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ABSTRACT

The work aimed to investigate how the phosphorylation of the myosin essential light chain of
fast skeletal myosin (LC1) affects the functional properties of the myosin molecule. Using
mass-spectrometry, we revealed phosphorylated peptides of LC1 in myosin from different fast
skeletal muscles. Mutations S193D and T65D that mimic natural phosphorylation of LC1
were produced, and their effects on functional properties of the entire myosin molecule and
isolated myosin head (S1) were studied. We have shown that T65D mutation drastically
decreased the sliding velocity of thin filaments in an in vitro motility assay and strongly
increased the duration of actin-myosin interaction in optical trap experiments. These effects of
T65D mutation in LC1 observed only with the whole myosin but not with S1 were prevented
by double T65D/S193D mutation. The T65D and T65D/S193D mutations increased actin-
activated ATPase activity of S1 and decreased ADP affinity for the actin-S1 complex. The
results indicate that pseudo-phosphorylation of LC1 differently affects the properties of the
whole myosin molecule and its isolated head. Also, the results show that phosphorylation of
LC1 of skeletal myosin could be one more mechanism of regulation of actin-myosin

interaction that needs further investigation.
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1. Introduction

The molecular mechanism of muscle contraction is based on the cyclic interaction of myosin
heads with actin filaments and is accompanied by ATP hydrolysis in the heads. The
molecules of all types of muscle myosin consist of two heavy and four light chains. The N-
terminal parts of heavy chains form globular heads capable of performing the motor function
[1, 2]. The myosin head, or subfragment 1 (S1), consists of two major structural domains, the
motor and the regulatory ones. The regulatory domain corresponds to a long a-helix,
stabilized by two light chains, the essential light chain (ELC) and the regulatory light chain
(RLC) [3]. The functioning of the myosin head involves a rotation of the regulatory domain
(lever arm) relative to the motor domain during the ATPase cycle [2, 4, 5]. This rotation is
accompanied by an interaction between the motor domain and ELC [6-8].

Both RLC and ELC can undergo phosphorylation. In skeletal and cardiac muscles,
RLC is phosphorylated by Ca®*/calmodulin-dependent myosin light chain kinase (MLCK).
The phosphorylation alters myosin structure and function and enhances the Ca2+-sensitivity
and muscle contractility [9—11]. Much less is known about ELC phosphorylation, and no
specific kinase, responsible for ELC phosphorylation, has been identified yet.

For the first time, ELC phosphorylation was discovered in 2001 by proteomic analysis
of rabbit ventricular myocytes [12]. Using mass spectrometry, the authors identified two
phosphorylation sites in the ventricular ELC corresponding to Thr65 and Ser193 of ELC
(LC1) from human fast skeletal muscle, i.e., the sites highly conserved among various ELCs
[12]. The degree of rabbit ventricular ELC phosphorylation was estimated to be ~26%,
including 21% of monophosphorylated ELC and 5% of ELC phosphorylated at both sites.

Along with evidence of naturally occurring ELC phosphorylation, works showing its
physiological significance have appeared. Important results have been obtained on zebrafish
Danio rerio with a nonsense mutation in the gene encoding ventricular ELC that leads to ELC
expression truncated at C-terminus [13]. Such mutant zebrafish ("lazy susan" mutant of ELC)
lacks 11 amino acid residues at the ELC C-terminus, including phosphorylable Ser195. This
mutation severely impaired cardiomyocyte contractility, whereas overexpression of WT ELC
fully restored it. Importantly, overexpression of ELC carrying Ser195Ala substitution did not
recover the contractile function. By contrast, the substitution of Ser195 by phosphomimetic
Asp residue (Ser195Asp) restored the contractility. These results indicate the significance of
the C-terminal phosphorylation of ELC Ser195 in the regulation of cardiac contractility in
vivo [13]. The authors showed that the lack of this site decreased the sliding velocity of actin
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filaments over ventricular myosin in the in vitro motility assay but did not affect the actin-
activated ATPase activity of myosin [14].

The degree of ELC phosphorylation depends on physiological conditions. The
physical stress of adult zebrafish significantly increased the degree of ELC phosphorylation
mainly due to dual-phosphorylation at both sites, Thr66 and Ser195 [14]. It was shown that
the treatment of cardiomyocytes with isoprenaline, which has a stimulating effect on the
heart, increased the degree of ELC phosphorylation by 40% [15]. Treatment of ventricular
cardiomyocytes with adenosine [16] increased the level of ELC phosphorylation from 26% to
34% [12]. It was suggested that phosphorylation of myosin ELC might become a new target
for the modulation of cardiomyocyte contractility and to rescue the unfavorable effects of
cardiomyopathy-causing mutations [14, 17, 18]. In particular, it was demonstrated that
pseudo-phosphorylation of ELC by S195D substitution can efficiently rescue negative effects
caused by cardiomyopathy-associated mutations A57G and M173V in ELC [18, 19].

