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A Cardiomyopathy Mutation in the Myosin Essential
Light Chain Alters Actomyosin Structure
Piyali Guhathakurta,1 Ewa Prochniewicz,1 Osha Roopnarine,1 John A. Rohde,1 and David D. Thomas1,*
1Department of Biochemistry, Molecular Biology and Biophysics, University of Minnesota, Minneapolis, Minnesota
ABSTRACT We have used site-directed time-resolved fluorescence resonance energy transfer to determine the effect of a
pathological mutation in the human ventricular essential light chain (hVELC) of myosin, on the structural dynamics of the
actin-myosin complex. The hVELC modulates the function of actomyosin, through the interaction of its N-terminal extension
with actin and its C-terminal lobe with the myosin heavy chain. Several mutations in hVELC are associated with hypertrophic
cardiomyopathy (HCM). Some biochemical effects of these mutations are known, but further insight is needed about their effects
on the structural dynamics of functioning actomyosin. Therefore, we introduced the HCM mutation E56G into a single-cysteine
(C16) hVELC construct and substituted it for the VELC of bovine cardiac myosin subfragment 1. Using a donor fluorescent probe
on actin (at C374) and an acceptor probe on C16 of hVELC, we performed time-resolved fluorescence resonance energy
transfer, directly detecting structural changes within the bound actomyosin complex during function. The E56G mutation has
no significant effect on actin-activated ATPase activity or actomyosin affinity in the presence of ATP, or on the structure
of the strong-binding S complex in the absence of ATP. However, in the presence of saturating ATP, where both W (prepower-
stroke) and S (postpowerstroke) structural states are observed, the mutant increases the mole fraction of the S complex
(increasing the duty ratio), while shifting the structure of the remaining W complex toward that of S, indicating a structural
redistribution toward the strongly bound (force-generating) complex. We propose that this effect is responsible for the hypercon-
tractile phenotype induced by this HCM mutation in myosin.
INTRODUCTION
The structural transition of the actin-myosin complex from
the weak (W, lever arm up) to the strong (S, lever arm
down) binding states during the ATPase cycle generates
the powerstroke that produces the force of muscle contrac-
tion (Fig. 1) (1). The myosin molecule is composed of three
major structural domains: 1) the catalytic domain (CD) of
the heavy chain, containing the actin and the nucleotide-
binding sites; 2) the light-chain domain (LCD), which con-
tains the essential and regulatory light chains (ELC, RLC)
that are attached to two IQ domains of the heavy chain;
and 3) the tail region of the heavy chain, which is respon-
sible for thick filament formation (2,3). The LCD is pro-
posed to function as a lever arm that amplifies small
structural changes in the CD into the larger motions by
which myosin exerts force on actin. The light chains stabi-
lize the lever arm and play an important role in regulating
the actin-myosin interaction. In mammalian muscle, RLC
potentiates force through modulation of the interaction of
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the myosin head with actin via phosphorylation of serine
residues near its N terminus (4), whereas the removal of
ELC from myosin results in a loss of actin filament motility
(5) and a reduction in force (6).

ELCs are highly conserved, and are expressed as two iso-
forms, A1 and A2. The principal difference between them is
that A1 contains an N-terminal extension (NTE) of 40–45
additional amino acids. Smooth muscle and nonmuscle
myosins express only the A2 isoform (7,8). Fast skeletal
muscle contains both A1 and A2 (9), whereas slow skeletal
and cardiac muscles contain only A1 (10). In cardiac mus-
cle, ventricular and atrial ELCs have NTEs of approxi-
mately the same length as their A1 counterparts in skeletal
muscle, and are important regulators of cardiac contractility
(11,12). In skeletal muscle, A1 interacts with the negatively
charged C terminus of actin, resulting in strongly actin-
bound myosin heads with slower kinetics compared to A2
(12–16). Several point mutations in the human ventricular
myosin essential light chain (hVELC) gene, MYL3, lead
to hypertrophic cardiomyopathy (HCM), which is one of
the most common and severe inherited cardiac disorders
(13,17). HCM results from mutations in 11 or more different
sarcomeric genes (18) and is characterized by hypertrophy
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FIGURE 2 Here is a schematic representation of the hVELCs used in this

study. (A) Native endogenous hVELC has three cysteines. (B) WT hVELC

has a single cysteine at residue 16. (C) E56G has a single cysteine (C16)

with E56G. To see this figure in color, go online.

FIGURE 1 Given here is a model of an actin-myosin complex with

skeletal myosin S1 (heavy chain, blue; ELC, green) in a strongly bound

S state (lever arm down, postpowerstroke) on F-actin (gray). Spheres

show the labeling sites on actin (C374, gray) and on myosin ELC (C16,

green), and the HCM mutation (E56G, yellow). Not shown is the weakly

bound W state (prepowerstroke), in which the ELC-containing lever arm

is tilted up. The FRET sensor (donor at actin 374, acceptor at ELC C16)

was designed to determine the effect of the E56G HCMmutation in hVELC

on the W-to-S structural transition in cardiac actomyosin. The model struc-

ture was adapted from Aydt et al. (62). To see this figure in color, go online.
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of the left ventricle and the interventricular septum, typi-
cally reducing ventricular chamber volume and causing my-
ocyte and myofibrillar disarray. The clinical manifestations
of the disease are quite variable (19), and the wide spectrum
of functional perturbations induced by the different HCM
mutations suggests that many different pathways lead to
the HCM phenotype (18), so it is difficult to establish a
prognosis based on the mutation (20).

