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Abstract

Two striated muscle myosins, namely skeletal muscle myosin (SkM) and cardiac myosin (CM),
may potentially contribute to physiologic mechanisms for regulation of thrombosis and
hemostasis. Thrombin is generated from activation of prothrombin by the prothrombinase (l1ase)
complex comprising factor Xa, factor Va, and Ca** ions located on surfaces where these factors
are assembled. We discovered that SkM and CM, which are abundant motor proteins in skeletal
and cardiac muscles, can provide a surface for thrombin generation by the prothrombinase
complex without any apparent requirement for phosphatidylserine or lipids. These myosins can
also provide a surface that supports the inactivation of factor Va by activated protein C/protein S,
resulting in negative feedback downregulation of thrombin generation. While the physiologic
significance of these reactions remains to be established for humans, substantive insights may be
gleaned from murine studies. In mice, exogenously infused SkM and CM can promote hemostasis
as they are capable of reducing tail cut bleeding. In a murine myocardial ischemia-reperfusion
injury model, exogenously infused CM exacerbates myocardial infarction damage. Studies of
human plasmas show that SkM antigen isoforms of different MWs circulate in human plasma, and
they can be used to identify 3 plasma SkM phenotypes. A pilot clinical study showed that one
SkM isoform pattern appeared to be linked to isolated pulmonary embolism. These discoveries
enable multiple preclinical and clinical studies of SkM and CM which should provide novel
mechanistic insights with potential translational relevance for the roles of CM and SkM in the
pathobiology of hemostasis and thrombosis.
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1. INTRODUCTION — DISCOVERY OF SKELETAL MUSCLE MYOSIN’S
PROCOAGULANT ACTIVITY

Thrombosis represents a failure to regulate thrombin generation and contributes to morbidity
and mortality in many patients, including those with acute myocardial infarction, ischemic
stroke, venous thrombosis (VTE), cancer, and COVID-19. In spite of detailed knowledge
about the coagulation pathways and recent additions of new arrows representing connections
between plasma components and cellular factors, about contributions of blood cells to
immunothrombosis, and about multiple platelet-dependent contributions to coagulation [1—
11], new discoveries are needed to expand basic knowledge about mechanisms underlying
blood clotting pathologies. Unprovoked VTE in younger patients can be driven by genetic
variations that cause hypercoagulability, and we believe that significant discoveries may
come from identifying rare genetic variants linked to unprovoked VTE. Therefore, when
exome rare variant genotyping chips containing >300,000 SNPs first became available, we
used this tool for a pilot study for discovery of VTE-linked genetic rare variants in the
Scripps Venous Thrombosis registry (subjects < 55 years old). When rare variants in
chrl7p13.1 MYH genes (clustered skeletal muscle myosin (SkM) heavy chain genes [12])
were analyzed using collapsing methods, the results suggested their association with
recurrent VTE (p = 2.70 x10716) [13]. This suggested association of recurrent VTE with rare
variants in SKM genes led us to hypothesize that SkM is a potentially physiologic and/or
pathologic procoagulant factor.

Because SkM was not known to affect any conventional coagulation pathway, plasma
coagulation assays were initially used to probe for potential procoagulant effects of SKM.
Those assays led to the discovery of SKkM’s procoagulant activity which found to be based
on its ability to provide a surface that binds factor (F) Xa and FVa to promote prothrombin
activation [14]. Subsequently we found that SkM would also replace phospholipid surfaces
and promote FVa inactivation by activated protein C (APC)/protein S [15]. Then, building
on SkM’s procoagulant activity, we found that another striated muscle myosin, namely
cardiac myosin (CM), was procoagulant similar to SkM by similar mechanisms and that CM
could modify myocardial damage in murine myocardial ischemia reperfusion studies [16].
This review summarizes current knowledge regarding the procoagulant and anticoagulant
properties of SkM and CM and also regarding some aspects of their mechanisms. This
knowledge provides a basis for future research to enhance our understanding of how these
abundant proteins might influence the regulation of thrombosis and hemostasis with
potential new insights that might be translated to the clinic.

2. MYOSIN STRUCTURE AND NOMENCLATURE

Myosins are a large family of motor proteins sharing common features of ATP hydrolysis,
actin binding, and potential for kinetic energy transduction. The conventional myosins
consist of a dimer of heterotrimers, and they are very abundant and constitute primary
contractile elements in the sarcomeres of skeletal muscle, cardiac muscle, and smooth
muscle. SkM was originally isolated from muscle cells but is found throughout the body,
even at low levels in plasma (4-25 nmol/L) [17, 18]. The “conventional” isoform of muscle
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myosin contains 6 polypeptides, specifically 2 heavy chains (HC) and 4 light chains [2
“essential” light chains (ELC) and 2 “regulatory” light chains (RLC)] (Figure 1A, 1B) [19-
22]. Myosin can be split by proteases to yield light meromyosin (LMM) and heavy
meromyosin (HMM), the latter of which can be further split into 2 subfragments designated
S1 fragment and S2 fragment [23] (Figure 1A). Overall lengths of SkM and the S1 fragment
are ~ 1,900 A and ~ 190 A, respectively. The S1 fragment contains two “head” regions, each
of which has the N-terminus of the HC and the neck region. The HC N-terminal domain
comprises subsections with well-defined functions for the myosin motor, including an HC
“converter” domain, an upper 50K domain, and a lower 50 K domain. These domains
provide, as labeled in the upper region of Figure 1B, a binding pocket for ATP and the actin
binding site [19-22]. The polypeptides of three chains of SkM define the so-called “neck
region”, as seen in the lower region of Figure 1B, where both the helix-rich ELC and RLC
each wraps around an extended, bent helical segment of the HC. This neck region is ~ 70 A
long (lower region in Figure 1B) and, as described in detail below, provides at least part of
myosin’s procoagulant surface [24].