It should be noted that till now all studies of ELC phosphorylation were only
performed with cardiac ELC but nothing was known about the effects of phosphorylation of
skeletal muscle ELC. Amino acid sequences of cardiac and skeletal ELC isoforms are highly
conserved throughout known striated muscle ELC sequences of various animals, especially in
the regions of proposed ELC phosphorylation sites (Ser193 and Thr65 in LC1 isoform of fast
skeletal muscle) [12, 13]. This suggests that these sites can undergo phosphorylation not only
in cardiac ELC but also in myosin ELC (LC1) of skeletal muscle.

The present work is focused on studying the role of LC1 phosphorylation in the
functioning of skeletal myosin. Using mass spectrometry, we have searched phosphorylated
peptides in the LC1 samples obtained from several fast skeletal muscles. We applied various
methods to investigate how LC1 pseudo-phosphorylation affects the functional properties of
the entire myosin molecule and isolated S1. For this purpose, we generated skeletal muscle
ELC (LC1 isoform of fast skeletal muscle myosin) carrying mutations S193D or T65D that
mimic LC1 phosphorylation at Ser193 or Thr65, respectively. The recombinant LC1 was

introduced into skeletal myosin or S1 and their functional properties were characterized.

2. Materials and methods

All procedures involving animal care and handling were performed according to institutional

guidelines set forth by the Animal Care and Use Committee at the Institute of Immunology
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and Physiology Ural Branch of the Russian Academy of Sciences and Directive 2010/63/EU

of the European Union.

2.1. Protein preparations

All ELC species used in this work were recombinant proteins containing the His-tag at
the N-terminus. Human LC1 (the product of MYL1 gene, UniProt P05976) of fast skeletal
muscle myosin, both wild type (WT) and T65D, S193D, and T65D/S193D mutants, were
prepared in the bacterial expression plasmid pMW172 by PCR-mediated site-directed
mutagenesis using Pfu DNA Polymerase (SibEnzyme, Novosibirsk, Russia). The following
oligonucleotides were used for mutagenesis: 5’-GTTTGACAGAGATGGTGATTCCAAGA-
3’ for T65D, 3’-ATATAGGATCCTTAGAATCCATGATGTGCTT-5 for S193D, and both
of them for T65D/S193D (mutant codons are underlined). The PCR products were cloned and
sequenced to verify the substitutions. The constructs were used to transform the E. coli strain
BL21(DE3)pLysS, large-scale cultures were grown and overexpression was induced
according to standard methods [20]. The LC1 species were purified using affinity
chromatography on a HisTrap HP 5 ml column (Amersham Pharmacia). The concentration of
LC1 was determined spectrophotometrically using extinction coefficient A'” at 280 nm of 2.0
cm™.

Rabbit skeletal muscle actin and myosin were prepared by established standard
methods [21-22]. Actin filaments (F-actin) were polymerized by the addition of 4 mM MgCl,
and 100 mM KCI to a monomeric G-actin solution. For an in vitro motility assay and optical
trap experiments, F-actin was labeled with a 2-fold molar excess of TRITC-phalloidin (Sigma
Chemical Co., St Louis, MO, USA), and for stopped-flow experiments, it was labeled with
pyrene with N-(1-pyrenyl)iodoacetamide [23]. Myosin subfragment 1 (S1) was prepared by
digestion of rabbit skeletal myosin filaments with TLCK-treated a-chymotrypsin (Sigma
Chemical Co.) [24]. The concentration of S1 was estimated spectrophotometrically using

extinction coefficient A'” at 280 nm of 7.5 cm™.

2.2. Exchange of LC1 in myosin and S1

Recombinant WT LC1 and LC1 mutants T65D, S193D, and T65D/S193D were
introduced into S1 according to the exchange procedure described by Zaager and Burke [25]
with some modifications [7, 26]. Briefly, the exchange was performed by incubation of S1

with an 8-fold molar excess of free LC1 mutants in 50 mM imidazole-HCI buffer (pH 7.0)
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containing 5 mM DTT, 10 mM MgATP, and 100 mM NacCl at 37°C for 30 min. The reaction
was stopped by cooling on ice. S1 was purified on an SP-trisacryl column, using a linear
gradient from 0 to 200 mM NacCl, to separate S1(LC1) from free LC1 [27]. After that, the S1
was purified by affinity chromatography on a HisTrap HP 1 ml column (50 mM Tris-HCI, pH
8.0, 300 mM NaCl), using a linear gradient from 15 to 500 mM imidazole, to obtain a
preparation with completely exchanged LC1, since only the SI molecules with His-tag on
LC1 were held on this column. After dialysis against 20 mM Tris-HCI buffer (pH 8.0)
containing 0.5 M NaCl and 2 mM CaCl, (or chromatography on NAP 20 column), the N-
terminal His-Tag was removed from LC1 bound to S1 by cleavage with factor Xa protease (at
Xa to S1 molar ratio 1:3) at 4°C overnight, and the reaction was stopped by PMSF. The
output concentration of S1 with substituted LC1 was around 0.4 mg/ml.

