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Skeletal muscle myosin has potent procoagulant activity that
is based on its ability to enhance thrombin generation due to
binding coagulation factors Xa and Va and accelerating pro-
thrombin activation. A well-studied myosin inhibitor that binds
to myosin’s neck region inhibits myosin-dependent prothrom-
bin activation. Hence, to identify a potential binding site(s) on
skeletal muscle myosin for factor Xa, 19 peptides (25— 40 residues)
representing the neck region, which consists of a regulatory light
chain, an essential light chain, and a heavy chain (HC), were
screened for inhibition of myosin-supported prothrombin activa-
tion. Peptide HC796 — 835 comprising residues 796 —835 of the
heavy chain strongly inhibited myosin-enhanced prothrombin
activation by factors Xa and Va (50% inhibition at 1.2 um), but it did
not inhibit phospholipid vesicle-enhanced prothrombin activa-
tion. Peptide inhibition studies also implicated several myosin light
chain sequences located near HC796 — 835 as potential procoagu-
lant sites. A peptide comprising HC796 — 835’s C-terminal half, but
not a peptide comprising its N-terminal half, inhibited myosin-
enhanced prothrombin activation (50% inhibition at 1.2 pm). This
inhibitory peptide (HC816 —837) did not inhibit phospholipid-en-
hanced prothrombin activation, indicating its specificity for inhi-
bition of myosin-dependent procoagulant mechanisms. Binding
studies showed that purified factor Xa was bound to immobilized
peptides HC796 — 835 and HC816 — 837 with apparent K, values of
0.78 and 1.3 uMm, respectively. In summary, these studies imply that
HC residues 816835 in the neck region of the skeletal muscle
myosin directly bind factor Xa and, with contributions from light
chain residues in this neck region, contribute to provision of
myosin’s procoagulant surface.

Recently, it was discovered that skeletal muscle myosin has
potent procoagulant and prothrombotic activity (1), providing
a novel paradigm regarding how blood clotting may occur fol-
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lowing events such as an acute trauma where major disruptions
of coagulation (coagulopathy) often occur. Infusion of skeletal
muscle myosin reduced blood loss in an acquired hemophilia A
mouse bleeding model, thereby evidencing myosin’s in vivo
prohemostatic activity (2). Mechanistic studies showed that
myosin’s potent prothrombotic activity involved enhancing
thrombin generation due to myosin’s ability to bind coagula-
tion factors Xa and Va, which accelerates prothrombin activa-
tion (1). However, detailed molecular mechanisms for myosin’s
binding to coagulation factors have not been established. Skel-
etal muscle myosin is a dimer of heterotrimers, each trimer
comprising a regulatory light chain (RLC),? an essential light
chain (ELC), and a heavy chain (HC). An EM structure of the
chick smooth muscle myosin has been obtained in its phosphor-
ylated state (PDB code 3J04) (3), and this extended structure
may be used as a homologous model for the human skeletal
muscle myosin. Similarly, the X-ray structure of rabbit skeletal
muscle myosin (PDB code 5H53) may be used as a basis for
studies of procoagulant myosin’s structure.

As part of an effort to identify the binding sites on myosin for
coagulation factors, myosin peptides were synthesized and
assayed for their ability to inhibit myosin-enhanced prothrom-
bin activation by factors Va and Xa. Because a well-known myo-
sin inhibitor, trifluoperazine (TFP), inhibited myosin’s proco-
agulant activity (1) and because this inhibitor binds to the ELC
in myosin’s “neck” region, which connects the HC head region
to the HC tail (4, 5), we initially screened three ELC peptides.
Based on positive ELC peptide data, we then screened 19 pep-
tides representing additional myosin sequences located in the
myosin neck region where myosin’s three polypeptides, the HC,
RLC, and ELC, are clustered. Data from these screening assays
identified a myosin HC peptide sequence that binds factor Xa
and inhibits myosin-enhanced prothrombinase activity. Our
findings support the hypothesis that myosin’s neck region binds
blood coagulation factor Xa and is responsible for myosin’s
ability to enhance thrombin generation.