3. PROCOAGULANT ACTIVITIES OF SkM AND CM

3.1 SkM and procoagulant activity

Thrombogenicity of SkM was seen when fresh human blood was exposed ex vivo to
myosin-coated surfaces or when exogenous SkM was added to human whole blood [14, 16,
25]. SkM dose-dependently increased tissue factor (TF)-induced thrombin generation (12.5-
100 nM) both in platelet-rich and platelet-poor plasmas and in normal plasma, even in the
presence of phospholipid vesicles [14, 16]. In purified prothrombinase (l1ase) assays using
only FXa and FVa, prothrombin and Ca** ions, SkM (0.5 nM-2 uM) enhanced thrombin
generation [14]. Direct binding of inactivated (i) FXai to immobilized SkM was observed
using Bilayer interferometry [14]. The K for FXai binding to SkM was 46 nM without FVa,
and FVa reduced Ky for FXai to ~ 1.0 nM. The overall concept that binding of FXa and FVa
to these myosins enables prothrombin activation is depicted in Figure 1C. Kinetic studies
that determined k¢, values for prothrombin activation by myosin-bound FXa:FVa showed
that the llase enhancement potency of SkM was generally on the same order of magnitude as
that for enhancement by phospholipid vesicles or platelets (Table 1) [14].

3.2 SkM’s “neck region” binds FXa to support llase

Since trifluoperazine (TFP) inhibited SKM-supported Ilase enhancement and TFP binds to
the ELC in the neck region, we hypothesized that the ELC and possibly other polypeptides
in the SKM neck region (Figures 1, 2) might bind FXa to promote Ilase activity. Based on
the premise that SkM amino acid sequences which bind FXa would be competitive inhibitors
of SKM:FXa protein-protein interactions, we made and tested SkM-based synthetic peptides
for inhibition of SkM’s enhancement of Ilase activity. These efforts successfully identified
some peptides that inhibited SkM-enhanced llase activity (Figure 3A and 3B) and that
bound FXa (Figure 3C), leading us to identify an hypothetical “Ilase cofactor surface”
(Figures 1B, 2B, 2C) [24] that includes ELC residues 129-138, RLC residues 133-162 and
HC residues 816-835 in the neck region of SkM for llase-enhancing activity. Further
experiments using myosin-based peptides for RLC133-162, RLC130-145 and RLC152-164
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helped to implicate RLC residues 152-164 as a key sequence within RLC133-162 for Ilase-
enhancing activity (unpublished data). Thus, we identified peptides with sequences of SKM’s
HC, ELC and RLC in the neck region which inhibited SkM’s llase activity, and these
sequences are located, more or less, on one surface of myosin’s neck region [24]. It is
interesting to keep in mind the overall dimensions for the llase complex of FXa:FVa (Figure
2A) that is central for prothrombin activation and the dimensions of SkM’s neck region
(Figure 2B). For phospholipid membrane-bound FXa, the distance from the membrane to
the active site in the protease domain of FXa is approximately 70-75 A (Figure 2A) [26, 27]
which is close to the length of SkM neck region (~ 70A) (Figure 2B, 2C) where it is very
likely that FXa and FVa are interacting to promote prothrombin activation. The dimensions
of FVa are greater than those of FXa, and the FXa:FVa complex overall dimensions exceed
those of the neck region (Figure 2A, 2B). We have no clear picture for the orientation of
either FXa or FVa bound to SKM’s neck region, but we speculate that the llase complex,
which is bound to the neck region, most likely extends up and/or down the HC structure
(Figure 2B, 2C), implying that further studies of HC structures and peptides may give
further mechanistic insights for SkM’s llase activity.

3.3 CM and procoagulant activity

SkM and CM serve as motor proteins engaged in translating chemical signals into motion,
and they are highly abundant in skeletal and cardiac muscles. The muscle myosin protein is
a large complex structure, and SkM and CM are each a very similar dimer of heterotrimers.
CM and SkM belong to the family of conventional striated muscle myosins, and their amino
acid sequences are relatively highly conserved; e.g., generally CM has ~ 80% sequence
identity to SkM [28, 29]. These similarities led us to evaluate the procoagulant properties of
CM which are found to exhibit many procoagulant properties similar to those of SkM, as
described above. Perfusion of fresh human blood over CM-coated surfaces caused extensive
thrombus formation and fibrin deposition [16]. Addition of CM to blood enhanced fibrin
formation [16, 25] and enhanced thrombin generation in whole blood, in platelet-rich and
platelet-poor plasmas, and in mixtures of purified factors Xa and Va plus prothrombin [16].
The procoagulant potency of CM, based on kg5 values for prothrombin activation by
FXa:FVa, is generally similar to that of SkM [16] (Table 1). Moreover, direct binding studies
with purified proteins showed that CM binds FXa, supporting the model that CM, like SkM,
binds FXa:FVa to enhance prothrombin activation [16]. Quite remarkably, when CM was
administered i.v. during murine ischemia reperfusion injury studies, CM exacerbated
myocardial damage in terms of myocardial infarct volume and circulating troponin | levels,
consistent with CM’s in vitro procoagulant activity [16] (see below for more discussion).
This raises the speculation that various coronary pathologic processes that expose CM to
blood may promote coagulation reactions which exacerbate cardiac muscle damage,
suggesting that inhibitors which target CM’s procoagulant activity may reduce cardiac
muscle damage under certain circumstances.

