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ABSTRACT Protein S (PS) is an important anticoagulant implicated in both bleeding and thrombotic disorders, making it a
promising drug target. The anticoagulant function of PS arises in part because PS enhances the anticoagulant function of tis-
sue factor pathway inhibitor a (TFPla). PS has been proposed to circulate in the bloodstream together with TFPla and a trun-
cated form of factor V (fV-short) in the trimolecular complex, TFPla-PS-fV-short, which we call protein S complex (PSC). PSC
has been proposed to strongly inhibit thrombin production by enhancing the ability of TFPl« to inhibit clotting factor Xa up to
100-fold and by localizing to platelet membranes, limiting fXa activity shortly after coagulation starts. Yet, exactly how PS func-
tions with TFPla as an anticoagulant remains poorly understood. To investigate, we extend an experimentally validated math-
ematical model of blood coagulation to include PSC and free PS (not a part of PSC) in the plasma, as well as free PS and
TFPla in platelets. We find that shortly after coagulation initiation, PSC strongly inhibits thrombin production. We find that
the (unknown) magnitude of the enhanced affinity of PSC binding to inhibit fXa critically regulates PSC’s impact on thrombin
production. We find that, under flow, PSC can accumulate on platelets to concentrations ~50 times higher than in the plasma,
previously unreported to our knowledge. We also find that PSC limits thrombin production by occupying fV-specific binding
sites on platelets. Our results show that changes in PSC can dramatically impact severity of pathological bleeding disorders.
For the east Texas bleeding disorder, elevated PSC concentrations eliminate thrombin bursts, leading to bleeding. With fV
deficiency, reducing PSC rescues thrombin production in severe fV deficiency and returns thrombin production due to mild
fV deficiency to normal. Finally, thrombin production in severe hemophilia A can be substantially improved by blocking
PSC’s anticoagulant function.

SIGNIFICANCE Blood coagulation is critical for an effective clotting response. Protein S (PS) is an important
anticoagulant implicated in pathological bleeding and thrombosis. PS binds with TFPla and factor V short to form the
protein S complex (PSC) which enhances anticoagulant function by incompletely understood means. To investigate, we
extend an experimentally validated mathematical model of blood coagulation and platelet deposition under flow by adding
new proteins, including PSC, and their reactions. We find that PSC accumulates on platelets far more than expected, and
that determining the affinity for PSC binding with fXa is necessary to understand PSC’s anticoagulant properties. We show
that deficiencies in PSC can rescue thrombin production in several bleeding disorders, including severe hemophilia A.

INTRODUCTION platelet aggregate is unstable and can detach from the injury
site (4) or leak (1). In the second step of clotting known as
coagulation, a polymer mesh of fibrin forms and stabilizes
the platelet aggregate (1,2,5).

Protein S (PS) is an important inhibitor of blood coagula-
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The body halts bleeding by forming blood clots. First, plate-
lets aggregate at the site of an injury (1-4). However, the
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can also contribute to excess bleeding (9). Thus, PS is a
promising target for drugs that could treat excess clotting
or uncontrolled bleeding (10-13).

The need to understand how PS carries out its inhibi-
tory functions is therefore compelling. While PS has
long been known to have anticoagulant functions
(14,15), it was much more recently discovered to enhance
the anticoagulant properties of tissue factor pathway in-
hibitor a (TFPIla) (16). Our understanding of how PS
and TFPla function in concert as an anticoagulant remains
incomplete.

TFPIa regulates activated factor X (fXa) (17), a protein
critical for coagulation (1,5,6). When an injury to a blood
vessel exposes tissue factor (TF) in the subendothelium of
the vessel wall, the TF pathway of coagulation is initiated.
TF binds to the plasma protein factor VIla to form the sub-
endothelium-bound enzyme complex TF:fVIIa, which, in
turn, triggers a network of clotting factor activation reac-
tions by activating factor X (fX) to fXa.

FXa is essential for further coagulation reactions. Along
with activated clotting factor V (fVa), fXa forms the fVa:fXa
enzyme complex, known as prothrombinase (PRO), on the
surfaces of activated platelets. PRO in turn cleaves pro-
thrombin into thrombin, which cleaves the abundant plasma
protein fibrinogen into fibrin monomers which then poly-
merize to form the polymer mesh that stabilizes the clot
(1,5,6). Without fXa, the reactions leading to fibrin mesh
formation do not occur.