Results

Identification of anticoagulant myosin ELC peptides

TEP, an allosteric effector for myosin motor activity, inhibits
myosin-supported prothrombin activation, as reported previ-

3 The abbreviations used are: RLC, regulatory light chain; TFP, trifluoperazine;
HC, heavy chain; ELC, essential light chain; CPI, carboxypeptidase inhibitor
from potato tubers; TBS, Tris-buffered saline; PC, L-a-phosphatidylcholine;
PS, L-a-phosphatidylserine; PDB, Protein Data Bank.
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Figure 1. Depiction of the three-dimensional structure of skeletal muscle
myosin and location of its neck region where myosin’s three polypeptide
chains are clustered and where factor Xa is bound to promote prothrom-
bin activation by factors Xa/Va. A, scheme for polypeptide structure of skel-
etal muscle myosin that is a dimer of heterotrimers, each trimer comprising
an RLC, an ELC, and an HC. The neck region depicts where the three polypep-
tides are clustered and represents the potential region responsible for myo-
sin-enhancement of prothrombin activation by the factor Xa/Va complex. B,
expanded view of the neck region of skeletal muscle myosin containing coag-
ulation factor-binding sites. Worm-style structures of rabbit skeletal muscle
myosin (PDB code 5H53) are depicted using the NCBI Molecular Modeling
Database and Cn3D software (17). Structures shown in pink, brown, and blue
are the HC, ELC, and RLC, respectively. Pink and light blue numbers show resi-
due numbers for HC and RLC, respectively. Peptides HC796-835, RLC133-
162, and ELC109-138 are shown as yellow lines. Myosin’s HC residues 815-
835, RLC residues 133-162, and ELC residues 129-138 are suggested to be
key for myosin’s specific procoagulant activity. The yellow shaded area in the
yellow circle shows the potential key region for myosin to exert procoagulant
activity that includes a major binding site for factor Xa on HC residues
816-835.

ously (1) and as confirmed in dose-dependent studies here (Fig.
S1A). However, several other allosteric myosin effectors,
namely (—)blebbistatin (up to 65 um), omecamtiv mecarbil
(CK-1827452) (up to 50 um), and N-benzyl-p-toluene sulfona-
mide (up to 0.7 mm), did not inhibit myosin’s procoagulant
activity (data not shown). This led us to hypothesize that
myosin’s TFP-binding region on the ELC in the neck region (4,
5) directly contributes to myosin’s procoagulant activity (Fig.
1). Thus, three overlapping 16-mer to 20-mer peptides with
ELC sequences (Table S1) were synthesized and tested for
inhibition of myosin-enhanced or phospholipid-enhanced pro-
thrombin activation by purified factors Xa and Va in the pres-
ence of Ca>" ions. The combination of these three prothrom-
bin-activating factors (Xa, Va, and Ca®* ions) is termed the
prothrombinase complex, whereas activation of prothrombin
to generate a-thrombin is termed prothrombinase activity.
Two peptides, namely ELC129 -144 and ELC138-157, inhib-
ited the myosin-supported prothrombin activation (Fig. S1).
Peptide ELC138 —157 inhibited prothrombin activation even in
the absence of myosin, whereas ELC129 -144 did not (Fig. S1).
This suggests that peptide ELC129 144 specifically inhibited
myosin-supported prothrombin activation, rather than inhib-
iting myosin-independent clotting factor interactions. This
encouraged us to extend the screening for potentially inhibitory
peptides to 19 additional peptides containing sequences found
on the three myosin polypeptides that are clustered in the neck
region (Fig. 1).
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Table 1

Amino acid sequences of peptides representing human skeletal mus-
cle myosin neck region

Amino acid residue numbers for HC, ELC, and RLC correspond to human MYH2,
MYL1, and myosin light chain, phosphorylatable, fast skeletal myosin. Ac denotes
acetylation.