To introduce recombinant LC1 species into myosin, we used the exchange procedure
similar to that described for S1 with some modifications. First, the exchange was performed
by incubation of myosin with LC1 species at higher ionic strength, 0.8 M NaCl, to prevent its
aggregation. Then myosin was precipitated by dialysis against 50 mM Tris-HCI buffer, pH
8.0, containing 15 mM imidazole and 50 mM NaCl. After centrifugation of dialysate at
12,000 g, myosin precipitate was dissolved in the same buffer containing 0.8 M NaCl and
purified by affinity chromatography on a 1 ml HisTrap HP column using a linear gradient of
imidazole from 15 to 500 mM. As a result, a fraction of myosin molecules containing
recombinant LC1 with N-terminal His tag in both heads was obtained, which released from
the column at higher imidazole concentrations than the molecules with recombinant LC1s in
only one of two heads and differed from other fractions by LC1 electrophoretic mobility
studied by SDS-PAGE [28]. And finally, the N-terminal His-Tag was removed from LC1

bound with myosin heads by cleavage with factor Xa protease, as was described above for S1.

2.3. In vitro motility assay

Measurements of the sliding velocities of actin filaments were performed in the in
vitro motility assay at 30 °C as described previously [29-32]. In brief, myosin (300 pg/ml)
containing recombinant LC1 in both heads was loaded into an experimental flow cell with a
nitrocellulose-coated inner surface. The sliding velocities of the filaments were measured in
the presence of 2 mM ATP. The experiments with each myosin containing recombinant LC1
(either WT LCI or LC1 mutants) in both heads were repeated three times, and velocity values

were expressed as mean = S.D.



2.4. Optical trap

Characteristics of single interactions of myosin (whole molecule) and S1 with F-actin
were measured using a two-beam optical trap setup as described earlier [33—36]. The setup
built on the base of an inverted fluorescent microscope (AxioObserver, Carl Zeiss
Microscopy GmbH) enabled measurements of both step size d of a single myosin molecule or
S1 during its interaction with F-actin in displacement mode, and duration ¢ of this interaction.
The average duration was calculated as described by Knight et al. [37]. The measurements
were performed in the presence of 10 uM ATP either with myosin containing recombinant
LC1 in both heads or with S1 comprising recombinant LC1. The concentration of myosin or
S1 added into the flow cell was 0.5—1 pg/ml.

The distributions of the step sizes of the molecule of whole myosin and S1 consisted
of two data sets located symmetrically about zero, which we fitted by Gaussians
(Supplementary Fig. S2). We determined the step size as corresponding to the peak position
of the bigger Gaussian, assuming it is correctly oriented to the polarity of the actin filament

(See Supplementary materials for more detail).

2.5. Stopped-flow experiments

Rapid kinetic stopped-flow experiments were carried out at 20 °C with a standard Hi-
Tech SF-61 DX2 stopped-flow spectrophotometer. For these experiments, actin was labeled
with pyrene as described [23]. The pyrene fluorescence was excited at 365 nm. Experimental
buffer contained 20 mM MOPS, 25 mM KCI, 5 mM MgCl,, and 1 mM NaNj (pH 7.0). The
concentrations used to describe the experimental conditions in the text are the final
concentrations established after mixing the reactants in the stopped-flow (dilution by 2, 1:1
mixing). The final concentrations of S1 and F-actin were both 0.5 pM. Final ADP
concentration varied from 0 mM to 4 mM for the 7 measurements of the multiple stopped-
flow experiments, in which the amplitude of changes of the pyrene fluorescence decreased
with increasing ADP concentration after mixing with 10 uM Mg-ATP. The ADP dissociation
constant Kap (UM), representing the affinity of ADP for the actin-S1 complex and defining
the ADP inhibition of the ATP-induced dissociation of the complex, was calculated from
observed rate constants ko (s'l) for the ATP-induced acto-S1 dissociation reaction as

described earlier [38].

2.6. ATPase measurements



Conventional methods used for measurements of the S1 ATPase activity usually need
a relatively high S1 concentration that was virtually unacceptable for S1 comprising
recombinant LC1. Therefore in the present study, we used the luciferin-luciferase system to
investigate an actin-activated Mg*-dependent ATPase activity of S1 with recombinant LC].
We used Sigma-Aldrich #L-0633 set, a mixture of luciferin and luciferase, destined to detect
picomolar concentrations of ATP. Samples contained 5 mM imidazole (pH 7.0), 10 mM
MgCl,, 87 nM S1, and 4.7 uM F-actin. The ATPase reaction was initiated by the addition of
10 mM ATP. As far as luciferase itself cleaves ATP and so may contribute to the reaction
kinetics, the only time of luminescence quenching was used as a parameter of the ATPase
rate. Measurement of the luminescence decrease was carried out by PerkinElmer Multimode
Plate Reader (PerkinElmer, Waltham, MA, USA). Luminescence emission was monitored at

560 nm and 20 °C.