Most of the HCM-linked mutations in hVELC are located
in the EF-hand Ca2þ binding motifs, in highly conserved
amino acid residues (21). In vitro studies on these mutations
have shown a wide range of effects on force, actin sliding
velocity, and actin-activated ATPase activity (22). However,
the molecular mechanisms by which these mutations
cause the HCM phenotype remain poorly understood.
Thus, further insight is required to understand the structural
and functional effects of these mutations on actomyosin.

In this study, we focus on a mutation in hVELC, E56G,
which causes HCM (22). We hypothesize that this mutation,
located near the interface of heavy and light chains (Fig. 1),
affects cardiac function by altering the structural states
of the actin-myosin complex during the ATPase cycle. To
test this hypothesis, we engineered a fluorescent biosensor
to detect structural changes within hVELC bound to
myosin. We expressed a single-cysteine (C16) construct of
hVELC without (here designated ‘‘WT’’) and with the
E56G mutation (here designated ‘‘E56G’’) (Fig. 2). Binding
of the ELC N-terminus to actin is governed primarily by the
first 11 residues of ELC (23). We avoided modifying this re-
gion by placing a probe at an engineered Cys at residue 16.
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We labeled C16 of hVELC with a nonfluorescent acceptor
probe (DABCYL) for both WT and E56G, exchanged it
with the native endogenous ELC in bovine cardiac myosin
subfragment 1 (S1), and made homogenous preparations
of WT and E56G cardiac S1. We labeled actin with a fluo-
rescent donor probe (1–5 IAEDANS) at C374. Structural
transitions, induced by addition of ATP, in the labeled
acto-S1 complexes, were detected using time-resolved fluo-
rescence resonance energy transfer (TR-FRET) from the
probe on actin C374 to the probe on C16 of hVELC.
TR-FRET from actin to myosin can resolve intermolecular
distances within the bound actomyosin complex without
interference from unbound S1. This is critical in the pres-
ence of ATP, where a large fraction of S1 is dissociated
from actin because of its low duty ratio. Our previous study
applied a similar approach to the skeletal muscle actomy-
osin complex, where we showed that the NTE of ELC has
a large effect on the distribution of actomyosin structural
states during ATPase activity (24). In addition, we showed
that the movement of the LCD relative to actin probed by
a FRET acceptor on the C-terminal lobe (C177) of ELC
correlates well with the movement of an acceptor (C16)
on the NTE (24). The latter acceptor site provides a much
more robust FRET measurement, in which the resolved W
and S structural complexes are well within the optimal range
for resolution by FRET. Thus, in this study, we used the
ELC-C16 acceptor to determine the effects of the E56G
mutation on the structural dynamics of cardiac actomyosin
during the ATPase cycle.
MATERIALS AND METHODS

Protein preparations and labeling

Actin was prepared from rabbit skeletal muscle by extracting acetone pow-

der in cold water, as described in Prochniewicz et al. (25). C374 in F-actin

was labeled with the FRET donor as follows: 700 mM 1–5 IAEDANS,

freshly dissolved in DMF, was mixed with 70 mM F-actin and incubated

for 18 h at 4�C. Labeling was terminated by adding 10 mM DTT. After

30 min sedimentation at 350,000 � g, the F-actin pellet was suspended

in G-Mg buffer (5 mM Tris, 0.5 mMATP, 0.2 mMMgCl2, pH 7.5) followed

by clarification at 300,000� g for 10 min. Actin was again polymerized for
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30 min at 25�C in the presence of 3 mMMgCl2, centrifuged at 300,000� g

for 30 min, and the pellet was suspended in F-Mg buffer (3 mM MgCl2,

10 mM Tris, pH 7.5) containing 0.2 mM ATP. The labeled F-actin was

immediately stabilized against depolymerization and denaturation by add-

ing one molar equivalent of phalloidin. For selected studies, F-actin was

labeled with pyrene-iodoacetamide (producing pyrene-actin) as described

in Guhathakurta et al. (26).

Bovine b-cardiac myosin was prepared as described in Lowey et al. (27)

and Rohde et al. (28). b-cardiac S1 was prepared by a-chymotryptic diges-

tion of bovine b-cardiac myosin. After overnight dialysis against 20 mM

Imidazole pH 7, 120 mM KCl, and 1 mM EDTA, 2 mg/mL chymotrypsin

was added dropwise to the myosin suspension at 25�C to a final concentra-

tion of 0.05 mg/mL and was stirred for 15 min. The digestion was stopped

with 1 mM PMSF, and the digested myosin was centrifuged to pellet

undigested myosin. The supernatant, containing mainly S1, was dialyzed

overnight in 10 mM Tris, pH 7.5. S1 was flash frozen with 150 mM sucrose

before storage at �80�C.
A pET15b vector encoding endogenous hVELC with an N-terminal 6�

His tag and thrombin cleavage sitewas obtained fromGenScript (GenScript,

Piscataway, NJ) (Fig. 2 A). All three native cysteines (C67, C76, and C182)

of hVELC were mutated to alanine, and a single cysteine at position A16

was engineered using a QuikChange kit (Invitrogen, Carlsbad, CA). This

construct, containing a single cysteine, is designated wild-type (WT)

(Fig. 2 B). The E56G mutation was engineered in the single-cysteine WT

hVELC using a QuikChange kit (Stratagene, San Diego, CA), and is desig-

nated ‘‘E56G’’ (Fig. 2 C). All the sequences were confirmed by DNA

sequencing. Both WT and E56G constructs were transformed into Escheri-

chia coli BL21DE3-competent cells, grown in LB medium supplemented

with 100 mg/mL ampicillin, and was induced with 1 mM IPTG. Both WT

and E56G N-terminal His-tagged hVELCs were purified from bacterial

cell pellets using Talon affinity resin (Clontech Laboratories, Mountain

View, CA) as described in Guhathakurta et al. (24), then concentrated, dia-

lyzed to 10mMTris pH 7.5, and stored frozen in�80�C in 150mM sucrose.