Residues Sequence

RLC
23-57 Ac-DQTQIQEFKEAFTVIDONRDGIIDKEDLRDTFAAM-NH,
36-69 Ac-VIDONRDGIIDKEDLRDTFAAMGRLNVKNEELDA-NH,
63-90 Ac-KNEELDAMMKEASGPINFTVFLTMFGEK-NH,
79-105 Ac-NFTVFLTMFGEKLKGADPEDVITGAFK-NH,
96-126 Ac-PEDVITGAFKVLDPEGKGTIKKKFLEELLTT-NH,
119-143 Ac-FLEELLTTQCDRFSQEEIKNMWAAF-NH,
133-162 Ac-QEEIKNMWAAFPPDVGGNVDYKNICYVITH-NH,

ELC
49-82 Ac-KEQQDEFKEAFLLFDRTGDSKITLSQVGDVLRAL-NH,
74-95 Ac-QVGDVLRALGTNPTNAEVRKVL-NH,
87-104 Ac-TNAEVRKVLGNPSNEELN-NH,
99-122 Ac-SNEELNAKKIEFEQFLPMMQAISN-NH,
109-138 Ac-EFEQFLPMMQATISNNKDQATYEDFVEGLRV-NH,
129-159 Ac-YEDFVEGLRVFDKEGNGTVMGAELRHVLATL-NH,
149-173 Ac-GAELRHVLATLGEKMKEEEVEALMA-NH,
164-193 Ac-KEEEVEALMAGQEDSNGCINYEAFVKHIMS-NH,

HC
720-757 LYADFKQRYKVLNASAIPEGQFIDSKKASEKLLASIDI-NH,
781-810 EMRDDKLAQLITRTQARCRGFLARVEYQRM-NH,
796-835 ARCRGFLARVEYQRMVERREATFCIQYNIRSFMNVKHWPW-NH,
815-854 EAIFCIQYNIRSFMNVKHWPWMKLFFKIKPLLKSAETEKE-NH,
795-818 QARCRGFLARVEYQRMVERREAIF
816-837 AIFCIQYNIRSFMNVKHWPWMK

Screening for anticoagulant peptides representing myosin’s
neck region

Nineteen peptides from skeletal muscle myosin’s neck
region, four HC peptides (MYH2 sequences), eight ELC pep-
tides (MYL1 sequences), and seven RLC peptides (myosin light
chain, phosphorylatable, fast skeletal myosin sequences) (Table
1), were synthesized and tested at three different concentra-
tions for their inhibition of myosin-supported prothrombin
activation by purified factor Xa, factor Va, and Ca®" ions (Fig.
2A). Peptides ELC109-138 and ELC129-159 inhibited myo-
sin-supported prothrombin activation at 100 um, whereas their
partially overlapping neighbor peptides ELC99-122 and
ELC149-173 did not. Three HC peptides (peptides HC781—
810, HC796-835, and HC815-854) and one RLC peptide
(RLC133-162) inhibited myosin-supported prothrombin acti-
vation at 100 uM, and each was also inhibitory, to varying
degrees, when assayed at 5 uMm. Dose-dependence inhibition
assays gave IC, values for the peptides HC781-810, HC796 —
835, HC815- 854, and RLC133-162 of 64, 1.2, 2.3, and 26 uMm,
respectively (Fig. 34).

Peptides HC781-810 and HC815-854 inhibited phospho-
lipid vesicles containing 20% L-a-phosphatidylserine (PS)-
supported prothrombin activation (IC;, = 7.5 and 104 um,
respectively) (Figs. 2B and 3B). In contrast, the inhibitory
effects of peptides HC796-835, RLC133-162, ELC109-
138, and ELC129-159 on phospholipid-supported pro-
thrombin activation were not apparent when compared
with their strong inhibitory effects on myosin-supported
prothrombin activation (Figs. 2 and 3, A and B). This sug-
gests that peptides HC796 -835, RLC133-162, ELC109 —
138, and ELC129-159 specifically inhibited myosin-sup-
ported prothrombin activation in contrast to phospholipid-
supported prothrombin activation.
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Figure 2. Screening for the inhibitory effects of myosin neck region pep-
tides on myosin-enhanced or phospholipid-enhanced prothrombin acti-
vation by factors Xa and Va. Skeletal muscle myosin (2 nmfinal) (A) or phos-
pholipid vesicles (PC/PS, 80%/20%, w/w) (4 um final) (B) were incubated with
19 myosin-derived peptides at three different peptide concentrations, 5, 25,
and 100 um, respectively, as indicated, with factor Va (5 nmfinal) and factor Xa
(0.2 nmfinal) in TBSA plus 5 mm CaCl, at room temperature. Thrombin gener-
ation was determined as described under “Experimental procedures.” 100%
was the value for controls in the absence of added peptides. Each value rep-
resents the mean = S.D. (error bars) of triplicate determinations.