2.7. Mass spectrometry

Sample preparations. Mass spectrometry was used to search phosphorylated peptides
in LC1 samples obtained from rabbit skeletal muscle myosin. For this purpose, small pieces
(250 mg) were taken from various rabbit skeletal muscles (m. psoas major, m. quadriceps
femoris, m. latissimus dorsi, and m. erector spinae), immediately frozen in liquid nitrogen,
and stored at —80°C. Myosin was prepared from these samples according to the standard
procedure [22] with the only exception that at all stages the buffer contained 10 mM EDTA,
10 mM Na pyrophosphate, 20 mM Na3;VO,, 20 mM NaF, and 30 mM B-mercaptoethanol to
prevent dephosphorylation of light chains. Myosin samples were subjected to SDS-PAGE
[28], after that electrophoretic strips corresponding to LC1 were cut out from the gel and
subjected to in-gel digestion of LC1 with endoproteinase Glu-C from Staphylococcus aureus
V8 in phosphate buffer pH 7.8, which was performed as described previously for in-gel
digestion of proteins with trypsin for mass spectrometric analysis [39].

Liquid chromatography and mass spectrometry (LC-MS/MS). The LC-MS/MS
experiments were performed as described earlier [40] with some changes. Briefly, reverse-
phase chromatography was performed with an Ultimate 3000 Nano LC System (Thermo
Fisher Scientific), which was coupled to the Orbitrap Tribrid Lumos mass spectrometer
(Thermo Fisher Scientific) via a nanoelectrospray source (Thermo Fisher Scientific).

Data analysis. Mass spectrometry raw files were analyzed by PEAKS studio 10.0

(Bioinformatics Solutions Inc.) [41] and peak lists were searched against the
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Oryctolagus cuniculus (rabbit) in Uniprot-SwissProt FASTA database version of 11.2021
(894 entries) with a deamidation Asn/Gln, Met oxidation and Ser/Thr/Tyr phosphorylation as
variable modifications. Enzyme specificity in the database search was set to an
endoproteinase Glu-C from Staphylococcus aureus V8 in phosphate buffer (digest mode —
semispecific), and a maximum of three missed cleavages were allowed in the database search.
The false discovery rate was set to 0.01 for peptide-spectrum matches and was determined by
searching a reverse database. Peptide identification was performed with an allowed initial

precursor mass deviation up to 10 p.p.m. and an allowed fragment mass deviation of 0.02 Da.

3. Results

3.1. Mass-spectrometry analysis of LC1 peptide fragments

We applied mass-spectrometry (LC-MS/MS) to search for phosphorylated residues in
LC1 samples from various rabbit skeletal muscles (see Materials and methods for more
details). Data are available via ProteomeXchange with the identifier PXD032361
(DOI: 10.6019/PXD032361). Phosphorylated peptide fragment
56-AFLLYDRTGDSKITLSQVGDVLRALGTNPTNAE-88 was revealed among peptides
obtained from the LC1 sequence of m. psoas major, m. quadriceps femoris, and m. erector
spinae. This fragment contained 7 potentially phosphorylable Ser, Thr, or Tyr residues
(shown in bold): Tyr60, Thr63, peptide SKITLS (residues 66—71 in the amino acid sequence
of rabbit skeletal LC1), Thr82, and Thr85. The Thr63 residue corresponds to the Thr65
residue of human skeletal LC1). Only one of these residues was phosphorylated in this
peptide fragment as the 80 Da shift corresponding to the addition of a single phosphate
moiety was observed. The Tyr59, Thr82, and Thr85 residues can be excluded because
shortened but phosphorylated fragment 62-RTGDSKITLSQVGDVLR-78 obtained from LCI
of m. latissimus dorsi did not contain these residues. Thus, only Thr63, as well as Ser66,
Thr69, and Ser71 of the SKITLS peptide can be phosphorylated in skeletal LC1. The
phosphorylated peptide fragments were identified by LC-MS/MS analysis with a high score
(—101gP) equal to 61.45 for LC1 from m. psoas major, 58.87 and 52.93 for LC1 from m.
quadriceps femoris, 31.44 for LC1 from m. latissimus dorsi, and 68.47 for LC1 from m.
erector spinae.

We have not found any phosphorylated Ser residues at LC1 C-terminus (namely,

Ser191 in rabbit LC1 corresponding to Ser193 in human skeletal muscle LC1).
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3.2. Sliding velocity of actin filaments in the in vitro motility assay: effect of the mutations
mimicking phosphorylation of the LC1 in both myosin heads

We used the in vitro motility assay to investigate how mutations mimicking LC1
phosphorylation in both myosin heads affect the sliding velocity of F-actin over the whole
myosin. The S193D mutation did not influence the sliding velocity of F-actin, whereas the
T65D mutation drastically (by almost 2.5 times) decreased the velocity compared with WT
LC1 (from 5.1 £ 0.5 pm/s to 2.1 = 0.3 um/s) (Fig. 1). Intriguingly, the sliding velocity of actin
filaments over myosin with double mutation T65D/S193D in LC1 (4.1 £ 0.5 um/s) was not
appreciably different from that for myosin with WT LC1 and S193D LC1 (Fig. 1). Thus, the
S193D mutation, which itself did not affect the sliding velocity of actin filaments,
nevertheless prevented a dramatic effect of the T65D mutation.