3.4 SkM’s llase enhancement not due to contaminating phosphatidylserine vesicles

A recent study showed that annexin V, phospholipase A2, and lactadherin blocked SkM’s
and CM’s enhancement of Ilase [30]. Because these proteins are known to target
phosphatidylserine (PS), the authors asserted, without any direct measurements of PS or
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other functional assays, that contaminating PS-vesicles cause and explain llase enhancement
by SkM and CM preparations, implying no role for the myosin protein. But annexin V and
lactadherin are globular proteins that can bind not only PS but also many proteins (e.g.,
actin, elastin, integrins, amyloid p-peptide, protein kinase C, and multiple cell receptors) and
other lipids [31-49]. Thus, there was reasonably an unfulfilled responsibility [30] for the
authors to quantify PS and/or to show with reagents more specific for PS (e.g., anti-PS
monoclonal antibody blockade) that contaminating PS was present in sufficient quantity to
explain myosins’ enhancement of Ilase.

Multiple observations, whose merits were not adequately recognized by Novakovic and
Gilbert, indicate that the authors’ assertion for contaminating PS to be the causal explanation
for myosin preparation’s Ilase enhancement, to the exclusion of a central role for the myosin
protein, was a gross oversimplification of the authors’ limited data [30]. First, the
concentration of PS in the SkM preparation was determined [15]. The relatively small
amount of PS present in a vial of SKM obtained by us or Gilbert from the manufacture
(Cytoskeletal Inc), was approximately 0.90 umol PS per 40. umol SkM (Table 2)[15].
Clearly this amount of PS present in SkM preparations could not explain SkM’s
procoagulant activity. For example, standardized purified prothrombinase reaction mixture
assays show that 10 nM SkM enables formation of 3 nmol thrombin/min and 0.22 nM PS in
1.1 nM phosphatidylcholine (PC)/PS(20%) vesicles enabled formation of only 0.4 nmol
thrombin/min (Figure 3D). Second, because the N-terminal gamma-carboxyglutamic acid
(Gla) of FXa mediates its binding to PS-containing phospholipid vesicles, Gla-domainless
(DG)-FXa was used to test for an essential role for PS in myosin’s enhancement of
prothrombinase. DG-FXa has lost phospholipid vesicle enhancement of Ilase (> 99% loss of
activity) but DG-FXa retains ~ 30 % activity for SkM’s enhancement of prothrombin
activation (Figure 3D), and DG-FXa still binds to SkM [14, 16]. Gilbert reported that DG-
FXa had only 1 % of FXa activity [30] without any recognition or discussion of our
published data. The assertion that contaminating PS-vesicles explain SkM’s enhancement of
prothrombin activation is contradicted by the facts (Figure 3D and Table 2).

Data in peer-reviewed papers reporting biochemical studies using myosin-sequence based
peptides [24] or the inhibitory effects of anti-myosin antibodies [14, 16] (and unpublished
data) to show a central role for the myosin protein were given no experimental assessment
although the testable hypothesis for the published peptide data was advanced that helical
myosin peptides might inhibit SkM llase activity by binding PS [30]. The SkM heavy chain
peptides, HC796-835 and its truncated version HC816-837, inhibit SkM-enhanced Ilase
(Figure 3B) and directly bind FXa (Figure 3C). In contrast, these peptides do not inhibit PS-
vesicle-enhanced Ilase (Figure 3B). This implies that HC816-837 inhibits SkM-FXa
protein-protein interactions, not phospholipid interactions with FXa or FVa or prothrombin.
In key studies, SkM removal from solution using immobilized monoclonal anti-myosin
antibody (MF20) reduced Ilase enhancement activity >90% (Figure 3E). Other studies
showed that anti-myosin polyclonal antibodies that do not block llase activity of PC/PS
vesicles do significantly inhibit SkM’s llase enhancement by >80% (Figure 3E).
Additionally, we found that an anti-PS monoclonal antibody blocked >90% PC/PS vesicle-
supported llase activity but did not significantly block SkM-supported llase (manuscript
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submitted). Thus, many studies using SkM-based peptides and various anti-SkM antibodies
imply that the myosin protein itself is the central component for SkM’s Ilase enhancement,
in strong contradiction of the assertion [30] that contaminating PS causes SkM’s llase
activity.

Nothing rules out the possibility that SkM or CM may involve myosin-bound procoagulant
lipid(s) independent of PS (Figure 1C). One may speculate that myosin-bound lipid(s)
themselves do not affect the coagulation system reactions while they may stabilize the
myosin proteins. Lipids are present in some non-muscle myosin preparations and appear to
stabilize myosin. If lipids bind to myosin in the neck region, which is the key region for the
SkM'’s llase cofactor activity, the bound lipid might interfere with the interactions of
myosins with clotting factors or might stabilize protein-protein interactions. We confirm that
annexin V inhibits the prothrombinase enhancement by SkM and CM (Figure 3F), as
reported [30]. Thus, driven by the effects of annexin V and lactadherin on SkM and CM,
there are a number of open questions regarding their interactions and regarding interactions
of SkM or CM with lipids that need to be addressed in the future.