Before labeling, hVELC was reduced with 5 mM DTT for 60 min on ice.

Excess DTTwas removed using Zeba spin columns (Pierce Biotechnology/

Thermo Fisher Scientific, Waltham, MA) in 10 mMTris pH 7.5. C16 of WT

and E56G hVELC was labeled with the FRET acceptor as follows: 700 mM

DABCYL Plus C2 maleimide (AnaSpec, Fremont, CA), was mixed with

70 mM hVELC in 6 M GuHCl, 5 mM EDTA, 10 mM Tris pH 7.5, and

1 mM TCEP, and incubated for 18 h at 23�C. Unbound dye was removed

by extensive dialysis against 10mM Imidazole pH 7 and Zeba Spin desalting

columns (Pierce Biotechnology/Thermo Fisher Scientific). Protein was

concentrated and stored frozen in 150 mM sucrose at �80�C. Labeling of

C16 with the acceptor probe was complete and specific (>95%) (Fig. S7)

as confirmed using electrospray ionization mass spectrometry (29).
Exchange of hVELCs in cardiac S1

Acceptor-labeled hVELC was exchanged into b-cardiac S1 as described in

our previous study of skeletal S1 (24). A quantity of 50 mM cardiac S1 was

incubated with 500-mM labeled hVELC in 100 mM imidazole pH 7, 2 mM

DTT, 2 mM EDTA, and 4.7 M NH4Cl for 25 min on ice, followed by exten-

sive dialysis in 10 mM Imidazole pH 7. The dialyzed sample was applied to

a Talon affinity resin (Clontech Laboratories). S1 with endogenous ELC did

not bind to the Talon resin. S1 containing labeled and exchanged His-tagged

ELC together with free His-tagged ELC that binds to the resin were eluted

in Talon elution buffer (200 mM Imidazole and 300 mM KCl, pH 7). Free

His-tagged ELC was removed by pelleting S1 with actin (20 min for

300,000 � g) added at 1:1 molar ratio. The acto-S1 pellet was then

suspended in the release buffer (3 mM MgCl2, 10 mM Tris pH 7.5,

0.1 M KCl, and 3 mM ATP) and was centrifuged at 300,000 � g for

20 min. This step separated actin from S1, and S1 with labeled hVELC

was obtained in the supernatant, which was concentrated and dissolved in

F-Mg buffer (3 mM MgCl2, 10 mM Tris pH 7.5) for experiments. A

SDS-PAGE gel was used to observe the exchange S1 (Fig. S8 A). A native
PAGE gel (4–25%) was used to detect the incorporation of labeled and

bound ELC in final S1 (Fig. S8 B, lane 2). Absence of free ELC in the final

S1 sample (Fig. S8 B, lane 2) indicates that the fluorescence signal is com-

ing from bound ELC. Replacing endogenous ELC with completely labeled

His-tagged ELC and utilizing His-tag for purification of ELC-bound S1

results in final cardiac S1 (used for experiment) with fully labeled ELC.

Therefore, the S1 sample used for experiments was homogenous, with all

S1 molecules containing a labeled ELC.

The concentrations of unlabeled proteins were determined by measuring

absorbance at 280 nm, assuming the following molecular weights and absorp-

tion of0.1%proteinA280: S1¼ 110,000Da,A280¼ 0.75; andA1¼ 23,898Da,

A280¼ 0.18. The concentrations of labeled S1, actin, and ELCwere measured

by the Bradford assay (Bio-Rad Laboratories, Hercules, CA) using corre-

sponding unlabeled proteins of known concentration as standards.
Steady-state ATPase activity and
cosedimentation assay

Actin-activated ATPase activity was measured at 25�C in F-Mg buffer

(3 mM MgCl2, 10 mM Tris pH 7.5) containing 3 mM ATP, at a constant

concentration of myosin S1 (0.1 mM) and increasing concentrations

(10–50 mM) of nucleotide-free F-actin, using an NADH-coupled assay,

with oxidation of NADH monitored by absorbance at 340 nm (26). Control

experiments with donor-labeled actin showed that the label does not signif-

icantly affect Vmax (activity at saturating actin) or KATPase (actin concentra-

tion at half Vmax), which were determined as described in Guhathakurta

et al. (24). The affinity of native and exchanged cardiac S1 for labeled actin

in the presence of saturating ATP was measured at 25�C in F-Mg buffer

containing 3 mM ATP by cosedimentation (quantitating the unbound S1

in the supernatant), and Kd was determined by fitting the data to a quadratic

binding equation (24) (Fig. S3 B and Table 1).
Interaction of myosin with pyrene-actin

The effect of the E56Gmutation on the actin-binding surface of myosin was

measured by the interaction of S1 with actin labeled with pyrene-iodoaceta-

mide at C374 (pyrene-actin). Pyrene-actin (2 mM) fluorescence (excitation

350 nm, emission 407 nm) was measured at 25�C in F-Mg buffer in the

absence and presence of S1 (10 mM) as described in Guhathakurta et al.