Determination of N-terminal and C-terminal regions of
peptide HC796 - 835 to its anticoagulant activity

Two peptides representing the N-terminal and C-terminal
sequences of HC796 — 835, namely HC795-818 and HC816 —
837, were tested for inhibition of myosin-supported pro-
thrombin activation by purified factor Xa, factor Va, and
Ca®" ions. HC816-837, but not HC795-818, inhibited
myosin-supported prothrombin activation (IC5, = 1.2 um)
(Fig. 4A), essentially similar to the inhibition by HC796 — 835
(Fig. 3A). The inhibitory effect of these two peptides on
phospholipid-supported prothrombin activation was not
significant (Figs. 3B and 4B).
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Figure 3. Inhibition of myosin-enhanced prothrombin activation by
myosin peptides and binding of peptide HC796 - 835 to factor Xa. Vary-
ing concentrations of peptides HC781-810, HC815-854, HC796-835, and
RLC133-162 were incubated with factor Va (5 nm final) and factor Xa (0.2 nm
final) in TBSA plus 5 mm CaCl, at room temperature in the presence of skeletal
muscle myosin (2 nm final) (A) or phospholipid vesicles (PC/PS, 80%/20%,
w/w) (4 um final) (B). Thrombin generation was initiated by the addition of
prothrombin (0.75 um) in TBSA containing 5 mm Ca®". The reaction was
quenched by adding EDTA (10 mm final). Thrombin generation was deter-
mined as described under “Experimental procedures.” 100% was the value for
controls in the absence of added peptides. Each value represents the mean =+
S.E. (error bars) of triplicate determinations.

Anticoagulant effects of myosin peptides on thrombin
generation in plasma

The 19 synthetic peptides (Table 1) representing the myo-
sin neck region were screened at 100 um (final concentra-
tion) for their inhibition of Ca®>*-induced thrombin genera-
tion in human plasma, which contains circulating levels of
endogenous human skeletal muscle myosin (6-10). Among
the 19 peptides, HC796 — 835 and HC815- 854 significantly
inhibited thrombin generation (Fig. S2A4). When the ability
of HC796-835 to inhibit thrombin generation in plasma
assays was assayed, it was anticoagulant with IC;, of ~5.5 um
(Fig. S2B). Because plasma contains circulating levels of
myosin whose procoagulant activity is inhibited by anti-my-
osin antibodies (1), this observation implies that HC796 —
835 inhibits myosin’s procoagulant activity in the plasma
milieu.
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Figure 4. Inhibition of myosin-enhanced prothrombin activation by
myosin HC peptides and their binding of factor Xa. Varying concentra-
tions of peptides HC795-818 and HC816 - 837 were incubated with factor Va
(5 nm final) and factor Xa (0.2 nm final) in TBSA plus 5 mm CaCl, at room

SASBMB

Factor Xa binding to myosin HC peptides

To test the hypothesis that the inhibitory myosin peptides
bind factor Xa, various concentrations of factor Xa were incu-
bated in microtiter plate wells that had been coated with vari-
ous peptides for binding studies. Immobilized peptide HC796 —
835 bound factor Xa, and analysis of dose-dependent binding
assays were fit with a single binding curve, indicating that factor
Xa was bound with an apparent K, 0f 0.78 um (Fig. 4C). Binding
assays for peptides representing the N-terminal and C-terminal
sequences of HC796 —835 showed that peptide HC816 —837
bound factor Xa with an apparent K, of 1.3 uMm, whereas
HC795-818 bound factor Xa with a weaker apparent K, of 5.3

um (Fig. 4C).

