status of Lys328 and its
susceptibility to change, in the context of disease, warrant fur-
ther scrutiny because the PTM may serve as a potent modula-
tor of striatedmuscle contraction.

Experimental procedures

Molecular modeling

Actin–myosin–Tpm and actin–Tpm structures were gener-
ated using Chimera version 1.9 (69) derived from Protein Data
Bank codes 4A7f (41) and 9PDB file provided in Orzechowski
et al. (12).

Drosophila stocks and husbandry

All flies were raised at 25 °C on a standard cornmeal–yeast–
sucrose–agar medium. The Act88F-Gal4 line was a gift from
Dr. Richard M. Cripps (University of New Mexico, Albuquer-
que, NM, USA), and flies containing one of the UAS-Act57B
actin transgenes (UAS-Act57BGFP.WT, UAS-Act57BWT, UAS-
Act57BK326Q, or UAS-Act57BK328Q) were generated as de-
scribed previously (30). Virgin Act88F-Gal4 female flies were
crossed with males containing one of the UAS-Act57B trans-
genes to create progeny that overexpressed transgenic
Act57BWT, Act57BK326Q, or Act57BK328Q actin specifically
in the IFM.

Protein sources, preparation, and quantitation

Lyophilized rabbit skeletal actin was obtained fromCytoskel-
eton (catalog no. AKL95). Psoas muscle myosin was purified
(70) from white New Zealand rabbits provided by Dr. David
Kass (Johns Hopkins University). Tissue-purified porcine car-
diac Tpmwas provided by Dr. Jeff Moore (University of Massa-
chusetts–Lowell), and bovine cardiac isoforms of Tpm and Tn
were provided by Dr. Larry Tobacman (University of Illinois at
Chicago). Pools containing ectopically expressed Act57BWT,
Act57BK326Q, or Act57BK328Q actin were purified from Dro-
sophila IFMs according to previously published protocols
(22, 49, 54).

In vitro actin acetylation and quantitation of lysine
acetylation levels

In vitro actin acetylation was performed as described in
Hitchcock-DeGregori et al. (38). 10 mg/ml globular (G-) actin,
rehydrated as per manufacturer’s instructions in 5 mM Tris-
HCl, pH 8.0, 0.2 mM CaCl2, 0.2 mM ATP, 5% (w/v) sucrose, and
1% (w/v) dextran, was distributed into 10 ml aliquots, flash-fro-
zen in liquid nitrogen, and stored at 280 °C. Thawed G-actin
was diluted 10-fold in low-salt buffer (25 mM KCl, 4 mMMgCl2,
1 mM EGTA, 25 mM imidazole, pH 7.2, 10 mM DTT, 1 mM

ATP) and polymerized for ;1 h at room temperature. Stock
acetic anhydride (Sigma–Aldrich lot no. SHBJ2093) was diluted
1:70 (4-fold ratio of total moles of acetic anhydride:total actin

lysines) or 1:5600 (0.05 total mol of acetic anhydride:total actin
lysines) in 100% acetonitrile and added to 96 ml of 1 mg/ml F-
actin via addition of four 0.3 ml aliquots every 3 min with con-
tinuous agitation. Actins were stored at 4 °C overnight and dia-
lyzed twice in the cold room against 1 liter of buffer (100 or 200
mMKCl, 5 mMMgCl2, 5 mMTris-HCl, pH 7.5) for at least 4 h to
remove unreacted acetic anhydride.
Dialyzed acetylated actin was prepared in 43 lithium do-