We were unable to perform experiments with S1 after LC1 substitution most likely
due to its concentration being too low for the in vitro motility assay; even at the maximum
available S1 concentration of ~0.4 mg/ml, the filaments left still. (See Supplementary

materials for more detail).

3.3. Unitary interactions of myosin heads with F-actin

Although the step size of S1 and the whole myosin molecule were the same, the
interaction duration of S1 containing WT LC1 by more than 1.5 times exceeded that of
myosin with WT LC1 (Table 1). A similar difference in the interaction duration was observed
by Kad et al. [42] in smooth muscle, where the lifetime of attachment of S1 almost two times
exceeded that of two-headed HMM (189 ms vs 104 ms, respectively).

All mutations that mimic LC1 phosphorylation did not affect the myosin step size
(Table 1). As for the duration of the actin-myosin interaction, the T65D mutation in LC1
extended it by a factor of 5, while the S193D mutation by only 30% (Fig. 2A, Table 1).
Surprisingly, the double T65D/S193D mutation increased the duration of interaction by only
2.5 times (Table 1), i.e., much weaker than the T65D mutation did. This result indicates that
the S193D mutation suppresses the dramatic increase in the duration of the actin-myosin
interaction caused by the T65D mutation.

Like in the case with the whole myosin molecule, the LC1 mutants did not affect the
step size of S1 (Table 1). However, the effects of the mutations on the duration of the

interaction of S1 and myosin with F-actin differed strikingly. The T65D mutation decreased
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the duration of actin-S1 interaction by 25% (Fig. 2B, Table 1), whereas the S193D mutation
in LCI had no appreciable influence on the actin-S1 interaction duration, and the double
mutation shortened it.

Thus, the results of these studies indicated that LCI1 pseudo-phosphorylation

differently affects the duration of the interaction of whole myosin and S1 with F-actin.

3.4. Effects of LCI pseudo-phosphorylation on actin-activated ATPase activity of S1

We studied the actin-activated Mg”*'-dependent ATPase activity of S1 with
recombinant LC1 using the luciferin-luciferase system. The luminescence intensity curves
obtained for S1 samples, which reflected the decrease of the ATP content during the actin-
activated ATPase reaction of S1, are presented in Fig. 3A. The T65D and double
T65D/S193D mutations in LC1 increased the actin-activated ATPase activity of S1 (Fig. 3A).
The time of the luminescence intensity decrease to zero was 32 £+ 0.9 min for S1 with T65D
mutation and 22.9 + 0.7 min for S1 with double mutation T65D/S193D, while for S1 with
WT LCI it was 38.4 £ 1.1 min (mean £ SEM from 6-8 measurements) (Fig. 3B). The effect
of a single S193D mutation in LC1 on the S1 ATPase activity was insignificant (Fig. 3A, B).

3.5. ATP-induced dissociation of acto-S1 complexes and its inhibition by ADP

The results presented above demonstrate that mutations mimicking LCI1
phosphorylation affect the sliding velocity of F-actin over myosin in the in vitro motility
assay (Fig. 1) and the actin-activated ATPase activity of S1 (Fig. 3). It was shown in previous
studies that the sliding velocity of F-actin over myosin is about equivalent to the unloaded
shortening velocity of a muscle fiber [43—45]. Both these velocities tightly correlate with the
ADP affinity for actomyosin complex (Kap) measured by defining the ADP inhibition of the
ATP-induced dissociation of the complex [38, 46, 47]. It was also demonstrated that the ADP
dissociation constant Kxp shows a good correlation with actomyosin ATPase activity [46].
Summing up these data, one can propose that the T65D and T65D/S193D mutations in LC1,
which accelerate the ATPase activity of the acto-S1 complex (Fig. 3), should affect the Kap
value. Therefore in the present study, we investigated in stopped-flow experiments, how LC1
pseudo-phosphorylation affects the ADP dissociation constant, Kap. For this, the rate
constants kops (s'l) for the ATP-induced acto-S1 dissociation were measured at different ADP
concentrations (Fig. 4 and Supplementary Fig. S3). As [ADP] increased from zero to mM

values the single exponential ks value for the dissociation reaction decreased. Kap values for
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acto-S1 complexes were calculated as described earlier [38]. The results showed that both the
T65D and double T65D/S193D mutations caused a 1.5-fold increase in the Kap value
compared to S1 containing WT LC1 (Table 2).