The recent Novakovic and Gilbert paper asserted that tissue factor (TF) contamination likely
explains SkM’s and CM’s prothrombotic activity when fresh flowing human blood is
exposed to myosin-coated surfaces; however, that report contained no direct measurement of
TF or any direct method (e.g., anti-TF antibodies) to block directly the putative
contaminating TF [30]. The reported studies involved indirect assessment of TF activities
using TF pathway inhibitor which were suggestive of TF. There may be trace amounts of TF
in SKM (e.g., estimated to be < 3.8 pmol TF/umol, unpublished data). However, for SkKM, we
are certain that contaminating TF does not explain the prothrombotic activity of SkM when
it is exposed to fresh flowing human blood because studies that were made in two different
laboratories using anti-rabbit TF monoclonal antibody (RbTF7-3A5) [50] to inhibit
thrombus formation showed this antibody did not substantially reduce SkM’s prothrombotic
activity (unpublished data and personal communication, O.J.T. McCarty). Because we were
aware of those data ruling out any major role for contaminating TF for SkM’s prothrombotic
activity with flowing blood, we did not test CM for any influence of TF.

3.5 Coagulation and surfaces

Activated platelet surfaces, microparticles or phospholipid vesicles enhance Ilase by
promoting FXa:FVa complex assembly and by tethering prothrombin and its activation
intermediates to reduce K, for prothrombin [51-54]. Other mechanisms may also enhance
FXa’s llase activity (e.g., allostery, conformation changes, etc.). Notably, studies of
thrombin generation in vivo show that damaged endothelium, possibly more than platelet
aggregates, is a major site for thrombin generation following vessel wall damage [3, 55].
Although phospholipids are clearly required for many types of llase assembly, SkM could
provide a coagulation reaction surface to assemble Ilase components and enhance Ilase with
some reduction of K, [14]. In some cases where SkM is exposed to FXa, FVa, and
prothrombin, llase activity may be independent of phospholipids. Indeed, some shake
venom llase complexes need no phospholipids to be potent procoagulants [56]. Another
challenge of the canonical Ilase-phospholipid dogma was the finding that loss of membrane
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binding by the prothrombin substrate caused only a modest decrease in llase efficacy [57].
Moreover, platelet Ilase data fail to fit a simple llase-phospholipid model, as platelet
subpopulations differ in llase activity for unexplained reasons [58-61]. Mechanistic studies
show that phospholipid-enhanced clotting reactions involving substrates containing a Gla-
domain (e.g., FX for the extrinsic Xase, FVIla:tissue factor) do not require a pool of
phospholipid-bound substrate [62]. Catalysis can seemingly be achieved when one substrate
molecule at a time binds to binary enzyme:cofactor complexes [62]. Thus, we posit that the
ternary complex of myosin:FXa:FVa can process one prothrombin substrate molecule at a
time for successful thrombin generation.

3.6 Smooth muscle myosin and non-muscle myosin

Smooth muscle myosin and non-muscle myosin are distinct myosin molecular species that
differ notably from SkM and CM. Non-muscle myosin is located in non-muscle cells,
including platelets and plays a major role for regulation of cell morphology with influences
on biochemical signaling [63]. Smooth muscle myosin and non-muscle myosin HC’s are
generally similar to each other, e.g., on the order of 76%, and they use similar LC isomers.
They have very rather limited identity with SkM, only ~ 40% in the HC. To date, there are
no reported studies of the procoagulant activity of smooth muscle and non-muscle myosins,
likely due to the unavailability of such intact myosins. It is interesting to speculate about
their potential procoagulant activities based on sequences of neck region polypeptides for
each type of myosin (Table 3). For CM which resembles SkM’s procoagulant activity, the
sequence of the SkM peptide, HC 816-837, which directly binds FXa and which potently
inhibits SKM’s llase activity [24], is 64 % identical and very homologous. This contrasts
sharply with the general lack of identity for smooth muscle and non-muscle myosins’ HC
corresponding sequences (23 % and 18 %, respectively) compared to SkKM (Table 3),
suggesting smooth muscle myosin and non-muscle myosin do not have the same binding
capability for FXa in the neck region and are unlikely to provide potent llase activity.
Nonetheless, studies of these myosins to affirm this speculation are needed.

3.7 SkM and von Willebrand Factor

Flood et al reported that SkM binds von Willebrand factor but does not directly bind factor
V111 [64]. Thus, by binding von Willebrand factor, SkM may help deliver FVIII to sites of
injury where SKM is exposed on damaged tissue. The binding of von Willebrand factor to
SkM could enhance blood clotting, especially the local generation of FXa that is required for
SkM'’s llase activity. Moreover, von Willebrand factor that binds to activated platelets might
potentially localize circulating SkM and its procoagulant activities on platelet surfaces;
however, studies of these various mechanistic possibilities have not yet been reported.