decyl sulfate sample buffer (Invitrogen lot no. 1920134), and
;3 mg was loaded onto a 4–15% gradient SDS-PAGE gel (Bio-
Rad catalog no. 456-1086). Proteins were transferred to a nitro-
cellulose membrane, blocked for 1 h in 1:1 mixture of TBS with
0.1% Tween 20 (Sigma lot no. SLBD6080V) and blocking buffer
(LI-COR catalog no. 927-40000), and probed with anti–Ac-ly-
sine (Cytoskeleton catalog no. AAC-03) antibodies, diluted
1:750 in TBS, for 1 h at room temperature or overnight in the
cold room. Following four or five washes in TBS with 0.1%
Tween 20 (TBST), Ac-lysine–bound primary antibodies were
conjugated to 1:10,000 green secondary antibodies (LI-COR
Biosciences) via 1 h incubation at room temperature. After
numerous TBST washes, the membranes were exposed to a
1:7500 diluted anti-actin primary antibody (Proteintech catalog
no. 20536-1-AP) at room temperature for 1 h, washed, and con-
jugated to 1:10,000 diluted red secondary antibodies (LI-COR
Biosciences). Unconjugated antibodies were washed, andmem-
branes were imaged on a LI-COROdyssey fluorescence imager.
Anti–Ac-lysine intensities were normalized to actin, and the
average fold increase in actin-normalized lysine acetylation was
determined for 9–11 individual measures.

Sample peptide preparation, chromatography, MS, and data
analysis

48 ml of 1 mg/ml F-actin (25 mM KCl, 4 mM MgCl2, 1 mM

EGTA, 25mM imidazole, pH 7.2, 10mMDTT, 1 mMATP) were
aliquoted into two separate tubes. Each tube was mixed with
either 100% acetonitrile or acetonitrile containing 1:140 (v/v)
diluted stock acetic anhydride (Sigma–Aldrich lot no.
SHBJ2093) via addition of four 0.3 ml aliquots every 3 min
under constant mixing. Total moles of acetic anhydride
added to the latter mixture was four times the number of
actin lysines. F-actin samples were left at 4 °C overnight, and
the following day ;5 mg total protein were dried down,
redissolved in 50 ml of 20 mM ammonium bicarbonate (pH
8.0), then reduced with 5 ml of 50 mM DTT at 55 °C for 1 h,
and alkylated with 5 ml 50 mM iodoacetamide in the dark for
15 min. Enzymatic cleavage was performed with MS-grade
trypsin/lys-C (Promega) at 37 °C overnight. The peptides
were desalted with stage tips constructed from Empore C18
material (3M Corporation).
Tryptic peptides were subjected to nano-reversed phase

HPLC coupled to MS/MS. Chromatography was conducted on
a 75 mm 3 250 mm column that was packed in-house into a
PicoFrit self-pack (New Objective) with ReproSil-Pur C18-AQ
(3 mM particles, 120 Å pores; Dr. Maisch, GmbH) and eluted
with a 120 min linear two-solvent gradient (solvent A: 0.1%
(v/v) formic acid (Suprapur, EMD Millipore) with in-house
deionized, reverse-osmosed water; solvent B: 0.1% formic acid
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in 80% (v/v) acetonitrile (Fisher Scientific) into an Orbitrap
Fusion Lumos mass spectrometer equipped with the Easy-IC
(internal calibration; Thermo Scientific) option. Data-depen-
dent MS/MS acquisition was employed using a 3 s cycle time
between MS scans. The resolution was 120,000 for MS and
30,000 for MS/MS. Signal targets were 2 3 106 ions in 60 s for
MS and 53 104 ions in 54 s forMS/MS.
Acquiredmasses were searched against the RefSeq83Orycto-

lagus cuniculus database using Mascot version 2.6.2 (Matrix
Science), as implemented in Proteome Discoverer 1.4 (Thermo
Scientific) with lysine acetylation (142 Da), deamidation of as-
paragine and glutamine (11 Da), and oxidation of methionine
(116 Da) included as variable search parameters. Carbamido-
methyl cysteine (157 Da) was set as a static search parameter.
The precursor ion mass tolerance was set to 5 ppm, whereas
0.02 Da was used forMS/MS. Threemissed cleavages were per-
mitted. Data from Proteome Discoverer (1% false discovery
rate) were imported into Scaffold Q1 v4.1.0 (Proteome Soft-
ware) for conversion to mzIdentML and subsequent data
inspection in Scaffold PTM v3.3.0 (Proteome Software). Lysine
acetylation site confidence was assessed using Scaffold PTM’s
implementation of the A score (71).

