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ABSTRACT: Glutathionylation of intracellular proteins is an established physiological regulator of protein
function. In multiple models, including ischemia-reperfusion of the heart, increased oxidative stress results in
the glutathionylation of sarcomeric actin. We hypothesized that actin glutathionylation may play a role in the
multifactorial change in cardiacmuscle contractility observed during this pathophysiological state. Therefore,
the functional impact of glutathionylated actin on the interaction with myosin-S1 was examined. Substituting
glutathionylated F-actin for unmodified F-actin reduced the maximum actomyosin-S1 ATPase, and this was
accompanied by an increase in the activation energy of the steady state ATPase. Measurement of steady state
binding did not suggest a large impact of actin glutathionylation on the binding to myosin-S1. However,
transient binding and dissociation kinetics determined by stopped-flow methods demonstrated that although
actin glutathionylation did not significantly alter the rate constant of myosin-S1 binding, there was a
significant decrease in the rate of ATP-induced myosin-S1 detachment in the presence of ADP. These results
suggest that actin glutathionylation may play a limited but defined role in the alteration of contractility
following oxidative stress to the myocardium, particularly through a decrease in the actomyosin ATPase
activity.

Oxidative modification of proteins has been shown to have a
significant impact on the function of multiple biological sys-
tems (1), and protein glutathionylation in response to oxidative
stress has thereby emerged as a novel method for regulating
protein function (2-4). The glutathionylation of actin in re-
sponse to oxidative stress has been observed in the myocardium
following ischemia-reperfusion, complementing similar observa-
tions in lymphocytes and fibroblasts (4-7). Previous studies have
demonstrated that the glutathionylation of actin occurs rever-
sibly at Cys374 (4, 5), and the functional impact of this post-
translational modification may range from a reduction in the
time course and extent of actin polymerization to altered signal-
ing during integrin-mediated cell adhesion (4, 5, 8). For cells that
depend on the reorganization of the F-actin1 network for
motility, the impact of glutathionylation on F-actin polymeriza-
tion provides a reliable corollary to functional impact. However,
for nonmotile cells such as cardiomyocytes, the functional
consequence of actin glutathionylation remains unclear. Under
physiological conditions, actin serves as the important binding
partner for myosin in the actomyosin cross-bridge cycle (9), and
the regulation of this interaction is intimately linked to optimal
force production. However, under pathophysiological conditions
that reduce myocardial blood flow to the heart, the resultant
decrease in contractility may be related to reversible post-
translational modification of myofilament proteins (10-13).
Therefore, actin’s vital role in force generation in cardiomyocytes
may implicate glutathionylation as a reversible post-translational

modification that is a physiologically meaningful contributor to
altered contractility (9).

To deconstruct the impact of actin glutathionylation in cardiac
muscles, we tested in vitro glutathionylated actin for its ability to
support the actomyosin-S1ATPase, as well as its steady state and
transient binding properties with myosin-S1. Although there was
no change in the steady state binding of actin to myosin-S1, the
actin-activated myosin-S1 ATPase was reduced when glutathio-
nylated F-actin was used as compared to unmodified F-actin.
Stopped-flow analyses of transient binding kinetics suggested
that this outcome was related to slower ATP-induced dissocia-
tion of glutathionylated actomyosin-S1 in the presence of ADP.
These data provide initial insight into the functional conse-
quences of actin glutathionylation in the myocardium.