4. SkM AND THE ACTIVATED PROTEIN C ANTICOAGULANT MECHANISM

SkM can serve as a surface for prothrombin activation by FXa and FVa in purified systems
by binding FXa and FVa [14, 24]. Since activated protein C (APC) cleaves FVa on
phospholipid surfaces, we assessed whether SkM could provide a surface to support FVa
inactivation by APC and its cofactor protein S. In studies using purified proteins, SkM
enhanced FVa inactivation by APC [15]. The potency of SkM for the enhancement of FVa
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inactivation was similar to that of an abundant amount of phospholipids (e.g., 25 uM
phospholipids) [15]. Immunoblot studies of FVa cleavages revealed that SkM enhanced
Arg506 cleavage in FVa by APC in the absence of protein S whereas, in the presence of
protein S, SkM enhanced both Arg506 and Arg306 cleavages in FVa by APC [15]. In other
studies of SkM’s potential effects on key coagulation reactions in purified systems, SkM did
not support activation of protein C by thrombin £ thrombomodulin [15]. In summary, SkKM
can meaningfully help maintain the hemostatic balance because not only can it promote
hemostasis which needs thrombin to prevent bleeding, but it also can promote negative
feedback downregulation of thrombin generation to reduce risks for thrombosis by
proteolytic inactivation of FVa (Figure 4). Further studies are needed to assess the
physiologic relevance of these various counterbalancing influences of SkM on thrombin
generation.

5. CARDIAC MYOSIN AND FIBRINOLYSIS

CM at high concentration was reported in one study to inhibit fibrinolysis by binding to
fibrin and fibrinogen, and in another study CM, especially the tail region, were reported to
promote fibrinolysis by serving as a cofactor for plasminogen activation by tissue
plasminogen activator (tPA) [65, 66]. These two reports led us to characterize the effects of
CM on tPA-induced clot lysis in extensive mechanistic studies [16]. Our studies on tPA-
induced clot lysis showed that clotting factors which are needed for robust thrombin
generation, i.e., prothrombin and factors X, V, IX, and VIlI1, are required for CM’s
attenuation of tPA-induced clot lysis [16]. Notably, CM did not inhibit tPA-induced clot lysis
in thrombin activatable fibrinolysis inhibitor (TAFI)-deficient plasma; however,
reconstitution of TAFI-deficient with purified TAFI restored CM’s inhibition of clot lysis
[16]. Addition of the carboxypeptidase inhibitor to the tPA-induced clot lysis assays blocked
the effect of CM on clot lysis [16]. Thus, based on extensive data, the primary mechanism
for CM’s inhibition of tPA-induced clot lysis, under the conditions studied, derives from the
antifibrinolytic activity of TAFla following robust thrombin generation which enables potent
thrombin activation of TAFI.

6. CLINICAL ASSOCIATIONS OF SkM AND CM WITH PATHOBIOLOGY
RELATED TO HEMOSTASIS AND THROMBOSIS

6.1 SkM isoforms in human plasma

SkM is present in plasma (4-25 nmol/L) [17, 18] and it is elevated in patients with muscle
damage (e.g., rhabdomyolysis) [17, 18, 67, 68]. Plasma levels of SkM are frequently
elevated in polymyositis and dermatomyositis patients [67], and polymyositis or
dermatomyositis are associated with increased VTE risk [69]. However, since almost all
previous studies concerning SkM focused primarily on muscle and not plasma SkM, there
has not been clear information about what forms of SKM circulate in the blood. We detected
three isoforms of SkM HC in plasma, namely, full length isoforms at 250-260 kDa, HMM at
160-170kDa, and subfragment S1 bands at 100 kDa. These findings of circulating full
length SkM and other isoforms opened the door to explore the potential pathobiological
contributions of SKM for VTE. We discovered three distinct phenotypes of SkM band
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molecular weight patterns in plasmas from different individuals, designated as follows: Type
| for bands of full-length HC and of HMM plus small amounts of lesser bands including S1;
Type 11 for bands primarily of full-length HC; and Type 111 for only S1 bands [70]. Although
von Willebrand factor binds to SKM in purified reaction mixtures [64], it is not known
whether it binds to any particular circulating SkM isoforms in human plasma.

6.2 SkM phenotypes in human plasma related to risk for pulmonary embolism

Pulmonary embolism (PE) is a major life-threatening form of VTE, and it is the third most
common cause of cardiovascular death worldwide after stroke and heart attack [71, 72].
Identifying patients with high or low risk for PE occurrence is important in determining
appropriate anticoagulant usage. Several clinical co-morbidities such as heart disease and
cancer have been proposed as possible causes contributing to isolated PE. Our recent pilot
study showed that 90% of Caucasian patients with isolated PE displayed the Type Il
phenotype [70], suggesting that the SkM plasma phenotype might become a useful
biomarker for helping to identify risk for PE among VTE patients and eventually for
possibly helping to determine appropriate VTE prophylaxis. At this time, replications with
larger cohorts are required to validate the findings of this pilot study and testing different
populations, e.g., African American, east Asian, etc., needs to be done.