Once initiated, the TF pathway can produce large bursts
of thrombin (1,5) in which thrombin concentration grows
from sub-pM to as much as 100-200 nM in a matter of
minutes. However, TFPla can significantly delay
thrombin bursts or prevent them altogether by reducing
the concentration of fXa available to form PRO (18).
TFPIa can further delay thrombin bursts by reducing the
amount of the TF:VIla complex available to produce
fXa (9). TFPIla can also delay thrombin bursts by reducing
the concentration of partially activated forms of fV (which
we refer to as fVh) available to produce an altered form of
platelet-bound PRO (PROh, a complex of fVh and fXa)
(19) that may be especially important during early
coagulation.

TFPla reduces the availability of the three previously
discussed species—fXa, the TF:fVIla complex, and
fVh—by binding to them and thus preventing their bind-
ing to other clotting factors (19). TFPla consists of three
Kunitz domains and a C-terminal tail (Fig. 1). Kunitz 1 is
important for binding and inhibiting TF:fVIIa (21), Kunitz
2 binds and inhibits fXa (21), Kunitz 3 binds to PS
(22,23), and the C-terminal tail is critical for binding
fVh (24).

PS contains an N-terminal Gla domain by which it binds
strongly to negatively charged phospholipid membranes.
Consequently, it has been proposed that PS helps to localize
TFPla to activated platelet surfaces (6,24), facilitating
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TFPla’s binding to the relatively high concentrations of
fXa found there (also see (16,18,25)).

FV consists of six domains Al1-A2-B-A3-C1-C2 (26)
and binds to activated platelets by its C1 and C2 domains
(27). Upon activation of fV to fVa by thrombin, the B
domain is completely excised, allowing fVa to bind to
fXa to form PRO. The B domain contains a basic region
and an acidic region (26). In the presence of phospho-
lipids, fXa cleaves the B domain to remove the basic re-
gion but leave in place the acidic region. TFPIa binds
strongly to this partially activated form of fV, and thus
can be localized to activated platelet surfaces together
with partially activated fV. Likewise in fV-short, an fV
variant present at low concentrations in plasma
(~ 0.2 nM), the basic region is missing but the acidic re-
gion remains (28). Further, platelets contain stores of
partially proteolyzed forms of fV that retain the acidic re-
gion (29) and which are released upon platelet activation.
All three of these modified forms of fV can bind the C-ter-
minal tail of TFPIa (see (29)) because they contain the
acidic but not basic region of the B domain. All three of
these modified forms of fV have at least partial fXa
cofactor activity (26) because of their structure. Further,
there is no evidence that suggests that these three forms
of fV would have markedly different fXa cofactor
activity from one another or from fVa (see (30)). We
therefore collectively refer to these partially activated
forms of fV, which are missing the basic region but retain
the acidic region of their B domain (9,24,31) as “fVh”
and do not distinguish between them for the remainder
of this paper.

Not only can TFPla bind PS or fVh, it can bind them
simultaneously. In fact, fVh, TFPla, and PS are proposed
to circulate at a concentration of 0.2-0.5 nM in a trimolec-
ular complex that we call the protein S complex (PSC)
(9,17,28). Because of the relatively strong binding between
fVh and TFPIa and the comparatively high concentrations
of free PS in the plasma (~150 nM for PS vs. ~ 0.2 nM
for fVh and TFPIla), it has been hypothesized that essen-
tially all fVh and TFPIa in the plasma circulate as constitu-
ents of PSC (31).