MATERIALS AND METHODS

Protein Preparation. G-Actin was prepared from rabbit
skeletal muscle acetone powder (Pel-freez) on the basis of a
published method (14). The protocol was followed as described,
save for the substitution of 2 mM PIPES (pH 7) for 2 mM Tris-
HCl (pH 8) during the purification procedure. The purified G-
actin was glutathionylated as previously described (8, 12, 15).
Briefly, G-actin (∼80 μM) was incubated with a 10-fold molar
excess of DTNB dissolved in 0.12 M NaHCO3. The reaction
was terminated by gel filtration using Sephadex G25 (GE
Healthcare). The concentration of the gel-filtered G-actin was
determined byA290 (E=26460M-1 cm-1), and a 20-fold molar
excess of glutathione dissolved in 50 mM PIPES (pH 7) was
added. The reaction was followed at A412 for the net release of
TNB- (E = 14150 M-1 cm-1), which was equal to the con-
centration of glutathionylated G-actin. This concentration, di-
vided by the total concentration of G-actin in the reaction
mixture, gave the percentage of glutathionylated G-actin. Free
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glutathione and TNB- were removed from the G-actin by gel
filtration as described above, and the concentration of G-actin
was again measured. Typically, 65-70% of the G-actin was
glutathionylated using this procedure. To prepare mixtures of 20
and 40% glutathionylated actin, unmodified G-actin was added
to the appropriate amount to yield the desired final glutathiony-
lation percentage. G-Actin was polymerized into F-actin by two
rounds of dialysis against 2 L of 50mMKCl, 10mMBES (pH 7),
4 mM MgCl2, and 1 mM EGTA (16). Each preparation of
polymerized F-actin was used for only 1 day. To independently
confirm actin glutathionylation,Western blotting was conducted
with an anti-glutathione monoclonal antibody (Virogen) as
previously described (12). Detection was achieved with ECL Plus
substrate scanned for fluorescence on a Typhoon 9410 scanner
(GE Lifesciences).

Myosin was prepared from porcine hearts according to a
previously described method (17). To prepare myosin-S1, the
myosin was dialyzed against 0.12MNaCl, 1 mMEDTA, and 20
mM sodium phosphate buffer (pH 7) and digested at 4 �C for 4 h
with a ratio of 3.3 mg of chymotrypsin for every gram of myosin.
The reaction was terminated by the addition of diisopropyl
fluorophosphate to a final concentration of 12 mM, and the
myosin-S1 was separated by centrifugation at 125000g for 2 h.
Steady State Actomyosin Binding and ATPase. To

measure the impact of actin glutathionylation on the steady state
interaction of actin and myosin-S1, binding was assessed by a
light scattering method (16). F-Actin prepared from unmodified
or glutathionylatedG-actin was added to a final concentration of
0.6 μM to a buffer containing 100 mMKCl, 10 mMBES (pH 7),
4 mM MgCl2, and 1 mM EGTA. This solution was mixed in a
1.5 mL quartz cuvette (Hellma) with a micro stir bar and
monitored with a Shimadzu RF-5301 PC spectrofluorometer
for light scattering using 340nm incident light. The cuvette holder
was jacketed with circulating water to maintain a temperature of
25 �C. To the F-actin mixture was added myosin-S1, and the
increase in light scattering wasmeasured. At all concentrations of
myosin-S1 tested, the added volume of myosin-S1 was less than
1% of the total reaction volume. To dissociate the actomyosin-
S1, ATP was added to a final concentration of 40 μM. The
difference in light scattering before and after ATP addition
was representative of myosin-S1 binding to actin (16). Results
are presented as averages ( the standard error of the mean
(SEM).

The level of steady state actomyosin ATPase was measured on
the basis of a linked assay as described previously (18, 19).
Varying concentrations of polymerized actin were mixed in a
buffer containing 25mMKCl, 10mMBES (pH7), 4mMMgCl2,
and 1 mM EGTA that included 40 units/mL lactate dehydro-
genase, 200 units/mL pyruvate kinase, and 500 nM myosin-S1
and allowed to equilibrate for 5 min. The ATPase reaction was
initiated by the addition of a substrate mix to bring the final
concentrations of ATP (Special grade, Roche), phosphoenolpyr-
uvate, and NADH to 2, 0.5, and 0.2 mM, respectively. The
reactionwas followed byA340, which represented the oxidation of
NADH in response to production of ADP from actomyosin-S1.
Slopes of the change in absorbance over time were converted to a
rate of ATP consumed per second per myosin head and plotted
versus actin concentration. Each data set was fit individually as
described previously (20), and the parameters from the individual
fits were then averaged. The activation energy was measured by
determining the net steady state ATPase level of 500 nMmyosin-
S1 in the presence of 35 μM F-actin at 10, 15, 20, and 25 �C.