(26). After addition of 3 mM ATP (which was saturating), pyrene-actin

fluorescence was measured in the steady state, at its minimum value, before

fluorescence began to recover. Themeasured fluorescence intensities of acto-

S1 in the absence and in the presence of saturating ATP were normalized to

the fluorescence intensity of actin alone, and results are plotted in Fig. S4.
Binding of MANT-ADP to myosin and actomyosin

Binding of MANT-ADP (Invitrogen) to myosin was detected by measuring

sensitized emission of the MANT fluorophore (acceptor) at 440 nm using

myosin tryptophans as donors with excitation at 290 nm (30). Increasing

concentrations (0–20 mM) of MANT-ADP were added to 1 mM myosin

with or without 2 mM nucleotide-free F-actin. Background fluorescence

for each concentration of the added MANT-ADP was determined as the

sum of emission intensity of free MANT-ADP and emission intensity of

myosin 5 actin in the absence of MANT-ADP. The fraction of the bound

nucleotide (Fig. S5) was calculated as y¼ (F–F0)/Fmax, where F ¼ fluores-

cence intensity of MANT-ADP in the presence of myosin construct,

F0 ¼ background fluorescence, and Fmax ¼ fluorescence intensity corre-

sponding to the saturating amount of bound MANT-ADP, obtained by

fitting y ¼ F–F0 to the Michaelis-Menten equation. The dissociation con-

stant Kd of MANT-ADP for myosin was determined by fitting the fraction

of bound nucleotide y to a quadratic equation.
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TABLE 1 Interaction of Cardiac S1 with Actin in the Presence

of ATP

S1 Vmax (s
�1) KATPase (mM) Catalytic Efficiencyb Kd (mM)c

Nativea 3.2 5 0.4 15.9 5 6.8 0.19 5 0.05 11.1 5 3.5

WT 3.0 5 0.5 21.2 5 6.8 0.14 5 0.05 7.3 5 0.9

E56G 3.6 5 0.4 24.4 51.8 0.15 5 03 5.9 5 0.6

Mean 5 SE for n ¼ 3 to six preparations, p < 0.05.
aNative tissue purified bovine cardiac S1 (unlabeled and unexchanged).
bVmax/KATPase (Vmax is the activity at saturating actin, and KATPase is the

actin concentration needed for half-maximal activation V ¼ Vmax/2).
cDissociation constant for actin and S1 in the presence of saturating ATP.
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Spectroscopic data acquisition and FRET
analysis

Fluorescence waveforms were acquired using a high-performance time-

resolved fluorescence spectrometer constructed in this laboratory, which

uses direct waveform recording, providing 105 times higher throughput

than the conventional method, time-correlated single-photon counting,

while providing at least comparable performance in signal/noise,

accuracy, and resolution of distinct components (31). Donor-labeled (at

C374) actin (2 mM) was excited using a passively Q-switched microchip

frequency-tripled YAG laser (NanoUV-532; JDS Uniphase, Milpitas,

CA) at 355 nm with a pulse repetition frequency of 10 kHz. The

high-energy (1 mJ/pulse), narrow (�1 ns full width at half-maximum,

FWHM) laser pulses are highly uniform in shape and intensity. Emitted

photons were passed through a polarizer set at the magic angle 54.7�C,
followed by an interference band-pass filter (470/20 nm; Semrock,

Rochester, NY), and detected with a photomultiplier tube module

(H5773-20; Hamamatsu Photonics, Hamamatsu, Japan), and digitizer

(Acqiris DC252, time resolution, 0.125 ns; Agilent Technologies, Santa

Clara, CA).

FRET experiments were performed at 25�C in F-Mg buffer. Acto-S1

complexes were formed by adding 1–10 mM of acceptor-labeled S1 (at

C16 on ELC) (as needed to obtain a significant bound complex during

the steady state) to 2 mM donor-labeled actin (at C374). Fluorescence emis-

sion decays were acquired first in the absence of ATP, then ATP was added

at a final concentration of 1–3 mM (as needed to obtain a reliable steady

state, assuring saturation by ATP), and samples were mixed quickly and

measurements started typically within 5 s after addition of nucleotide.

Consecutive decays were measured every �5 s for 10 min to demonstrate

that the steady state was achieved.

TR-FRET waveforms were analyzed globally in model-independent

and -dependent methods as described in the literature (24,32,33), and

as elaborated in Supporting Material (Eqs. S1–S7). In the absence of

ATP, a two-state model (Eq. S6, n ¼ 1) was sufficient to fit the data: a

mole fraction (1 � XB) of unbound donor (probe on actin), and a sin-

gle-Gaussian distance distribution, presumably corresponding to the

strongly bound S complex (lever arm down), characterized by a center

distance RS and a full width at half-maximum GS (see Fig. 5 C, green).

After addition of ATP, a three-state model (Eq. S6, n ¼ 2) was necessary

and sufficient (Supporting Material) to fit the data: a mole fraction

(1 � XB) of unbound donor, a mole fraction XS of the S complex, and

a mole fraction XW (¼ XB � XS) of the W complex (lever arm up),

characterized by a center distance RW and FWHM GW (see Fig. 5 C,

red). Later in Fig. 5, A and B, these mole fractions are plotted versus

time after addition of ATP.
Statistics

Values are given as mean 5 SE. Statistical differences between mean

values were calculated using a paired t-test, with significance at p < 0.05.
RESULTS

Effects of the E56G mutation on functional
properties of cardiac myosin

We first examined the functional effects of labeling and
exchange of hVELC onto cardiac S1 (Fig. S3, A and B
and Table 1). Vmax and KATPase of actin-activated myosin
S1 ATPase (Table 1) with the exchanged labeled hVELCs
are similar to 1) those of native tissue-purified S1 containing
endogenous VELC (Fig. S3 A and Table 1), which is used as
a control; and to 2) those reported previously for native
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bovine cardiac S1 (34,35). This indicates that the incorpora-
tion of the labeled hVELCs into S1 does not perturb its
solution enzymatic properties. The E56G mutation has no
significant effect on the actin-activated myosin ATPase
(Fig. S3 A and Table 1). Cosedimentation binding assays
of labeled actin and S1 show that the E56G mutation had
no significant effect on the weak binding Kd (affinity in
the presence of ATP) for S1 binding to actin (Fig. S3 B
and Table 1).