4. Discussion

The goal of the work was to find out how ELC pseudo-phosphorylation can affect the
functional properties of skeletal muscle myosin at the molecular level. All previous studies on
ELC phosphorylation were performed only with cardiac ELC but nothing was known about
the phosphorylation of skeletal muscle ELC and the effects that such modification may have
on the properties of skeletal muscle myosin. Amino acid sequences of cardiac and skeletal
ELC isoforms are highly conserved, particularly at phosphorylation sites (Thr64 and Ser195
in human ventricular ELC) [12]. This allows suggesting that sites Thr65 and Ser193 in LC1 of
skeletal myosin can also undergo phosphorylation. We tested this assumption with mass-
spectrometry and revealed phosphorylated peptides. Then we produced LC1 carrying
mutations S193D or T65D that mimic LC1 phosphorylation at Ser193 or Thr65, respectively,

and studied the properties of skeletal myosin or S1 containing those LCls.

4.1. Does LC1 phosphorylation really occur in skeletal muscle myosin?

As known, amino acid sequences of cardiac and skeletal ELC isoforms are highly
conserved throughout known striated muscle ELC sequences of various animals. Starting
current work, we expected to find phosphorylable sites (Ser193 and Thr65) in the LCI
isoform of human fast skeletal muscle similar to those, which undergo phosphorylation in
cardiac LC1 [12]. In rabbit fast skeletal myosin, these correspond to Ser191 and Thr63.

Using mass spectrometry (LC-MS/MS), we have analyzed peptide fragments from
LCI1 of fast rabbit skeletal myosin and discovered four potentially phosphorylable residues
Ser and Thr in its N-terminal part: Thr63, Ser66, Tht69, or Ser71, corresponding to Thr65,
Ser68, Thr71, and Ser73 in human skeletal LC1. It appeared that only one of them was
phosphorylated. The result confirms that the N-terminal part of skeletal myosin LC1 can
undergo phosphorylation like that in cardiac myosin.

In the LC1 C-terminal part, we were unable to find phosphorylated Ser residues,
namely, Ser191 in rabbit LC1 corresponding to Ser193 in human skeletal muscle LC1. The
reason could be that this residue on the flexible C-terminus of LC1 was simply lost upon LC1

proteolysis. Another explanation is that this residue, even being initially phosphorylated,
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undergoes a rather fast dephosphorylation upon LC1 preparation, despite the use of inhibitors
of phosphatase activity. This explanation can be supported, at least partly, by literature data
showing that cardiac LC1 undergoes irreversible thiophosphorylation by myosin light chain
kinase using ATPyS as a substrate, but no phosphate incorporation into LC1 could be
observed upon reversible phosphorylation using ATP [48, 49].

The SKITLS peptide containing potentially phosphorylable Ser and Thr residues is
present only in the amino acid sequence of LC1 from human and rabbit skeletal muscles, but
not in the sequence of cardiac LC1 [12] (see Fig. 5). Previous studies were only performed
with human cardiac ELC where highly conserved Thr64 residue was phosphorylated [12], and
this prompted us to investigate the effects caused by pseudo-phosphorylation of Thr65 residue
in human skeletal LC1. However, the mass-spectrometry indicated that not only Thr63 in
rabbit skeletal LCI, corresponding Thr65 in human skeletal LC1, but also Ser and Thr
residues in the SKITLS peptide can be phosphorylated.

In the crystal structure of rabbit skeletal myosin, phosphorylable residues of the
SKITLS peptide are located near Thr63 within the region, which does not directly interact
with the a-helix of the heavy chain in the myosin regulatory domain (Fig. 6). This region
contains many negatively charged oxygen atoms including those in Thr63, Ser66, Thr69, and
Ser71 residues, as well as in negatively charged Asp61 and Asp65 (Fig. 6B). The introduction
of additional negative charges into this region by phosphorylation of Ser or Thr residues
should lead to extra destabilization of this region due to electrostatic repulsion between the
residues. In turn, this destabilization should change the LC1 structure and functional
properties of myosin, which we did observe for myosin with LC1 pseudo-phosphorylated at

Thr65 residue.

4.2. Effects of the T65D mutation

The T65D mutation in LC1 substantially changed the properties of skeletal myosin.
With the whole myosin, this mutation drastically decreased the sliding velocity of F-actin in
the in vitro motility assay (Fig. 1) and strongly increased the duration of unitary actin-myosin
interaction (Fig. 2A, Table 1).

In general, an increase in the sliding velocity of F-actin, as well as the unloaded
shortening velocity of a muscle fiber, correlate well with an increase in ADP dissociation
constant Kup, i.e., with a decrease in the ADP affinity [38, 46, 47]. In the case of S1, the
T65D mutation decreased the ADP affinity for the acto-S1 complex (Table 2), and the
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lifetime of its unitary complex with F-actin (Fig. 2B, Table 1), which agrees well with the rise
of ATPase activity of the complex (Fig. 3).