6.3 SkM and thrombin generation in acute trauma induced coagulopathy plasmas

Acute trauma induced coagulopathy (TIC) is associated with derangements of the
procoagulant and APC anticoagulant systems and of the fibrinolysis systems [73-80].
Multiple mechanism(s) for TIC have been suggested, but much remains to be clarified and
translation of this knowledge to the clinic remains highly challenging. As a consequence of
traumatic injury, exposure of blood to SkM, including SKM released into the circulation
[18], could possibly augment the ability of blood to generate excessive thrombin or to
manifest excess activities of the APC anticoagulant system [15], or to modify fibrinolysis by
extensive activation of TAFI [16]. Our pilot study showed the different sensitivity of anti-
myosin blocking antibodies neutralizing SKM’s procoagulant activity between trauma
patient’s plasma and control plasma [14], suggesting that, myosin derived from trauma may
contribute to plasma thrombin generation. However, there has never been any published
study monitoring SkM plasma levels in relationship to TIC. Elucidation of new pathobiology
insights into the association of TIC with circulating SKM is warranted, but admittedly this
new concept that the procoagulant or anticoagulant activities of SkM may contribute to TIC
pathophysiology is quite speculative.

7. IN VIVO ACTIVITIES OF SkM AND CM IN MURINE INJURY MODELS

7.1 Procoagulant activity of SkM and CM in murine tail bleeding model

The in vitro procoagulant activity of SkM and CM led us to seek in vivo proof of concept for
SkM'’s and CM’s procoagulant actions. Using a murine acquired hemophilia A model where
mice received anti-FVI1Il Mab to increase bleeding following a tail cut injury, we showed
that when SKM or CM is administered i.v. prior to tail cutting, both SkM and CM reduce
bleeding (Figure 5A) [16]. Thus, SkM and CM in circulating blood can exert pro-
hemostatic, i.e., procoagulant activity in vivo.
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For severe hemophilia A patients, there is significant inter-patient variation in bleeding
phenotypes, and they can be sub-classified as having severe hemophilia A with greater or
lesser bleeding clinical patterns; and currently, mechanisms for greater or lesser bleeding
remain unclear [81-90]. The pro-hemostatic property of SkM in hemophilic mice leads to
the speculation that differences in levels of plasma procoagulant SkM might influence
hemostasis and bleeding in severe hemophilia A patients where procoagulant plasma myosin
isoforms could reduce the risk of bleeding in severe hemophilia A patients. This speculation
merits assessment in studies that evaluate the various SKM phenotypes among severe
hemophilia A patients.

7.2 CM exacerbation of myocardial injury during murine myocardial ischemia reperfusion

injury

Knowledge about any direct contributions of CM to coronary physiology in terms of the
regulation of hemostasis, thrombosis or inflammation is seriously lacking. However, our first
efforts for exploring potential roles for CM in coronary biology showed that CM can have a
profound effect on murine myocardial ischemia reperfusion injury [16]. When infused early
during the reperfusion phase of an ischemia reperfusion injury model, CM exacerbated
myocardial injury as shown by CM-induced increased myocardial infarction volume and
increased circulating troponin | levels (Figure 5B) [16]. Currently it is not yet clear what
might be the contributions of endogenous CM to the myocardial ischemia reperfusion injury
because informative studies of roles of endogenous CM have not yet been done. The
deleterious effects of infused CM indicate it is very warranted to pursue studies of
endogenous CM, its activities related to blood coagulation, and myocardial pathobiology in
the future.

During myocardial infarction, CM, one of the major cardiomyocyte components, is released
from infarcted tissue as are troponins and myosin binding protein C [91-95]. This implies
that, following cardiac muscle tissue damage, the procoagulant activity of CM would be
expressed when exposed to blood. Initially, this might beneficially promote thrombin’s pro-
hemostatic activity to prevent or limit bleeding into the tissue and reduce damage.
Subsequently, or alternatively, extended exposure of blood to CM might promote thrombin-
driven inflammation and/or thrombosis [8, 11]. To rescue myocardium from ischemic
obstruction and infarction, reperfusion is essential. However, reperfusion itself may cause
injury, such as an additional myocardial infarction, namely, ischemia reperfusion injury
which is accompanied with increased risk for morbidity and mortality [96, 97]. Ischemia and
reperfusion cause damage not only in cardiomyocytes but also in the coronary circulation.
Debris and release of soluble factors from the infarcted region are key factors causing
ischemia reperfusion injury. Multiple reactions (e.g., microembolization, inflammation,
platelet activation, etc.) can cause damage to the capillaries with microvascular obstruction
and intramyocardial hemorrhage [96, 97]. During ischemia reperfusion injury, coagulation is
activated with substantial thrombin generation [8, 98, 99]. Thrombin is central for the
pathology of ischemia reperfusion injury, causing thrombus formation, inflammation and
platelet activation [8, 11, 99]. It is possible that CM accelerates thrombin generation in the
microvasculature, thereby contributing to accelerated development of ischemia reperfusion
injury with microvascular thrombosis and inflammation.
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The treatment of ischemia and reperfusion is a recognized target for improved therapies [96,
100]. Anti-ischemia/reperfusion injury drugs that target CM’s procoagulant actions could be
a novel class of drugs that may improve microvascular perfusion and reduce vascular
dysfunction. CM-targeted agents might reduce local thrombin generation and TAFI
activation which could enhance fibrinolysis by inhibiting TAFI activation [16]. However,
currently it is not yet clear what might be the contributions of endogenous CM to the
myocardial ischemia reperfusion injury because no informative studies of roles of
endogenous CM have appeared. Although it’s an attractive idea to develop and test CM-
targeted anticoagulant compounds, the value for CM-targeted anticoagulants for reducing
cardiac damage caused by myocardial infarction is only an interesting possibility whose
merit will require much future research.