In the absence of ATP, the quenching of pyrene-actin
by E56G-S1 is identical (within 1%) to that of native and
WT cardiac S1 (Fig. S4). The addition of saturating ATP
relieved the quenching of pyrene-actin completely (within
1%) for all three acto-S1 complexes (Fig. S4). These data
indicate that the interface of the strongly bound actomyosin
complex is not altered by the presence of the E56G mutation
hVELC, and the bound complex in the presence of satu-
rating ATP shows no rigorlike component.

The intensity of sensitized fluorescence emission of
MANT-ADP bound to myosin depends on the efficiency
of fluorescence energy transfer from directly excited trypto-
phan donors. If all myosins have the same number of tryp-
tophans located at the same distances from the MANT
fluorophore, the intensity of sensitized fluorescence would
be the same for all of them. The binding of MANT-ADP
to S1 in the presence or absence of actin, measured using
sensitized emission, is unaltered from WT to E56G S1
(Fig. S5). This shows that the conformation of the active
site (nucleotide binding pocket) is not altered in E56G S1.
Actomyosin FRET in the absence of ATP

In the absence of ATP, the binding of acceptor-labeled WT
and E56G S1 (labeled at C16 in the NTE) to donor-labeled
actin (labeled at C374) leads to a faster decay (shorter life-
time) of the donor lifetime, indicating FRET (Fig. 3, black
FD to green, FDþA ¼ [1-XB]FD þ XBFDA, where XB is the
fraction of actin with bound S1). The FRET efficiency
hEi, as calculated from the average lifetime in a model-inde-
pendent analysis (Eq. S3 and Fig. S1), was not affected by
the E56G mutation (Fig. 4, green bars). Model-based anal-
ysis of FRET decays (FDþA) (Fig. S1) allows 1) resolution
of the signals from bound (FDA) and free (FD) actin, and



FIGURE 3 Given here are the representative fluorescence decays of 2

mM donor-labeled actin in the absence (black, FD, right) and presence

(FDþA) of acceptor-labeled cardiac S1 (10 mM), and in the absence (green,

left) and presence (red, middle) of saturating ATP (1 mM). (Top) WT-ELC

S1. (Bottom) E56G-ELC S1. Unlabeled S1 had no effect on FD, so faster

FDA decays indicate FRET. Signals are normalized to the peak intensity.

To see this figure in color, go online.
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2) direct structural determination of the bound actin-S1
complex by analyzing FDA and calculating the mean dis-
tance R and width of the distribution (FWHM ¼ G)
(Fig. 5 C). In the absence of ATP, this is relatively simple,
because there is no free actin (XB ¼ 1, FDþA ¼ FDA), and
there is noW complex. The mean distance RS and the distri-
bution GS was essentially the same for WT (3.6 5 0.2,
2.0 5 0.2 nm) and E56G (3.5 5 0.2, 2.0 5 0.2 nm)
acto-S1 complexes (Fig. 5 C, green).
FIGURE 4 Given here is the model-independent ensemble-average

FRET efficiency hEi, (Eq. S3) between actin and cardiac S1 in the absence

(green) and presence (red) of ATP. To see this figure in color, go online.
The analysis of FRET measurements performed in
the presence of substoichiometric or excess acceptor S1
(Fig. S2) showed that the mean distance RS between donor
and acceptor probes in the S complex is independent of
the fraction of bound acceptor-labeled S1. This indicates
that FRET is not affected by the proximity of multiple
acceptors and that the unbound S1 does not contribute to
FRET. Thus, the distance between probes on actin and car-
diac S1 in the S complex is not affected by the E56G muta-
tion. This distance RS is �0.5 nm longer than the distance
previously measured between equivalent sites in the skeletal
acto-S1 complex (24). We conclude that the NTE of cardiac
hVELC is in close proximity to actin (Fig. 1) as previously
observed for skeletal A1 (24), and that the structure of the
S complex, as detected by our FRET assay in the absence
of ATP, is not affected by the E56G mutation.
Actomyosin FRET in the presence of
saturating ATP

Resolution of the structural states in the presence of ATP
required acquisition of TR-FRET decays during the brief
steady state of the actomyosin ATPase cycle. Acceptor-
labeled S1 (5–10 mM final concentration) was added to
donor-labeled actin (2 mM final concentration), followed by
adding saturating ATP (1–3 mM). ATP decreased the rate
of decay compared to the S complex, indicating a decrease
in FRET (Fig. 3, green, FDþA to red, FDþA þ ATP). FRET
efficiency hEi, as calculated from the average lifetime in
a model-independent analysis (Eq. S3), was significantly
greater for the E56G mutant (Fig. 4, red bars). These results
were obtained at 6 s intervals from 6 to 60 s, varying ATP
from 1 to 3 mM, with no significant change, indicating that
a true steady state existed and that ATP was saturating.