F-actin–Tpm co-sedimentation

Dialyzed control and acetylated F-actin were diluted;5-fold
in buffer that yielded a final composition of 200 mM KCl, 2 mM

MgCl2, 10 mM Tris-HCl, pH 7.5, and 10 mM DTT. Stock Tpm
concentration (65 mM) was determined via Bradford colorimet-
ric assay (Bio-Rad), and 25 ml of F-actin (;3.5 mg) was mixed
with minute volumes of porcine cardiac Tpm in duplicate at
the following Tpm:actin molar ratios: 1:16, 1:15, 1:12, 1:10, 7:1,
1:5, 1:4, 1:3, 1:2, 1:1, 1.5:1, and 2:1. Mixtures were placed at
room temperature for 30 min, then on ice for a minimum of 2
h, and spun down in a TLA-100 ultracentrifuge rotor at
100,000 rpm (436,0003 g) for 20 min at 4 °C. 12 ml of superna-
tant were added to 3 ml of 43 lithium dodecyl sulfate sample
buffer (Invitrogen lot no. 1920134), whereas 15 ml of 13 sample
buffer was added to the pellets. The samples were heated to
;90 °C for 3–5 min, centrifuged, loaded on a 4–15% gel (Bio-
Rad catalog no. 456-1086), and run at 100 V for 1.5 h. The gels
were stained overnight in G-250 Coomassie (Bio-Rad catalog
no. 161-0786) and destained in double distilled water. In addi-
tion to assessment of F-actin–Tpm binding at “medium” ionic
strength (i.e. 200mM KCl), co-sedimentation experiments were
equivalently performed under low (40 mM KCl, 4.2 mM MgCl2,
0.8 mM EGTA, 20 mM imidazole, 1 mM Tris-HCl, pH 7.5, and
10 mM DTT) and high (500 mM KCl, 2 mM MgCl2, 5 mM Tris-
HCl, pH 7.5, 10 mM DTT) ionic strengths at 1:3 and 1:4 Tpm:
actin molar ratios. KCl concentration was further increased to
820 mM (2 mM MgCl2, 5 mM Tris-HCl, pH 7.5, 10 mM DTT),
and F-actin–Tpm binding was determined at 1:2, 1:1, 1.5:1, and
2:1 Tpm:actin ratios.

Determination of F-actin–Tpm affinity

Coomassie-stained gels were scanned using a LI-COR Odys-
sey fluorescence imager, and band intensities were quantified
using ImageStudio software. Known amounts of Tpm (0.5–6

mg) were used to plot a standard intensity curve to determine
mg of Tpm in pellet and supernatant fractions and converted to
moles (67 kDa). Negligible amounts of Tpm were found in pel-
let fractions in the absence of F-actin (Fig. S5). To determine
moles of actin, relative amounts present in pellet and superna-
tant fractions were calculated by dividing intensities of each
band by their sum. The amount of actin in pellet and superna-
tant fractions was then calculated by multiplying by total actin
and converted to moles (42 kDa). Bound Tpm:actin molar
ratios were plotted against free Tpm concentrations, and the
data were fit to the Hill equation (y = Bmax 3 xh/(Kd

h 1 xh)) to
derive Bmax andKd of Tpm for control and acetylated actin. Sig-
nificant differences in fit parameters were assessed via extra
sum of squares F-tests, with p , 0.05 deemed significant. The
percentage of saturation of F-actin–Tpm binding was defined
as themolar ratio of Tpm to actin in the pellet times 700.