8. SUMMARY

Excessive or insufficient coagulation of blood that causes either thrombosis or bleeding,
respectively, is central to morbidity and mortality in cardiovascular diseases and other
pathologies. CM and SkM, which are abundant muscle motor proteins in the body, have the
capacity to enhance thrombin generation as well as APC’s anticoagulant activity. In murine
injury models, CM and SkM can exert pro-hemostatic activity and CM can affect myocardial
infarction damage in myocardial ischemia reperfusion injury models. The potential
contributions of SkM and CM to pathobiology in a variety of diseases where blood
coagulation dysregulation is evident merits thoughtful future experimental investigations
where the results may well have translational implications.
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Essentials

. Striated muscle myosins can promote prothrombin activation by FXa or FVa
inactivation by APC.

. Cardiac myosin and skeletal muscle myosin are pro-hemaostatic in murine tail
cut bleeding models.

. Infused cardiac myosin exacerbates myocardial injury caused by myocardial
ischemia reperfusion.

. Skeletal muscle myosin isoforms that circulate in human plasma can be

grouped into 3 phenotypes.
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Figure 1. Conventional Myosin Structure and Nomenclature.
(A) Structure of conventional myosins which contain 6 polypeptides, 2 heavy chains (HC),

and 4 light chains [2 ‘essential’ and 2 “‘regulatory’ light chains (ELC and RLC,
respectively)]. Conventional myosin can be split into 1 light meromyosin (LMM) fragment
and 1 heavy meromyosin (HMM) fragment; HMM can be further split into two
subfragments, designated S1 and S2 subfragments [23]. (B) Structure of conventional
myosin S1 domain containing a neck (N-terminal HC, ELC and RLC, the hypothesized
procoagulant surface [24]), a converter domain (HC followed by neck), upper and lower 50
K domains that contain actin and ATP binding sites, in the N-terminal domain [19-22].
Structure shown in (B) is adopted with modifications from Rayment et al [21]. (C) Either
SkM or CM (myosins) which is depicted on a yellow background can bind factors Xa and
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Va and thereby can enhance prothrombin activation on its surface. Kinetic studies indicate
that the potency for SkM and CM preparations to enhance prothrombin activation is
generally comparable to that of procoagulant phospholipid vesicles (Table 1). SkM
preparations contain very low levels of phosphatidylserine [15], raising the queston of
whether myosin-bound phospholipids may contribute to enhance SkM’s or CM’s
procoagulant activity.
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Figure 2. Dimensions for space-filling structures of FXa:FVa complex and of SkM’s neck region.
(A) 3-dimensional structure computer model for FXa/FVa complex (from Autin et al [27]).

(B) Candidate SKM sequences in neck region that are hypothesized to form at least part of
the Ilase surface in space-filling format. Each structure is displayed as front and back views,
related by a 180 degree rotation. (C) Simplified scheme and its length depicting the
FXa/FVa interaction sites on the neck region of SkM.
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Figure 3. Experimental data from studies indicating that SkM and CM proteins are essential for
enhancing prothrombin activation.

(A, B) Inhibition of myosin-enhanced or phospholipid vesicle-enhanced prothrombin
activation by SkM-sequence based peptides (RLC133-162 (A) and HC796-835 and
HC816-836 (B)) was studied in the presence of SkM (2.5 nM, final) or phospholipid
vesicles (PC/PS, 80%/20% w/w) (4 UM or 4 nM, final) as described [24]. Thrombin
generation was determined as described [24]. 100 % was the value thrombin generation for
controls in the absence of added peptides. (C) The binding of FXa, as determined using FXa
chromogenic activity assays, to immobilized HC peptides was tested as described [24]. Each
value represents the mean [SD] of at least triplicate determinations. (D) The effect of
varying concentrations of SkM or of PC/PS (80%/20%) vesicles on the initial rate of
prothrombin activation by FXa or Gla domain-less FXa (DG-FXa) (0.2 nM, final) was
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determined as described [14]. (E) Anti-myosin antibodies were used to pull-down SkM from
solution or to block myosin’s procoagulant activity, as described [14]. From left to right, 2
studies are depicted. First, immobilized mAb-MF20 removed > 90 % of SKM’s procoagulant
activity from solution vs. control non-immune IgG. Second, polyclonal anti-myosin
antibodies in solution blocked > 80% of SkM’s procoagulant activity vs. controls (two red
bars), and there were no significant effects on the procoagulant activity of PC/PS vesicles by
anti-myosin or non-immune 1gG’s (two blue bars). (F) The effects of varying concentrations
of annexin V on the initial rate of prothrombin activation by FXa/FVa in the presence of
SkM (closed symbols) or CM (open symbols) (each at 20 nM final) were determined.
Annexin V was incubated with FVa (2.4 nM, final) and FXa (0.2 nM, final) in Tris-buffered
saline, 0.5% BSA plus 5 mM CaCl, with SkM or CM, and thrombin generation was initiated
by adding prothrombin (0.75 uM, final). After 5 min, quenching was made with EDTA (10
mM, final) and thrombin formation was quantified. For all studies described in this figure, as
for our published studies [13-16, 24, 25], the SkM or CM preparation was dissolved in
water and then immediately dialyzed into Tris buffer (pH 7.4) containing 0.6 M NaCl at 4°C.
After dialysis, particles causing turbidity were removed by high speed centrifugation
(21,130xg for 1 min) which removed visible aggregates.
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Figure 4.
Scheme depicting the ability of myosin to bind FVa and enhance proteolytic inactivation of

FVa by activated protein C (APC).
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Figure 5. Myosin effects on in vivo hemostasis and thrombosis in murine injury models
(A) Tail bleeding in acquired hemophilia A mice. wt-C57BL/6J mice were treated with

anti-FVII1 Mab to induce a bleeding tendency due to acquired hemophilia A.

