LETTERS TO THE EDITOR

Activated protein C anticoagulant activity is
enhanced by skeletal muscle myosin

Skeletal muscle myosin (SkM) promotes thrombus for-
mation in flowing blood, supports prothrombinase activ-
ity in plasma, and promotes prothrombin activation by
factors (F) Xa and Va in purified systems.' SkM binds FXa
and FVa and effectively replaces the procoagulant activity
of phospholipid vesicles. This discovery challenges a
long-standing paradigm for blood coagulation in which
coagulation reactions, except for contact activation reac-
tions, are thought to occur only on surfaces containing
negatively charged phospholipids, which include phos-
phatidylserine.”® Thrombin provides both positive feed-
back upregulation of coagulation by activating various
clotting factors and negative feedback downregulation of
coagulation by activating protein C to the potent antico-
agulant, activated protein C (APC).”® Because APC is
potent for negative feedback downregulation of throm-
bin generation i1 vivo, here we assessed and describe that
SkM enhances the anticoagulant activity of APC in puri-
fied human clotting factor reaction mixtures and in
human plasma. This indicates that SkM can promote
both thrombin generation and negative feedback down-
regulation of thrombin generation.

Because the major mechanism of the anticoagulant
activity of APC involves irreversible proteolytic inactiva-
tion of FVa, purified human FVa was incubated with APC
and varying concentrations of SkM; then residual FVa
activity was determined (see the Ounline Supplementary
Appendix for details of the methods and the reagents
used). These SkM dose-response studies for FVa inactiva-
tion by APC showed a maximum effect at SkM concen-
trations of 30-40 nM and a half-maximal effect (ECso) at
10 nM SkM (Figure 1A). When the time-course for FVa
inactivation by APC in the presence of 40 nM SkM was
monitored and compared to that in the presence of
25 uM phospholipids, the rate and extent of FVa inactiva-
tion by APC were very similar for SkM and for phospho-
lipids (Figure 1B). To evaluate whether phosphatidylser-
ine contamination of SkM might be responsible for the
activity of SkM, the purified SkM reagent was submitted
to Avanti Polar Lipids, Inc. (Alabaster, AL, USA) and ana-
lyzed using liquid chromatography mass spectrometry.
This analysis showed that 40 nM SkM contained only 1.0
nM phosphatidylserine which could not possibly explain
why 40 nM SkM is as potent as the optimal level of
25 uM phospholipids. Notably, in separate studies, 40
nM phospholipids provided negligible inactivation of FVa
(data not shown).

Because protein S is an anticoagulant cofactor for APC,
the ability of protein S to enhance SkM-dependent inac-
tivation of FVa by APC was assessed. When the time
course for FVa inactivation by APC in the absence and
presence of protein S was determined, protein S signifi-
cantly enhanced this reaction (Figure 1C). The initial rate
of FVa inactivation by APC was maximally enhanced
four-fold by the optimal level of 100 nM protein S (Figure
1C). The effects of SkM on specific proteolytic cleavages
of FVa by APC in the absence and presence of protein S
were examined by immunoblotting using a monoclonal
antibody that is directed against an epitope in the 307-
506 amino acid region of the FVa heavy chain (Figure
1D). Bands were identified by epitope, by apparent
molecular mass, and by comparison to bands previously
identified in studies of FVa and of FVa cleavage site
mutants.”’ As seen in the immunoblot (Figure 1D), the
most visually prominent FVa heavy chain fragment due

to cleavage by APC in the presence of SkM but absence
of protein S was due to cleavage at Arg506, resulting in
appearance of the 1-506 amino acid fragment. But strik-
ingly, when protein S was present, the visually evident
cleavage by APC in the presence of SkM was at Arg306
because the most prominent fragment was the 307-506
amino acid fragment. Such SkM-supported cleavages are
consistent with previous studies which showed that, in
the presence of phospholipids, protein S enhances the
cleavage of APC at R306.""" Thus, SkM may function as
an anticoagulant APC cofactor.