F-actin, F-actin–Tpm, and RTF in vitro motility

A portion of dialyzed F-actin was diluted in low-salt buffer to
;1 mM and fluorescently labeled overnight via equimolar addi-
tion of Alexa 568 phalloidin (Ph) (Thermo Fisher catalog no.
A12380). In vitro motility of control and acetylated Alexa 568
Ph-labeled F-actin was performed at myosin concentrations
between 12.5 and 100 mg/ml at 30 °C, pH 7.2, and an ionic
strength of 37 mM. Briefly, myosin was introduced into a flow
cell and allowed 2min to bind a nitrocellulose-coated coverslip.
The surface was blocked with 2 mg/ml BSA, myosin “dead
heads” were nonreversibly bound to unlabeled actin filaments,
and enzymatically active myosin was bound to ,10 nM Alexa
568 Ph-labeled F-actin. Fluorescent actin was excited and
imaged using an X-CITE 120 LED lamp and 531/40 filter on an
Olympus IX73 microscope. Emitted light was captured at 593/
40 and detected on a Hamamatsu Flash 4LT EMCCD camera,
operated with HCI imaging software. The videos were con-
verted tomultipage TIFs and imported into ImageJ for process-
ing. Duplicate F-actin motility assessments from two separate
suprastoichiometric acetylation reactions and one substoichio-
metric acetylation reaction were obtained in parallel with con-
trol F-actins. Videos from four to eight areas of each flow cell
were recorded at 1–10 fps for 20 frames total, and the velocities
of moving filaments were measured via automated tracking by
ImageJ plugin wrmtrack (72). Average velocities and errors
from two technical replicate experiments per biological repli-
cate were calculated for filaments classified as movers (see
supporting information). Total filaments analyzed per myosin
concentration ranged between 250 and 2000.
Alexa 568 Ph-labeled F-actin was also incubated with 300 nM

bovine cardiac Tpm on ice for at least 30 min prior to F-actin–
Tpm motility. Motility buffer also included 150 nM Tpm to
maintain Tpm saturation of F-actin. Average velocities and per-
cent filaments moving of control and acetylated F-actin–Tpm
samples were normalized to respective F-actin velocities and
percentage of filaments moving at each myosin concentration.
F-actin–normalized F-actin–Tpm motility parameters were
subtracted from one and multiplied by 100 to determine the
percentage of Tpm-based inhibition at each myosin concentra-
tion. The effect of acetylation on Tpm-based inhibition was
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assessed via two-way ANOVA with p , 0.05 considered
significant.
RTF motility at 25 mg/ml myosin was identically performed

as F-actin–Tpm, except that 300 and 150 nM bovine cardiac Tn
was added to F-actin–Tpm and Tpm-Ca21-containing motility
buffers (50 mM KCl), respectively. Significant differences in av-
erage velocities and the percentage of moving filaments at pCa
4 and 6.5 between control and acetylated actin-containing
RTFs were determined via two-tailed t tests with p, 0.05 con-
sidered significant. Ca21-regulated motility of RTFs containing
Drosophila-derived, transgenic Act57B actin at 100 mg/mlmyo-
sin concentration was performed as described previously (22).
Briefly, average RTF velocities calculated from two biological
and two technical replicate experiments (n = 4) at each distinct
[Ca21] were pooled and weighted based on the number of fila-
ments analyzed for each of four replicate experiments. Pooled,
raw velocity data were plotted as a function of [Ca21] and fit to
the Hill equation to derive the Vmax value for each RTF type.
Average velocities at each [Ca21] were then normalized to each
corresponding, Hill equation–derived Vmax, and pooled nor-
malized velocity versus [Ca21] data were refit to the Hill equa-
tion. Significant differences in [Ca21]50 and cooperativity were
determined via extra sum of squares F-tests between the fits.

Data availability

All data, associated protocols, methods, and sources of mate-
rials are available in the main text or in the supporting
information. Additionally, the MS proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE
(73) partner repository with the data set identifier PXD020732
and PXD019276.
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