Discussion

A systematic screening of 22 peptides derived from skeletal
muscle myosin’s neck region (Fig. 1) for their ability to inhibit
myosin’s enhancement of prothrombin activation in purified
clotting factor mixtures identified potent myosin-specific anti-
coagulant peptide sequences. Peptide HC796—835 was very
anticoagulant for myosin-enhanced procoagulant activity. This
heavy chain sequence consists of two helical structures (amino
acid residues 796 —811 and 816—831) (Fig. 1B) connected by
and followed by short linker peptides (amino acid residues 812—
815 and 832- 835, respectively) (PDB code 5H53). One HC pep-
tide, HC781- 810, corresponding to amino acid residues 781—
810 overlaps the first helical structure of HC796 —835, and
HC781-810 inhibited myosin-supported prothrombin activa-
tion, although it was much weaker than HC796 — 811. This sug-
gested that the first helical structure corresponding to the
amino acid residues 796—-810 (Fig. 1B) does not contribute
much to the myosin-specific procoagulant activity. Peptide
HC815- 854 that contains HC residues 815— 854 and that over-
laps one helical structure and one linker within HC796 — 835
inhibited myosin-supported prothrombin activation. This
implies that the second helical structure in HC796 — 835 involv-
ing residues 815- 835 (Fig. 1B) is a key region for the myosin-
specific procoagulant activity. These discussions rest on the
assumption that the synthetic peptides assume the structures
seen for them in the X-ray crystallographic structure of myosin.

In contrast to HC796 — 835, HC815- 854 not only inhibits
myosin-stimulated thrombin generation but also inhibits
phospholipid-supported prothrombin activation. This indi-
cates that myosin residues 836 — 854, which do not overlap
with HC796 — 835, interfere with coagulation reactions on
phospholipid membrane. HC815— 854 may interfere indi-
rectly or directly with the phospholipid-dependent interac-

temperature in the presence of skeletal muscle myosin (2 nm final) (A) or
phospholipid vesicles (PC/PS, 80%/20%, w/w) (4 um final) (B). Thrombin gen-
eration was then initiated by the addition of prothrombin (0.75 um) in TBSA
containing 5 mm Ca®*. The reaction was quenched by adding EDTA (10 mm
final), and thrombin generation was determined as described under “Experi-
mental procedures.” 100% was the value for controls in the absence of added
peptides. C, peptides HC796 - 835, HC795-818, and HC816 - 837 were immo-
bilized in microtiter plate wells, and the binding of factor Xa to HC796 -835,
HC795-818, and HC816-837 was determined as described under “Experi-
mental procedures.” Each value represents the mean = S.E. (error bars) of
triplicate determinations.
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tions between coagulation factors, or possibly it interacts
with phospholipids themselves.

Because the region of HC residues 796 — 835 involves inter-
actions between the HC and either the ELC or the RLC (11, 12),
it is possible that these peptides disrupt myosin’s procoagulant
structure by disrupting the native structure(s) of myosin’s neck
region. However, the fact that factor Xa binds directly to the
HC796 — 835 and HC816 — 837 peptides with a binding affinity
that is similar to values for IC, supports the interpretation that
the helical region of residues 816—835 provides a functional
procoagulant binding site for factor Xa.

Peptide RLC133-162 inhibited myosin-supported thrombin
generation but not phospholipid-supported thrombin genera-
tion, suggesting the direct involvement of these residues for
myosin’s procoagulant activity. Inhibition of myosin-supported
prothrombin activation by ELC109-138 and ELC129-159, but
not by ELC99-122 and ELC149 -173, suggests that the over-
lapping region of ELC109-138 and ELC129-159, namely
myosin’s ELC residues 129-138, are key for myosin’s proco-
agulant activity.

It is particularly noteworthy that HC residues 816 —835 are
located adjacent to RLC residues133—-162 in the myosin struc-
ture (Fig. 1B). Furthermore, ELC residues 129 -138 are on the
same surface as HC residues 796 —835 and RLC residues 133—
162. Thus, we hypothesize that this extended myosin neck
region surface area is the key area on myosin for its direct inter-
actions with factors Xa and Va that potentiate prothrombin
activation (Fig. 1B).

Peptide HC796 — 835 was the best inhibitor for myosin-spe-
cific procoagulant activity among the screened peptides.
Because HC796—-835 and HC816-837 did not inhibit phos-
pholipid membrane-supported thrombin generation, this dis-
covery sets the stage for future efforts to identify new anti-
thrombotic drugs that selectively target myosin-dependent
procoagulant activities. Such agents may have minimized
bleeding risk due to lack of inhibition of myosin-independent
prohemostatic reactions. Such agents may offer a therapeutic
advantage over traditional anticoagulant drugs that target clas-
sical coagulation reactions because anti-myosin anticoagulant
drugs do not target intrinsic clotting factor activities or phos-
pholipid membrane-supported coagulation as do the direct
new oral anticoagulants, which have an increased bleeding risk
(13-15). Antithrombotic drugs targeting myosin, which has
never been a target for the anticoagulant therapy, would be an
entirely novel class of drugs. These agents might ultimately
prove clinically useful for thrombotic situations after further
appropriate laboratory, preclinical, and clinical studies as well
as studies of patients with increased risk for thrombosis.