To determine whether SkM enhances APC anticoagu-
lant activity in the milieu of plasma, clotting assays were
employed using protocols that avoided adding exoge-
nous phospholipid vesicles which themselves would pro-
mote the anticoagulant effects of APC. When the effects
of varying levels of SkM on FXa one-stage assays were
studied, there was a procoagulant effect of increasing
SkM concentrations in the absence of addition of APC,
i.e., there was a shortening of the clotting times from 87
to 52 s (Figure 1E), consistent with the known procoagu-
lant effects of SkM in plasma.' Strikingly, in the presence
of APC, SkM addition increased rather than decreased
the clotting times, e.g., from 129 to 207 s (Figure 1E),
showing that SkM enhanced the anticoagulant actions of
APC in plasma. The APC sensitivity ratio, defined here as
the ratio of clotting times in the presence of APC com-
pared to in its absence, rose significantly with increasing
SkM concentrations from 1.5 in the absence of SkM to
3.9 at 200 nM SkM (Figure 1E). Kaolin-induced clotting
time assays were also used with plasma conditions cho-
sen to emphasize that changes were due to FVa inactiva-
tion in plasma. For this purpose, when FV-deficient plas-
ma was reconstituted with 2 nM of FVa, addition of
increasing concentrations of SkM produced significant
procoagulant effects as clotting times were reduced from
126 to 71 s (Figure 1F). However, when APC was present,
addition of SkM produced significant anticoagulant
effects as clotting times were prolonged from 187 to 306
s (Figure 1F). The calculated APC sensitivity ratio rose
significantly, as a function of increasing SkM concentra-
tions, from 1.4 to 4.2 (Figure 1F). Thus, data here from
two different coagulation assays unambiguously demon-
strate that SkM can enhance the anticoagulant actions of
APC, not only in purified reaction mixtures but also in
the plasma environment.

SKM can provide a surface on which both procoagulant
and anticoagulant reactions, namely prothrombin activa-
tion1 and FVa inactivation, respectively, are enhanced. So
here we tested the ability of SkM to provide a surface for
enhancement of protein C activation by thrombin or
thrombin:thrombomodulin, and we found no influence
of SkM on protein C activation. When SkM was tested at
concentrations ranging from 5 to 100 nM, it did not
change the rate of protein C activation by thrombin in
purified reaction mixtures with or without calcium ions
(Figure 2A), by thrombin and soluble thrombomodulin in
the presence of calcium ions (Figure 2B), or by thrombin
in the presence of endothelial cells (Figure 2C). Thus,
SkM had no effect on protein C activation. The fact that
SkM does not support the activation of protein C by
thrombin + thrombomodulin in purified reaction mix-
tures or on endothelial cells suggests that SkM enhance-
ment of protein C activation is unlikely to occur in vivo,
although this idea needs in vivo experimentation in order
that a firm conclusion can be reached.

Since procoagulant and anticoagulant mechanisms
must normally be balanced overall i vivo and since phos-
pholipids enhance both thrombin generation and APC
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anticoagulant activity, here we investigated whether SkM
could support not only procoagulant prothrombinase
reactions but also the balancing anticoagulant activities
by APC and protein S. In purified clotting factor mix-
tures, SkM enhanced APC/protein S proteolytic inactiva-
tion of FVa. In two distinct types of plasma clotting
assays, kaolin-induced clotting time and FXa one-stage
assays, SkM dose-dependently shortened plasma clotting
times in the absence of APC by enhancing prothrombi-
nase activity; however, in the presence of APC, SkM

strikingly prolonged clotting times, implying that SkM is
an anticoagulant APC cofactor. Thus, these studies
extend the potential role of SkM in supporting procoagu-
lant reactions' to that of supporting the anticoagulant
actions of APC and protein S, indicating that SkM may
contribute to negative feedback downregulation of
thrombin generation (Figure 3).

The possibility that SkM might contribute to trauma-
induced coagulopathy was suggested by the observation
that SkM is increased in plasma of trauma patients' and
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Figure 1. Myosin supports inactivation of activated factor V by activated protein C in purified human coagulation factor reaction mixtures and in human plasma
coagulation assays. (A) Skeletal muscle myosin (myosin) dose-response curve for inactivation of 1.25 nM activated factor V (FVa) by 0.4 nM activated protein C
(APC) over 4 min. Data shown are the composite from three experiments performed on different days. (B) Time course for inactivation of 1 nM FVa by 0.4 nM
APC in the presence of 40 nM myosin, or 25 uM phospholipids (PL). Residual FVa activity was measured in a second-stage standard prothrombinase assay with
PL, activated factor X (FXa) and prothrombin. One hundred percent FVa activity corresponded to generation of ~1 nM thrombin/min from the sub-aliquot used
to test for prothrombinase activity in the absence of APC in the second stage of the assay. Data shown are the composite from three or four experiments per-
formed on different days. (C) Inactivation of FVa (3.7 nM final concentration) by APC (0.6 nM final concentration) with or without protein S (100 nM final con-
centration), as indicated, in the presence of 120 nM myosin. Data shown are combined from experiments performed on three different days. (D) Immunoblot
analysis of reaction mixtures from FVa inactivation studies. Inactivation of FVa (3.7 nM final concentration) by APC (1 nM final concentration) with or without pro-
tein S (100 nM final concentration) in the presence of 120 nM myosin was monitored at the indicated times. Aliquots were taken over time into 80°C LDS Li-Cor
sample buffer containing 10 mM EDTA for 10 min for immunoblotting in sodium dodecylsulfate polyacrylamide gel electrophoresis. Immunoblotting of FVa was per-
formed using a monoclonal anti-FVa heavy chain antibody with an epitope in the region of residues 307-5086. (E) Factor Xa one-stage assay in FX-depleted plasma
with FXa added shows the effects of myosin on clotting times in the presence of 17 nM APC (+ APC) (m) and in the absence of added APC (no APC) (e).The APC sen-
sitivity ratio (o) was obtained by dividing the clotting times in the presence of APC by the clotting times in the absence of APC at each myosin concentration. (F)
Kaolin clotting time assays in FV-deficient plasma with FVa added show the effects of myosin on clotting times in the presence of 17 nM APC (+ APC) (m) and in
the absence of added APC (no APC) (e). The APC sensitivity ratio was calculated as in (E).
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that anti-SkM antibodies can significantly reduce throm-
bin generation in plasma from patients with trauma-
induced coagulopathy.' The novel APC cofactor activity
of SkM discovered here may have direct relevance for
trauma-induced coagulopathy. One major mechanism
thought to contribute to this form of coagulopathy
involves hyperactivation of the protein C system, with
consumption of FV and FVII], and hyperfibrinolysis."” " It
has been noted that 25-33% of severely injured patients
present with elevated APC plasma levels, which are asso-
ciated with increased blood transfusion requirements and
mortality.”” This so-called “activated protein C trauma-
induced coagulopathy mechanism” is linked to suppres-