In the presence of ATP, actomyosin is best described by
a three-state model: a mole fraction (1 � XB) of unbound
donor, with the bound state (mole fraction XB), which is
resolved into a two-Gaussian distance distribution charac-
terized by a mole fraction XS of the bound S state with a
mean distance Rs and FWHM of GS, and a mole fraction
XW (¼ XB � XS) of the bound W state, with a mean distance
RW and FWHM of GW (Supporting Material). No improve-
ment in the fit (decrease in c2) was obtained by allowing
the S-state parameters (RS, GS) to vary from the values
observed in the absence of ATP (Fig. S6), so these parame-
ters were fixed to those values in the analysis shown in
Fig. 5. This indicates that the structure of the S complex
that populates during the steady state is similar to that of
the rigor complex. This is consistent with previous EPR re-
sults indicating that the orientation of the strong-binding
structural state of myosin LCD during contraction is indis-
tinguishable from that observed in the absence of ATP
(36). For both WT and E56G S1, the steady state of ATP
hydrolysis persisted for �2 min after addition of ATP, as re-
flected in the constant values of bound mole fractions (XB)
Biophysical Journal 113, 91–100, July 11, 2017 95
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FIGURE 5 Shown here are structural states of the actomyosin complex detected by TR-FRET. (A) Given here is the time dependence of FRET-detected

mole fractions (X) after the addition of ATP to a mixture of donor-labeled actin and acceptor-labeled myosin S1 (top, WT and bottom, E56G). XB (squares,

black) is the fraction of donor that has bound acceptor. XB¼ XWþ XS, where XW (red) and XS (green) are the mole fractions of Wand S complexes. (B) Given

here is the time dependence of mole fractions (expanded view) in the first minute after the addition of ATP, demonstrating a true steady state. Steady-state

duty ratio is shown in the box. (C) Given here is the interprobe distance distribution (best fit to a Gaussian function) corresponding to bound actin-S1 complex

determined from S (rS, green) and W (rW, red) complexes (WT, top and E56G, bottom). Whereas the structure (distance distribution) of the S complex is not

significantly affected by the mutation, the W complex is shifted to a shorter distance and a narrower width, so it is designated W0. Each curve is normalized to

unit area, which is independent of the mole fraction XS or XW. Thus the distribution of actin-bound distances R at a given time after mixing is given by a linear

combination r(R) ¼ (XS/XB)rS(R) þ (XW/XB)rW(R) (24) (Eq. S8). To see this figure in color, go online.
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of both proteins (Fig. 5 B). Acquisition of high signal/noise
waveforms at intervals of several seconds, as required
to accurately capture the steady-state signal (Fig. 5, A
and B, red), was made possible by our direct waveform
recording technology (31). The steady-state value of XB

was 0.662 5 0.022 and 0.643 5 0.015, for WT and
E56G, respectively, indicating that the mutation does not
significantly affect actin-S1 affinity, consistent with our
results in the cosedimentation assays (Fig. S3).

In contrast, the mole fractions XS and XW, corresponding
to bound actin-myosin structural states S and W (Fig. 5, A
and B), are significantly different for WT and E56G. The
duty ratio (DR) is typically defined as the fraction of time a
myosin head spends in a strong-binding state (equivalent to
the fraction of heads XS in the S state during the steady state)
(6,37). It is usually measured under conditions where the
fraction of bound heads XB is <1 (e.g., in isometric muscle
contraction, in a motility assay, or in solution). In solution,
the most meaningful value is obtained by extrapolating to
infinite [actin], so that DR is equal to the fraction of bound
heads that are in the S state, DR ¼ XS/XB ¼ XS/(XS þ XW)
(38). In this study, we achieve this directly in a single time-
resolved FRET experiment that resolves and quantitates
the bound actomyosin structural states with high resolution
and precision. The steady-state DR (averaged over the
first minutes of Fig. 5 B) is significantly higher for E56G
96 Biophysical Journal 113, 91–100, July 11, 2017
(0.308 5 0.012) than for WT (0.231 5 0.018) (Fig. 5 B),
indicating a 33 5 11% increase in the fraction of attached
heads that are in the S state due to the mutation. With
increasing time of data acquisition, leading to exhaustion
of ATP, in all cases XB and XS gradually increased toward 1,
as observed in the absence ofATP (XB¼ 1) (Fig. 5A). Control
experiments showed that the dissociation of the weakly
bound actin-S1 complex by adding 0.1 M KCl completely
eliminated FRET, indicating that all S1 is capable of binding
ATP, thus weakening the interaction with actin (data not
shown).

The increased FRET caused by the mutation in Fig. 4
(red) is not simply due to increased duty ratio (increase in
XS), because model-based analysis shows that the structure
of the bound W complex is clearly affected by the mutation
(Fig. 5 C, red). The mutation decreases the mean distance
between probes from 5.2 5 0.2 nm in WT (Fig. 5 C, red,
top) to 4.2 5 0.2 nm (Fig. 5 C, red, bottom), although
also decreasing the width GW (corresponding to structural
disorder) from 3.8 5 0.2 to 2.1 5 0.2 nm (Fig. 5 C, red).
Thus, the mutation shifts the structure of the W complex to-
ward that of the S complex, as measured by both the mean
distance RW and the structural disorder GW. We designate
this new structural state W0 to distinguish it from the W
state in WT S1. In addition, the W and S structural states
induced by the E56G mutation in cardiac S1 (Fig. 5 C,
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bottom) are found to be remarkably similar to those
observed with the same labeling sites in WT skeletal
S1A1 (Fig. 4 in Guhathakurta et al. (24). This suggests
that the W structural state of E56G S1 is shifting toward
that of a faster, stronger myosin, consistent with the HCM
phenotype (37).