The Arrhenius plots were used to determine the slope of the
relationship between ln(rate) and 1/temperature (K-1), which
gave the activation energy divided by the gas constant R (-1.987
cal K-1 mol-1).
Stopped-Flow Analyses. The transient binding kinetics of

unmodified and glutathionylated F-actin with myosin-S1 were
studied by the stopped-flow method using an SF-2001 apparatus
(KinTek Corp.). For these experiments, the buffer consisted of
50 mM KCl, 10 mM BES (pH 7), 4 mM MgCl2, and 1 mM
EGTA. To assess the binding of myosin-S1 to F-actin, one
syringe was filled with 2 μM polymerized F-actin and the other
syringe was filled with varying concentrations of myosin-S1 that
were treated for 5 min with 0.01 unit of apyrase. Syringe con-
tents were mixed by the stopped-flow method, and binding was
followed by light scattering at 340 nm. All experiments were
performed at 15 �C. Typically, six to eight records were averaged
to determine the binding profile at a given concentration. The
averaged actomyosin binding profile was fit to a single exponen-
tial to determine the rate of binding at each myosin-S1 con-
centration.

To determine the rates of dissociation of actomyosin-S1 by
ATP, one syringe was filled with a mixture of 4 μM F-actin and
3.5 μM myosin-S1 in the presence of 0.01 unit of apyrase and
allowed to incubate at 15 �C for 5 min. The actomyosin was
dissociated by stopped-flow mixing with varying concentrations
of ATP up to 0.5 mM. The profile of the dissociation was fit by a
single exponential to determine the observed first-order rate
constant at each nucleotide concentration. In the absence of
ADP, attempts tomeasure rates of detachment at>0.5mMATP
were not reliable as a significant magnitude of the detachment
occurred during the dead time of the instrument (21). For
experiments testing the effect of 12.5 μM ADP on the rate of
detachment, the actomyosin-S1 syringe did not include apyrase
but included ADP and 5 μM diadenosine pentaphosphate (16).

RESULTS

Steady State Binding of Glutathionylated F-Actin with
Myosin-S1. G-Actin was glutathionylated using previously
published methods (8, 12, 15). The efficacy of the glutathionyla-
tion procedure is demonstrated in Figure 1. As expected, the anti-
glutathione antibody did not identify unmodified G-actin, but
the glutathionylated actins were readily labeled in a manner
proportional to the extent of modification. The identification of
glutathionylated actin by the anti-glutathione antibody was not a
result of nonspecific labeling, as reversal of glutathionylation by
DTT abrogated the antibody signal. Using the unmodified and
glutathionylated F-actin preparations, the steady state binding of
porcine myosin-S1 to F-actin was assessed by light scattering
(Figure 2). As previously demonstrated, the binding demon-
strates a linear increase followed by a sharp plateau (16). All three
relationships were superimposable over the linear phase, suggest-
ing no change in the association constant. Furthermore, the
magnitudes of the light scattering at the plateau for normal and
glutathionylated actins were not different, suggesting no change
in the stoichiometry of binding.
Actomyosin ATPase with Glutathionylated F-Actin. The

impact of actin glutathionylation on the steady state actin-acti-
vated ATPase of myosin-S1 was measured at 25 �C by tracking
ATP consumption indirectly through oxidation of NADH by a
linked enzymatic assay (18, 19). Although the ATPase of porcine
myosin-S1 mixed with unmodified F-actin demonstrated activity
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on par with previously published results (21, 22), the Vmax of
myosin-S1 was significantly reduced when F-actin was polymer-
ized from 20 or 40% glutathionylated G-actin (Figure 3A). The
measured Vmax was 0.56 ( 0.08 ATP s-1 head-1 (n = 7) for
unmodified F-actin but saw statistically significant declines to
0.33( 0.07 (n=4) and 0.24( 0.08 ATP s-1 head-1 (n=3) with
20 and 40% glutathionylated F-actin, respectively. This was
accompanied by a decrease in the concentration of actin required
for half-maximal activity from 18.6 ( 3.0 μM for unmodified F-
actin to 10.0(1.9 and 9.3(1.0 μM for 20 and 40% glutathio-
nylated F-actin, respectively. The activation energy of the
ATPase was measured for unmodified and 40% gluta-
thionylated F-actin and was 18.4 ( 0.6 kcal/mol (n = 4) for
unmodified F-actin and rose significantly to 29.3 ( 4.8 kcal/mol
(n=3) for 40% glutathionylated F-actin (Figure 3B; P < 0.05).
Stopped-Flow Analyses of Actomyosin Interaction. To