sion of coagulation and enhanced fibrinolysis.” Our dis-
covery that SkM has APC cofactor activity raises a num-
ber of new questions about the mechanisms of trauma-
induced coagulopathy, such as whether trauma-induced
exposure of SkM can causally contribute to excessive
suppression of coagulation and hemostasis in subsets of
trauma patients with increased bleeding risk. Further
studies of SkM levels and activities in patients with trau-
ma-induced coagulopathy and in preclinical trauma mod-
els are needed. Coagulation studies in the future will
need to take these newly revealed mechanisms for
diverse activities of SkM (Figure 3) into account and
determine the potential physiological relevance for the
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Figure 2. Myosin does not alter activation of protein C by thrombin or thrombin:thrombomodulin. (A) Protein C activation in purified component reaction mix-
tures by thrombin without thrombomodulin. Time course for protein C activation (500 nM) by thrombin (50 nM) in the absence of soluble thrombomodulin and
in the presence or absence of various indicated concentrations of skeletal muscle myosin (myosin), with either 2 mM EDTA (red symbols) or 3 mM CaCl: (black
symbols) at 37 °C. The diluent was Hepes buffer saline + 0.1% bovine serum albumin. (B) Protein C activation by thrombin with soluble thrombomodulin. Time
course for protein C activation in a purified component system containing soluble thrombomodulin (5 nM) in the presence or absence of various indicated con-
centrations of myosin and the same general conditions as in (A) with CaCl.. Samples were collected at several times after the addition of 10 nM thrombin and
assayed for activated protein C (APC) amidolytic activity. Open diamonds indicate no thrombin added control. (C) Protein C activation by thrombin in the presence
of endothelial cells. Time course for protein C activation on cells in the presence or absence of myosin. Thrombin (10 nM), protein C (100 nM) and various con-
centrations of myosin in Hank balanced salt solution + 1.3 mM CaCl= + 0.6 mM MgCl: + 0.1 % endotoxin-free bovine serum albumin were added on confluent
monolayers of EA.hy926 cells. Samples of the fluid phase were collected 30 and 90 min after addition of thrombin and assayed for APC amidolytic activity. Open
diamonds indicate no thrombin added control. Each point in (A), (B), and (C) represents the mean + standard error mean from three independent experiments.
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Figure 3. Skeletal muscle myosin can play a balancing role involving key blood coagulation reactions. In the left panel, factor Xa and its potent cofactor, factor
Va, assemble to form the prothrombinase complex on surfaces such as skeletal muscle myosin (as shown here) or alternatively on the widely recognized proco-
agulant surface of negatively charged phospholipid membranes (not depicted here). The prothrombinase complex generates thrombin from prothrombin. In the
right panel, some of the thrombin formed by the prothrombinase complex binds to thrombomodulin on cell surfaces and generates anticoagulant activated pro-
tein C (APC) from protein C. Then, in the presence of myosin, as depicted (or negatively charged phospholipid membranes, not depicted), APC can proteolytically
inactivate factor Va, resulting in less thrombin generation. Thus, myosin may not only help to generate thrombin but may also contribute to negative feedback
downregulation of excessive thrombin generation. During acute muscle trauma, blood is exposed to myosin and some myosin is released and circulates in plas-
ma. The procoagulant role of skeletal muscle myosin as a membrane substitute could be important in situations such as acute muscle trauma to stop excessive
bleeding. The anticoagulant role of skeletal muscle myosin could be important after initial trauma and tissue damage to help reduce excessive generation of
thrombin and procoagulant factors.




procoagulant and anticoagulant properties of SkM, espe-
cially in the context of trauma-induced coagulopathy.
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