As observed in the S complex in the absence of ATP,
FRET analysis as a function of added S1 shows that the
bound structural states are independent of the fraction of
bound myosin, indicating that there are no artifacts due to
multiple acceptors and no cooperative effects of bound S1
on the structures of nearby actin-S1 complexes.

Our results show that the W-S structural transition in
actomyosin, as detected by FRET between actin and the
NTE of hVELC, is modulated by the E56G mutation: the
population of the S state is increased, and the structure of
the W state is shifted toward that of the S state.
DISCUSSION

Properties not affected by the mutation

We start this discussion by summarizing the properties
of the actin-myosin system that the E56G mutation does
not affect. We found that it has no significant effect (p <
0.05) on the standard steady-state biochemical properties
of the actomyosin system, such as the actin-activated
myosin ATPase (Fig. S3 A; and Vmax and KATPase in Table 1)
or the actin-binding affinity of cardiac S1 in the presence of
saturating ATP (Fig. S3 B; and Kd in Table 1). These results
are consistent with those determined for several HCM mu-
tations on the myosin heavy and light chains. Previously
studied hVELC mutations, such as A57G (39), and three
RLC mutations, A13T, F18L, and E22K (40), also showed
no significant changes in solution ATPase activity. Recent
studies on converter domain mutations in human b-cardiac
myosin, R719W and R723G, showed little or no effect on
ATPase activity (41,42). The interaction of S1 with pyr-
ene-actin is also unaffected by the E56G mutation, in the
presence or absence of saturating ATP (Fig. S4), so the ef-
fects of the mutation cannot be attributed to structural
changes at the actin-myosin CD interface, as previously
observed for other mutations in myosin light chains
(39,40). Similarly, MANT-ADP binding and fluorescence
is unaffected by the mutation (Fig. S5), so there is no evi-
dence that this mutation alters the conformation of the
nucleotide binding site. Nucleotide binding studies on an
HCM mutation in the myosin heavy chain (R453C) also
showed no change in ADP binding (43). All the biochemical
and structural measurements have been performed at low
ionic strength, as required to detect significant binding of
myosin to actin in solution. Our results are consistent with
studies on skeletal and cardiac muscle fibers, which indicate
that the NTE of ELC interacts with actin similarly at phys-
iological and low ionic strength (14,39,44).
In the absence of ATP, the distance between probes
on actin and myosin was not significantly affected by the
E56G mutation (Figs. 4 and 5). The FRET-detected distance
RS ¼ 3.6 5 0.2 nm between C374 of actin and C16 of
hVELC (Fig. 5 C, green) is in good agreement (3.6 nm)
with a reported structural model of skeletal acto-S1A1
(Fig. 1). Both the mean distance RS values and the width
of the distribution G-values are essentially the same for
both WTand E56G actomyosin (Fig. 5 C, green), indicating
an ordered structural state in both cases.
Properties affected by the mutation

Significant mutation-dependent differences in TR-FRET
were detected only in the presence of ATP. TR-FRET pro-
vides quantitative information about both the populations
of the W and S states (Fig. 5, A and B) and their structural
properties (Fig. 5 C). From the populations, we determine
the duty ratio (DR), defined as XS/XB, the fraction of actin-
bound heads in the S structural state. DR was increased by
33% in the steady state of saturating ATP (Fig. 5 B). Our
approach offers a key advantage, unique in the actin-myosin
literature: the location of the donor on actin, coupled with
time-resolved FRET detection, allows us to detect directly
the bound actomyosin complexes in the presence of ATP.
The duty ratio is typically calculated from several separate
measurements, usually requiring extrapolation to infinite
actin (6,37), but TR-FRET directly detects and resolves
the populations of the W and S structural states of actin-
bound myosin heads with high precision in a single mea-
surement, thus determining DR directly. A recent study in
which b-cardiac myosin data was analyzed comprehen-
sively (45), calculated a duty ratio of 0.20; this is in excel-
lent agreement with our finding of 0.23, when the actin
concentration is 20 Km (approaching our conditions).

The direct detection of TR-FRET in the bound actin-
myosin complex also provides a direct measurement of
the structural properties of the resolved W and S states. In
the presence of ATP, we found no FRET evidence for an
effect of the mutation on the structural properties of the
S complex, but those of the W complex were clearly
affected. In WT, the mean distance Rw between actin and
C16 was 5.2 5 0.2 nm, whereas in E56G, this distance
decreased to 4.2 5 0.2 nm (Fig. 5 C, red). The effect of
the mutation on structural disorder is even greater: in WT,
the W complex is nearly twice as disordered as the S com-
plex, but this difference is negligible for the E56G mutation
(Fig. 5 C, red). Thus, in the presence of the E56G mutation,
the structure of the W0 complex is intermediate between
those of the W and S complexes of WT cardiac S1.

Our structural measurements do not provide direct infor-
mation about the correlation of existing structural states
(W and S) with the biochemical identities of bound ligands
(ATP, ADP.P, ADP, etc.), so the correlation of structural
and biochemical states remains to be fully determined, but
Biophysical Journal 113, 91–100, July 11, 2017 97



FIGURE 6 Shown here is the actin-activated myosin ATPase cycle. In this cycle, changes in the ligand at myosin’s nucleotide site are coupled to changes in

actin-binding affinity and conformation between W (lever arm up, red) and S (lever arm down, green). After ATP hydrolysis, release of phosphate (Pi) is

associated with the W-to-S transition (power stroke), producing force and movement. Based on kinetics (45) and transient FRET (28) data, the W-S transition

for skeletal actomyosin proceeds primarily by pathway 1 (power-stroke before Pi release), whereas b-cardiac actomyosin proceeds by both pathways 1 and 2.