In summary, we identified human skeletal muscle myosin
peptides that specifically block myosin-enhanced thrombin
generation but not phospholipid-stimulated prothrombin acti-
vation in purified reaction mixtures and that inhibited blood
clotting in plasma. The most potent anticoagulant HC peptide
binds purified factor Xa. These findings strongly suggest that
the neck region of myosin provides a phospholipid-independ-
ent procoagulant surface for thrombin generation (Fig. 1B).
Depending on the in vivo physiologic context, this surface of
myosin may contribute to either hemostasis or thrombosis.
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Experimental procedures
Materials

See supporting materials and methods.

Peptide design and synthesis

Three peptides representing 129 —161 amino acid residues of
skeletal muscle myosin ELC and containing overlaps of 7-10
amino acids were synthesized (Table S1). Detailed information
is provided in supporting materials and methods.

Activation of prothrombin by prothrombinase complex

Skeletal muscle myosin (2 nMm final) was incubated with factor
Va (5 nM final) and factor Xa (0.2 nm final) with 5 mm CaCl, in
TBS (pH 7.4) containing 0.5% albumin (TBSA) in the presence
or absence of synthetic peptides for 10 min at room tempera-
ture (1). PC/PS (80%/20%) vesicles (4 uM final) were incubated
with factor Va (5 nm final) and factor Xa (0.2 nM final) with 5 mm
CaCl, in TBSA in the presence or absence of synthetic peptides
for 20, 40, and 60 s at room temperature (1). Thrombin gener-
ation was initiated by the addition of prothrombin (0.75 um
final unless noted otherwise). The reaction was quenched by 10
mM EDTA, and the rate of thrombin formation was quantified
by measuring thrombin concentration as the rate of thrombin
substrate hydrolysis. Prothrombin (0.75 uM final) activation in
the absence of factor Va was also determined using factor Xa
alone. Prothrombin was mixed with various concentrations of
peptides at room temperature and then incubated with factor
Xa (1.6 nM final) for 60 min.

Factor Xa peptide binding assays

Peptides HC796 — 835, HC795- 818, and HC816—-837 at 10
pg/ml in sodium bicarbonate (pH 9.3) were each separately
coated onto the wells of microtiter plates overnight at 4 °C, and
then wells were blocked with 5% fatty acid—free BSA in TBS.
After washing the plate with TBSA containing 5 mm CaCl,,
various concentrations of factor Xa in binding buffer consisting
of TBSA containing 5 mm CaCl, were incubated in plate wells
for 1 h at room temperature. Following three rapid washings,
bound factor Xa was detected by adding chromogenic substrate
for factor Xa (S2222, Chromogenix, Franklin, OH). The absor-
bance values observed for triplicate noncoated wells lacking
peptides served as nonspecific controls for binding and were
subtracted from observed values for corresponding duplicate
peptide-coated wells. Nonspecific binding of factor Xa ranged
from 5 to 20% of maximal total observed binding in various
experiments.

Thrombin generation assay in pooled human plasma

The effect of synthetic peptides on thrombin generation in
pooled normal human plasma (George King Bio-Medical, Inc.,
Overland Park, KS) was tested as described (1, 16). Briefly, nor-
mal human plasma (30 ul) was mixed with corn trypsin inhib-
itor followed by the addition of peptide. Then, tissue factor
(Innovin) (0.5% pM final) containing 30 mm Ca*>* in TBSA with
fluorogenic thrombin substrate solution (I-1140) (Bachem
Americas, Inc., Torrance, CA) was added to the plasma to
initiate coagulation activation. The first derivative of the
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time-course data for substrate hydrolysis yielded the throm-
bin generation curve, allowing measurement of thrombin
generation during the initiation, propagation, and termina-
tion phases of thrombin generation and the value for peak
thrombin generated.

Statistical analysis

S.D. and S.E. values and apparent K, values using saturation
binding curve fit were performed using Prism™ 7.0 software
(GraphPad Software Inc., San Diego, CA).
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