The question arose why the effects of T65D mutation in LCI are so different for
myosin and S1? We believe this difference can be explained by cooperative interaction
between the two heads of the myosin molecule, as was proposed by Marcus Schaub with
colleagues long ago [50-53] and then confirmed by other authors [54-55]. In particular, a
significant difference in the mechanical behavior between single- and double-headed skeletal
myosin was shown in the optical-trap experiments [54]. Subsequently, a new state of myosin,
the super relaxed state (SRX), with a very slow ATP turnover rate has been observed in
skeletal muscle. This state, which was initially discovered in rabbit skeletal muscle by Roger
Cooke with colleagues [56], was thereafter also seen in various skeletal and cardiac myosins
[57-60]. It was shown that the SRX state is significantly stabilized by intramolecular head—
head and head-tail interactions in myosin (so called "interacting-heads motif", IHM) [58—60].
This can explain the difference between S1 and the whole myosin in the interaction duration
with actin (Table 1), which can result from the absence of IHM motif in S1 in contrast to the
two-headed myosin molecule. It has recently been shown that cardiomyopathic mutations in
ELC can stabilize or destabilize the SRX state of cardiac myosin [61]. It is possible that the
T65D mutation in LC1 can affect the SRX state in myosin and modify it.

Another explanation is that the T65D mutation could influence the LC1 interaction
with RLC. This interaction was shown to play an important role in the activation of myosin
molecule by RLC phosphorylation in smooth muscle; in particular, disruption of the interplay
between the RLC and ELC significantly diminishes the actin-activated ATPase of myosin
with phosphorylated RLC and its ability to move actin filaments in the in vitro motility assay
[62, 63]. One can propose that ELC-RLC interaction can also occur in cardiac and skeletal
muscles. In favor of this assumption are recently published data showing that
cardiomyopathy-causing mutations in ELC controlling the SRX state stability affect the
phosphorylation of RLC in the heart muscle [61]. Our data point out the possibility of RLC-
ELC interplay in skeletal myosin. However, it should be noted that this interaction in skeletal
muscle myosin had not been demonstrated yet. We were unable to directly test the assumption
concerning LC1-RLC interaction in skeletal myosin as S1 used in our study was prepared by

chymotryptic digestion of myosin and so devoid of RLC.

4.3. Effects of the S193D mutation
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The S193D mutation in LC1 had no appreciable influence on the myosin properties, it
only increased slightly the duration of the actin-myosin interaction but not the actin-S1
interaction (Table 1), and caused a statistically insignificant effect on the actin-activated
ATPase activity of S1 (Fig. 3). These results are in some contradiction with those obtained on
cardiac myosin of zebrafish [13, 14], which indicated an important role of phosphorylation of
the ELC C-terminal site in the regulation of cardiac contractility in vivo. However, our results
showed that LC1 C-terminal phosphorylation in skeletal muscle is unlikely significantly
affects the functional properties of myosin. The difference could be accounted for by the

distinctions between heavy chains of cardiac and skeletal myosin.

4.4. Effects of double T65D/S193D mutation

In S1, the effects of the combined T65D/S193D mutation did not significantly differ
from those of the T65D mutation. Like T65D, double T65D/S193D mutation decreased the
lifetime of the unitary acto-S1 complex (Table 1) and reduced its affinity for ADP (Table 2).
It also increased the actin-activated ATPase activity of S1, and this effect was more
pronounced than for the T65D mutation (Fig. 3).

The most intriguing data were obtained for the whole myosin with the double
T65D/S193D mutation in LC1. In this combination, the S193D mutation fully or partly
prevented dramatic changes in functional properties of myosin caused by the T65D mutation
(Fig. 1, Table 1). Importantly, this effect was observed only with the whole myosin but not
with S1, which can be explained by the interaction between the two heads of the myosin
molecule or the LCI1-RLC interplay. In any case, it seems likely that the S193D mutation can
restore normal functioning of the regulatory domain with associated LC1 and RLC (i.e., its
rotation relative to the motor domain of the myosin head during the ATPase cycle), whose
properties were significantly damaged by T65D mutation in LC1. One can propose that this
situation may occur in skeletal muscle under some unfavorable conditions when
phosphorylation of Thr65 or closely located Ser or Thr residues in LC1 can prevent excessive

ATP consumption and phosphorylation of the C-terminal Ser residue suppresses this effect.

5. Conclusions

In the current work, we showed that LC1 in fast skeletal muscle undergoes
phosphorylation and, for the first time, investigated how LC1 pseudo-phosphorylation affects
the functional properties of skeletal muscle myosin. We found that pseudo-phosphorylation of
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Thr65 dramatically changes the properties of the whole skeletal myosin and influences the
characteristics of S1. Pseudo-phosphorylation of only Ser193 did not noticeably affect the
functional properties of myosin. However, in the complex with T65D mutation, it suppressed
the effects of the T65D. This observation suggests that phosphorylation of the C-terminal Ser
residue can prevent the influence of the phosphorylation of Ser or Thr residues in the N-
terminal part of LC1 of the whole myosin. As one can see, the data obtained on whole skeletal
myosin and S1 do not coincide. The differences in the behavior between the whole myosin
and S1 may serve as an argument for the cooperative interaction of the two heads of the
myosin molecule.