The E56G mutation Increases the fraction of the S state, presumably by favoring pathway 1. The color of actin distinguishes those actomyosin states that

quench pyrene-actin (blue, leftmost) from those that do not (yellow, all of the rest). To see this figure in color, go online.

FIGURE 7 Given here is the proposed model for the effect of the E56G

mutation on the structural complex of actin (yellow) and cardiac S1 (blue)

during the ATPase cycle. Based on TR-FRET (gray arrows) measured from

probes attached to actin C374 (blue spheres) to C16 (magenta spheres) on

the NTE of hVELC, two conformations of the complex (W and S) are

observed during the steady state. The effect of the HCMmutation is primar-

ily on the W complex, which decreases in population (indicated by black

straight arrows), while decreasing its difference from the S complex in

distance (gray arrows and numbers) and disorder (curved arrows) to pro-

duce a new state, W0. LA, lever arm (light-chain domain). To see this figure

in color, go online.
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transient kinetics studies provide useful context (Fig. 6).
A recent transient structural kinetics study on b-cardiac
myosin (28), in which TR-FRET (using a FRET biosensor
within myosin to detect the power stroke) resolved the
lever-arm-up (W) and the lever-arm-down (S) structural
states of myosin, showed that the powerstroke is only
slightly faster than phosphate release (28), probably
following both pathways 1 and 2 in Fig. 6. This explains
why we observe both W (lever arm up, prepowerstroke)
and S (lever arm down, postpowerstroke) structural states
for actin-bound myosin in the steady state in the presence
of saturating ATP. We observe no pyrene quenching (indi-
cated by blue actin in Fig. 6) in the presence of saturating
ATP (Fig. S4), despite our observation that both W and S
structural states are populated; this is consistent with
studies of pyrene-actin quenching in various myosin iso-
forms (46,47). The E56G mutation shifts the W-S transition
toward the S state, probably by shifting the system in the
direction of pathway 1 in Fig. 6.

Thus, TR-FRET shows that the E56G mutation alters the
distribution of structural states of the actin-myosin complex,
perturbing the W-S transition, which is a primary compo-
nent of force generation (1,48,49). In the presence of satu-
rating ATP, the mutation causes 1) an increase in the
fraction of actin-bound myosin molecules that are in the
S state, interacting strongly with actin (the duty ratio); and
2) a shift in the structure of the W state toward that of the
S state, as illustrated by the model in Fig. 7. How might
these effects be related to the hypercontractile HCM pheno-
type? 1) The increased duty ratio is consistent with greater
force production (41). 2) Similarly, the perturbation of the
W structural state in the direction of the S state is consistent
with insufficient relaxation (diastole), which has also been
proposed to characterize some HCM phenotypes (50).
These results are consistent with a proposed mechanism of
HCM mutations, in which there is an increase in the number
and/or unitary force of force-generating actin-attached
myosin heads, producing a hypercontractile heart (51,52).
98 Biophysical Journal 113, 91–100, July 11, 2017
E56 is predicted to be in a helix that connects the NTE to
the core of ELC. The importance of this helix is confirmed
by the presence of an adjacent mutation (A57G) in hVELC
that causes HCM (53). Transgenic mice with the A57G mu-
tation showed increased Ca2þ sensitivity of force, decreased
maximal tension, and increased passive tension of muscle
fibers to induce myocardial stiffness (54). E56G is also in
close proximity to myosin’s converter domain (55), which
plays an important role in force generation. Previous studies
on the HCM mutations in the converter region indicate that
this region is a major element of cross-bridge compliance
(56). Our results indicate that the structure of myosin’s
actin-binding surface and nucleotide-binding site is unal-
tered by the E56G mutation, as detected by pyrene-actin
fluorescence (Fig. S4) and MANT-ADP binding (Fig. S5),
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so it is likely that the mutation alters the interface between
the heavy and light chains, interfering with the structural
states of the myosin lever arm (Fig. 7).

Clarification of the mechanistic significance of these
results awaits further structural and functional analysis
of this and other HCM mutations in hVELC in the b-MHC
background. In addition, extensionof this TR-FRETapproach
to two-headed myosin and/or skinned muscle fibers would
provide a more direct correlation between structural dy-
namics and contractility.
CONCLUSIONS

The high resolution, in both time and structure, of our
TR-FRET technology, coupled with structure-based design
of a fluorescent biosensor pair on actin and the NTE of
the hVELC light chain, has provided direct insight into a
mechanism for the perturbation of the actin-myosin struc-
tural interactions by an HCM mutation in the LCD. Despite
a lack of effect on the steady-state ATPase kinetics, actin-
myosin binding affinity, or actomyosin structure in the
absence of ATP, our structural dynamics-based approach
reveals that the E56G mutation in hVELC affects the struc-
ture of the actin-myosin complex in the presence of ATP.
The mutation increases the population in the S structural
state (increasing the duty ratio), and changes the structure
of the W state, so that it more closely resembles the S state.
Future FRET and functional studies on other HCM muta-
tions in hVELC are needed to test and refine this model
(Fig. 7).

Immediately, however, the structural model in Fig. 7 sug-
gests that TR-FRET can be a potential tool to 1) characterize
other mutations that cause HCM and 2) screen for com-
pounds that can rescue HCM-related effects. I.e., our FRET
construct can serve as a biosensor, which can be a powerful
tool for therapeutic discovery, coupled to our recently devel-
oped direct-waveform recording high-throughput fluores-
cence lifetime detection technology (57,58).
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