When SkM or

CM (5.4 mg/kg) or vehicle was given i.v. 15 min before tail clipping and then tail bleeding
after cutting was quantified, SkM and CM each very significantly reduced blood loss [13,
16]. (B) Murine myocardial ischemia reperfusion injury. When wt-C57BL/6J mice (n=6/
group) subjected to myocardial ischemia reperfusion injury were given CM (5.4 mg/kg) or
vehicle via intraarterial infusion at 15 min after initiation of reperfusion, serum cardiac
troponin | levels measured at 3 hours after injury initiation were increased [16]. 100% was
defined as the median of control vehicle group values. Bars show medians and p values were

calculated by Mann-Whitney test.
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Table 1.

Comparison of kg values for human prothrombinase activity

Source Prothrombinase complex surface | PL Conc. | FXa Conc. | FVa Conc. ml;za:tl
Moyer et al [52] PCIPS (75/25) 5.0 yM 5.0 nM 5.0 nM 480
Deguchi et al [14] SkM - 0.2nM 5.0nM 490
Zilberman-Rudenko et al [16] CM - 0.2nM 5.0 nM 371
Deguchi et al [14] PC/PS (80/20) 20 yM 0.2nM 5.0nM 396
Krishnaswamy et al [51] PC/PS (75/25) 30 uM 1nM 4.1nM 1,344
Bunce et al [53] Platelet (1x108/mL) 0.1nM 10nM 560

kcat (Vmax/[FXa]) values for SkM, CM, phospholipids, and activated platelets are summarized. For comparisons in this Table, note that

Page 26

experimental conditions included modest variations, inter alia, in assay buffer contents (Tris vs. HEPES, 2 mM vs. 5 mM CaCl2 concentrations,
etc.), different temperatures and different phospholipid (PC/PS) ratios. See references [14, 51-53] for details about differences in assay contents
and conditions. This Table is modified from previous papers [14, 16]. Abbreviations: PL, phospholipid; FXa, Factor Xa; FVa, Factor Va; PC/PS,
phosphatidylcholine/phosphatidylserine.
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Table 2.
Phosphatidylserine (PS) content of 40 umol/L of skeletal muscle myosin (SKM).

SkM (from Cytoskeletal Inc.) was analyzed for PS content by liquid chromatography—mass spectrometry
(AVANTI POLAR LIPIDS Inc., Alabaster AL). The SkM material that was submitted for analysis was
reconstituted in water without further dialysis or centrifugation and a frozen sample was submitted. This same
source for SkM and same handling procedures were used for recently published studies of SkM [30] (G.
Gilbert, personal communication) implying that the recent report’s SKM had this same PS content as shown
here.

side chains | ng/mL | PS,nM
18:0 0.0 0.04
34:2 3.8 4.8
34:1 10.5 134
34:0 1.0 13
36:3 8.1 10.1
36:2 208.3 259.1
36:1 168.9 209.6
36:0 19.2 23.8
38:6 0.2 0.24
38:5 13 15
38:4 32.8 39.5
38:3 329 39.5
38:2 10.9 13.0
38:1 5.0 5.9
40:6 6.5 75
40:5 75.5 86.8
40:4 145.7 167.5
40:3 16.7 19.2
total 747.2 902.8
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Comparisons and identity for amino acid sequences of the neck region polypeptides for SkM, CM, smooth
muscle myosin (SmM), and non-muscle myosin (NM) for SKM peptides that inhibit myosin procoagulant

activity.
HC 816-837 amino acid sequence Identity, %
SkM MYH2 AIFCIQYNIRSFMNVKHWPWMK
C Kk kkk k*kk kk *kkkk*%x 64
M MYH7 SLLVIQWNIRAFMGVKNWPWMK
*; * * % 23
SmM MYH11 AMKVIQRNCAAYLKLRNWQWWR
NM MYH9 * * 18

AMKVLORNCAAYLRLRNWQWWR

ELC 129-138 amino acid sequence Identity, %
SkM MYL1 YEDFVEGLR
*kkkkkkkkx
CM MYL3 YEDFVEGLR 100
*kk Khhkkkxkx
SmM & NM MYL6 YEDYVEGLR 89

RLC 152-164 amino acid sequence Identity, %
SkM MYLPF DYKNICYVITH
* % % % * % % 64
CM MyL2 DYKNLVHIITH
* *
SmM & NM MYL9 NYVEFTRTLKH 18

*

indicates identity for amino acid residues with SKM’s sequence. The SkM MYH2 peptide HC 816-837 potently inhibits SkM-enhancement of
Ilase and directly binds FXa. Abbreviations: MYH, myosin heavy chain; RLC, regulatory light chain; MYLPF, myosin phosphorylatable light
chain; ELC, essential light chain; MYL, myosin light chain.
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