We demonstrated that phosphorylation of LC1 of skeletal myosin could be one more

mechanism of regulation of actin-myosin interaction and needs a deeper investigation.
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Parameters of single interactions of myosin or isolated myosin head (myosin subfragment 1, S1)

containing WT LC1 or T65D, S193D, or T65D/S193D LC1 mutants with F-actin measured by

the optical trap

LCl1 Myosin Myosin head (S1)
d (nm) t (ms) d (nm) t (ms)
WT LC1 12.7+ 3.4 (773) 16.7+1.0 95+4.1(1009) 265+04
T65D LC1 12.5+3.2(1535) 83.2+99* 114+3.8(643) 19.7+£0.6*
S193D LC1 14.0+3.1(720) 22.7+1.0¥ 11.7+3.4(599) 283+1.8
T65D/S193D LC1 11.8+3.5(1356) 41.3+£28* 82+£29(609) 193+1.3*

d — Myosin step size (mean £ SD), ¢ — duration of myosin interaction with F-actin filament
(mean £ SEM). The number of analyzed events is shown in brackets. The comparisons were
performed by the Student #-test. The * symbol denotes significant differences in the duration of
interaction with F-actin for myosin or S1 containing LC1 with studied mutations from myosin

or S1 with WT LC1 (p < 0.05).

Table 2

Effects of LC1 pseudo-phosphorylation by mutations T65D, S193D, or T65D/S193D on the

ADP dissociation constant Kap (LM) representing the affinity of ADP for the actin-S1 complex

and defining the ADP inhibition of the ATP-induced dissociation of the complex.

LC1 Average K p (uM)
(mean = SEM)*
WT LCI1 240.5+9.5
T65D LC1 379.0 + 3.0%*
S193D LC1 176.5 £29.5
T65D/S193D LCl1 3545 +1.5%

*The average Kap values were calculated from 5 measurements of rate constants

kons (s™) observed at various ADP concentrations in 3 independent experiments.
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Figure legends

Fig. 1. Sliding velocities of actin filaments over myosin containing recombinant LC1 in both
heads (either WT LC1 or T65D, S193D, or T65D/S193D LC1 mutants) measured in the in
vitro motility assay. The velocities are presented as mean £+ S.D. for three experiments. The
comparisons were performed by the Student #-test. The * symbol denotes a significant
difference in the sliding velocity of the filaments over myosin containing LC1 with T65D

mutation from that over myosin with WT LCI, p < 0.05.

Fig. 2. Frequency histograms obtained in the optical trap experiments and showing the
distribution of duration of the interaction with F-actin of myosin (A) and isolated myosin
heads (S1) (B) containing either WT LC1 or LC1 with T65D mutation. Solid lines (for WT
LC1) and dashed lines (for T65D LC1) are exponential fits to the duration distributions. For

average values of the duration of single interaction see Table 1.

Fig. 3. A). Representative curves showing effects of LC1 mutations T65D, S193D, and
T65D/S193D on the actin-activated S1 ATPase measured using the luciferin-luciferase
system. The ATPase reaction was initiated by the addition of 10 mM ATP.

B). Average time at which a decrease in the luminescence intensity occurs for S1 containing
WT LC1 and LC1 mutants T65D, S193D, or T65D/S193D. The time values are presented as
mean £ SEM from 6—8 measurements. The comparisons were performed by the Student #-test.
The symbol (*) denotes significant differences in the time value for S1 containing LC1 T65D
and T65D/S193D mutants from S1 with WT LC1 (p < 0.0001).

Fig. 4. Representative plots showing the ADP dependence of rate constants kops (s™') for the
ATP-induced dissociation of acto-S1 complex formed by S1 containing WT LC1 (A) and
LC1 mutants T65D (B), S193D (C), or T65D/S193D (D). Final ADP concentrations

established after mixing the reactants in the stopped-flow are shown.

Fig. 5. Alignment of internal amino acid sequences of myosin LC1 from various sources
encompassing proposed phosphorylation sites: rabbit skeletal LC1 (P02602), human skeletal
LC1 (P05976), and human ventricular LC1 (P08590). The sequences were from the
UniProtKB database. Phosphorylated Thr residue identified by mass spectrometry in human
ventricular LC1 is shown in bold, potentially phosphorylable Ser and Thr residues in rabbit

skeletal LC1 are shown in italic, and Thr65 residue in human skeletal LC1, which was
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pseudo-phosphorylated by mutation T65D in this work is underlined. Identical (*) amino acid
residues and conserved (:) or semi-conserved (.) substitutions are indicated below the aligned

sequences. Numbers before and after sequences indicate the amino acid position of the first

and last amino acid, respectively.

Fig. 6. A) Crystal structure of rabbit skeletal muscle LC1 (beige) associated with a-helix of
the heavy chain (crimson) in the regulatory domain of the myosin head (PDB: 6YSY).

B) Enlarged and turned LCI1 region containing potentially phosphorylable Thr63, Ser66,
Thr69, and Ser71 residues (green), as well as negatively charged Asp61 and Asp65 residues.

Negatively charged oxygen atoms are shown in red, and the positively charged nitrogen atom

of Lys105 is shown in blue.
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