complement the steady state analyses, stopped-flow experiments

were undertaken to determine transient binding and dissociation
kinetics of glutathionylated F-actin with myosin-S1. The second-
order rate constant of binding for porcine myosin-S1 to unmo-
dified F-actin was (1.6 ( 0.1) � 106 M-1 s-1 (n= 2), which was
similar to previously published data for cardiac muscle myosin-
S1 (16). Therewas not a significant change in the rate constant for
binding of myosin-S1 to 20% glutathionylated F-actin, which
was (1.4 ( 0.3) � 106 M-1 s-1 (n = 2).

The rates of actomyosin-S1 or actomyosin-S1 3ADP dissocia-
tion byATPweremeasured on the basis of previously established
methods (16, 21). Titration of ATP resulted in an increase in the
observed rates of dissociation of myosin-S1 from F-actin
(Figure 4), modeled as the second and third steps of the following
scheme (21,23,24):

AM 3ADP a
k1

k-1

AM þATP a
k1

k-1

AM 3ATP a
k2

k-2

A þ M 3ATP

Accordingly, the observed rates of dissociation of myosin-S1
were measured for up to 0.5 mM ATP and were fit to the
equation kobs=k2[K1[ATP]/(K1[ATP]þ1)]. Best fits of the data
provided apparent second-order rate constants (K1k2) of (2.4
( 0.7)�106 M-1 s-1 for unmodified F-actin and (2.5 ( 0.4)�
106 and (2.4(0.5)�106 M-1 s-1 for 20 and 40% glutathiony-
lated F-actin, respectively. The rates, k2, representing the
maximum rates of actomyosin-S1 dissociation by ATP were
estimated to be 1702 ( 293, 1299( 359, and 1319( 357 s-1

when using 0, 20, and 40% glutathionylated F-actin, respec-
tively. At high ATP concentrations, dissociation rates ap-
proach 2000 s-1 and detachment occurs primarily during the
dead time of the stopped-flow instrument (16, 17, 21), suggest-
ing that these values should be derived with caution. The
kinetics of dissociation for ADP-free actomyosin-S1 by ATP
were complemented by measuring the ATP-dependent disso-
ciation of actomyosin-S1 in the presence of 12.5 μM ADP
(Figure 5). For unmodified F-actin, the rate reached a plateau
at 46.6( 2.7 s-1 (n=4), which was in line with prior published
results (16). This rate was significantly reduced to 31.8 ( 3.8 s-1

FIGURE 1: Glutathionylation of G-actin. (A) In the top panel, ali-
quots of unmodified and 20, 40, and 60% glutathionylated G-actin,
along with 60% glutathionylated G-actin treated with DTT, were
resolved by SDS-PAGE and stained by Coomassie blue. In the
bottom panel, a duplicate gel was transferred and Western blotted
with an anti-glutathione monoclonal antibody to identify glutathio-
nylated vs unmodifiedG-actin. (B) Following densitometry, the anti-
glutathione Western blot signal was divided by the total actin signal
to determine the signal density (arbitrary units) of glutathionylation.
The graph denotes unmodified G-actin (O), plotted with G-actins
glutathionylated to 20, 40, and 60% (b) as well as 60% glutathio-
nylated G-actin that was treated with DTT prior to Western blot-
ting (0).

FIGURE 2: Steady state binding ofmyosin-S1 toF-actin. The binding
of myosin-S1 to unmodified (O), 20% glutathionylated (9), or
40% glutathionylated (2) F-actin (600 nM each) was assessed by
light scattering at 340 nm. The data are plotted as a percentage of
maximum light scattering. The presence of glutathionylated actin did
not impact the binding of myosin-S1 during the linear phase
(represented by linear fits), nor was there a difference in the absolute
magnitude of light scattering at the plateau (data not shown).
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(n=3) and 30.9( 2.1 s-1 (n=3) for 20 and 40% glutathionylated
F-actin, respectively (P<0.05).

DISCUSSION

Oxidativemodification of proteins in response to cellular stress
is a recognized route of functional regulation (1).Multiplemodels
have demonstrated that isoforms of actin may be glutathiony-
lated in response to oxidative stress, implicating this as an
important and fundamental regulatory mechanism (4-6). The
functional impact of actin glutathionylation has been primarily
measured as a reduction in the extent of polymerization of
glutathionylated G-actin into F-actin (5, 25), although recent
evidence has shown that it may alter integrin-mediated signaling
during cell adhesion (4). For motile cells that require rapid
reorganization of the F-actin network, glutathionylation would

therefore represent an intuitive mechanism of functional regula-
tion that is readily reversible. However, actin in the cardiomyo-
cytes is the backbone of the thin filament of the sarcomere and
does not rely on polymerization-depolymerization cycles to
support contraction through cross-bridge cycling with myosin.
Therefore, to better define the functional impact that actin

FIGURE 3: Actomyosin ATPase and activation energy. (A) Rates of
actomyosin-S1 ATPase using unmodified (O) and 20 (9) and 40%
(2) glutathionylated F-actin. The concentration of F-actin required
for half-maximal activity was 18.6( 3.0 μM for unmodified F-actin
vs 10.0 ( 1.9 and 9.3 ( 1.0 μM for 20 and 40% glutathionylated F-
actin, respectively. Themaximum rates were 0.56( 0.08, 0.33( 0.07,
and 0.24 ( 0.08 ATP s-1 head-1 for unmodified and 20 and 40%
glutathionylated F-actin, respectively. Exponential fits to the aver-
aged data are shown for illustrative purposes. (B) The activation
energy of the ATPase reaction was measured for unmodified and
40% glutathionylated F-actin by plotting ln(rate) vs the reciprocal of
the temperature (in kelvin). The activation energies calculated from
the slopeswere 18.4( 0.6 kcal/mol for unmodifiedF-actin and29.3(
4.8 kcal/mol for 40% glutathionylated F-actin.

FIGURE 4: Dissociation of actomyosin-S1 by ATP. Unmodified or
glutathionylated F-actin (4 μM) was incubated with myosin-S1
(3.5μM) to formactomyosin-S1.Thebound complexwasdissociated
by stopped-flow mixing with varying concentrations of ATP. The
rate of the exponential decline in light scattering was plotted as a
function of ATP and fit by a modified equation (see Materials and
Methods). Approximate values of the maximum rate of ATP-in-
duced dissociation were 1702( 293, 1299( 359, and 1319( 357 s-1

for unmodified (O), 20% glutathionylated (9), and 40% glutathio-
nylated (2) F-actin, respectively.

FIGURE 5: Dissociation of actomyosin-S1 3ADP by ATP. Unmodi-
fied or glutathionylated F-actin (4 μM) was mixed with myosin-S1
(3.5 μM) in the presence of 25 μM ADP to form actomyosin-
S1 3ADP. This complex was dissociated by varying concentra-
tions of ATP, and these rates were plotted to determine the rate
of dissociation of ADP from the actomyosin-S1 complex. For
unmodified F-actin (O), the maximum rate of ATP-induced disso-
ciation was 46.6 ( 2.7 s-1, significantly higher than those for 20%
[31.8 ( 3.8 s-1 (9)] and 40% [30.9 ( 2.1 s-1 (2)] glutathionylated
F-actin.
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glutathionylation may have in cardiac muscle, we examined its
effect on the actin-activated myosin-S1 ATPase as well as steady
state and transient myosin-S1 binding properties.

Most significantly, we observed that F-actin polymerized from
glutathionylated G-actin demonstrated lower maximum rates of
actin-activatedmyosin-S1 ATPase activity (Figure 3). These data
suggest that in situ glutathionylation of actin monomers in the
thin filament during ischemia-reperfusion of the heart may be a
factor contributing to the observed decrease in the maximum
force production by permeabilized fibers from these hearts (12).
The reduction in the maximum rate of ATPase may generally
have been due to reduced total myosin-S1 attachment or slowed
myosin-S1 detachment (26). A difference in attachment appeared
unlikely, as the steady state association of myosin-S1 with actin
was unchanged when using glutathionylated actin, nor was there
a change in the apparent stoichiometry of binding. These
observations were complemented by stopped-flow studies to
determine the possible transient kinetic differences in select
transitions of the cross-bridge cycle. Measurements of the
second-order rate constant for myosin-S1 binding to F-actin
were not influenced by glutathionylation, which was generally
unsurprising given the steady state binding data. Therefore, itwas
unlikely that the transitions governing initial association of
myosin-S1 with glutathionylated F-actin were the catalysts for
reduced ATPase activity. This prompted the examination of
cross-bridge transitions that defined the dissociation of bound
actomyosin-S1 complexes. The second-order rates of dissociation
of unmodified and glutathionylated actomyosin-S1 triggered by
mixing with ATP were not different (Figure 4). However, a
significant decrease in themaximum rate of actomyosin-S1 3ADP
dissociation byATPwas observed. Previous studies have demon-
strated that the rate of cross-bridge detachment is a determining
factor for the unloaded shortening velocity (27). This is a
reasonable corollary to the actomyosin-S1 ATPase in solution,
as the measurement is taken under effectively unloaded condi-
tions. Furthermore, dissociation of ADP from actomyosin is
sufficiently slow to be a controlling step of the ATPase (26, 28),
suggesting that conditions mimicking in vivo ADP concentra-
tions may lead to the best assessment of physiological impact.
When examining this cross-bridge step, we used a concentration
ofADP that would not fully saturate the available actomyosin-S1
sites in an effort to improve our understanding of physiological
and pathophysiological conditions where full ADP saturation is
unlikely (29). Therefore, the reduction in the measured rate of
myosin-S1 detachment in the presence of ADP may be a strong
contributor to the observed decline in the maximum rate of
actomyosin-S1 ATPase in the presence of glutathionylated F-
actin and may be a factor in the decreased force production
observed in ischemic fibers.

At this point, the mechanism behind actin glutathionylation’s
effect on the dissociation of the actomyosin-S1 3ADP complex is
unclear. It is well established that the glutathionylation of G-
actin reduces the rate of F-actin formation (5, 25). Furthermore,
we had previously demonstrated that the glutathionylation of F-
actin leads to a reduction in the cooperativity of tropomyosin
binding (12). Coupled with the altered rate of actomyosin-
S1 3ADP dissociation by ATP, these findings may generally
suggest that the root cause of the functional impact of actin
glutathionylation is a modulation of the intermonomer interac-
tions between adjacent actins along the thin filament. It has been
previously demonstrated that myosin-S1 binding to the external
surface of the actin filament causes an alteration in the environ-

ment of the filament interior (30). This is in general agreement
with data demonstrating that the actin filament has internal
cooperativity, which would aid in propagation of intermonomer
interactions (31). In fact, these dynamic properties of the actin
filamentmay play unique roles in the contractile process (32).We
hypothesize that the glutathionylation of actin may impair, to an
extent, the internal cooperativity of the actin filament, causing
subtle changes in the manner by which thin filament
(tropomyosin) or thick filament (myosin-S1) proteins interact
with the actin filament. In relation to our current studies, it is
therefore possible that the glutathionylation of actin may lead to
changes in the intermonomer properties of the actin filament that
may inadvertently stabilize the ADP-bound conformation of
myosin-S1, thereby reducing eventual cross-bridge detachment.

In conclusion, we provide data to support the role of actin
glutathionylation inmodulating the actomyosin-S1 ATPase. The
presence of glutathionylated actin in ischemia-reperfused hearts
may suggest that this post-translational modification contributes
to the transient reduction in contractility experienced during
altered myocardial blood flow (12). However, this pathophysio-
logical condition presentswithmultiple changes to the contractile
filaments, including altered troponin I and myosin binding
protein C phosphorylation (10, 12, 13, 33, 34). Therefore, future
studies examining the interplay between the various post-transla-
tional modifications, especially in the context of the regulated
thin filament, will be necessary to define the net impact of actin
glutathionylation on contractility.
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