PSC has several potential advantages over TFPla in in-
hibiting thrombin production. While TFPIa alone cannot
bind to platelet surfaces, PSC can bind to them by its
PS and/or its fVh (see (24)). Further, PS and fVh may
enhance TFPla’s ability to inhibit fXa up to 100-fold
(6,32), although the dissociation constant (Kp) describing
the binding of TFPIa in PSC with fXa is unknown (31).
Due to the low concentration of PSC in the plasma but
strong affinity for fXa, it is hypothesized that PSC
limits fXa production and activity during times when
coagulation activity is low (31), for example early during
coagulation (before a thrombin burst has occurred) or
after minor injuries that expose little TF on the
subendothelium.
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FIGURE 1 PS, PSC, and coagulation. (A) PSC,
consisting of TFPIa bound via its Kunitz 3 (K3)
domain to PS, with the negatively charged
C-terminus tail of TFPIa bound to the positively
charged truncated B domain of fVh, binds and in-
hibits fXa via the Kunitz 2 (K2) domain of TFPIa.
The figure shows this happening on a platelet sur-
face. (B) Two main species involving PS are hy-
pothesized to have an anticoagulant role: free PS
and PSC (PS:TFPla:fVh.) Free PS can bind to
platelet membranes and to activated factor Xa

fVh TFPla PS
fVh TFPla PS
fXa

fXa
TF fVila T ‘Mla

(fXa) regardless of whether fXa is membrane
bound. PSC can likewise bind to platelets, either
via its PS or its fVh (but not its TFPIa); and PSC
can bind to fXa or fXam via its TFPIa. Fluid-phase
PSC bound to fXa can also bind TF:fVIIa on the
subendothelium exposed by injury. Red, anticoag-
ulant; light blue, procoagulant; dark blue, procoa-
gulant but inhibited. (C) An injury to a blood
vessel wall occurs, exposing collagen (shown as
purple strands) and tissue factor (TF) (shown as
thin, yellow proteins). As platelets from upstream
(blue blobs) contact the exposed collagen in the re-
action zone, they activate (spiky yellow spheres),
attracting more platelets to the injury site, and
thereby forming a platelet plug. At the same
time, clotting factor fVIIa contacts TF, initiating
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In the past few years, it has been hypothesized that fVh
regulates the concentration of PSC in the plasma (9,17) by
extracting TFPIa from the endothelium (26). Then, since
fVh and TFPIa occur in the plasma at much lower concen-
trations than PS, they are the limiting factors in determining
PSC concentration. In forming a large trimolecular com-
plex, it is hypothesized that TFPla is protected from renal
filtration. Therefore, if fVh production were elevated, for
example, the hypothesis would predict that the PSC concen-
trations in the plasma would also be elevated. So, PSC may
play a critical role under pathological fV conditions
(see (9,17)).
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coagulation, eventually cleaving fibrinogen into
fibrin, which in turn forms a stabilizing mesh
over the platelet plug. (A and C) Created in Bio-
Render. (C) Modified from (20)

Transport Out

Evidence for this hypothesis comes from an east Texas
family (see, e.g., (9,17)) in which 22 individuals showed
a similar moderately severe bleeding disorder (33). FV-
short concentrations in affected family members were
~10 times the standard fV-short concentration: 1.7—
8.4 nM in affected individuals (28) vs. ~ 0.2 nM in normal
plasma (9). Affected family members concurrently showed
elevated levels of TFPIa in complex with fV-short. Because
TFPIa and fV-short are believed to circulate as constituents
of PSC, it is likely that affected family members had simi-
larly (~10-fold) elevated plasma concentrations of
PSC (9,17).



More evidence supporting this hypothesis lies in
fV deficiencies, which lead to unexpectedly mild
bleeding disorders (26,34) considering fV’s critical
role in coagulation. In particular, severe fV deficiencies
with plasma concentrations 1% of the normal concentra-
tion (20 nM) lead to mild bleeding, while mild fV
deficiencies (10% normal concentration) do not lead
to excess bleeding. FV deficiencies also correlate
with less TFPla (34), suggesting that the loss of fV’s pro-
coagulant activity may be balanced by the loss of TFPla’s
anticoagulant functions (26) due to a reduction in
PSC (17).

To investigate the role of PS and in particular of PSC, we
extend an existing, experimentally validated, mathematical
model of blood coagulation (see (20,35-41)) to include
PSC and free PS (PS not included in PSC or bound to C4
binding protein) in the plasma, as well as free PS and TFPla
released locally by platelets at sites of clot formation. In
methods, we review our previous mathematical models of
the coagulation reactions, then we detail the model exten-
sions to include PS. We begin the results section by
describing the strong impact of PS on thrombin production,
followed by demonstrating that PSC only matters shortly af-
ter the initiation of coagulation when thrombin concentra-
tion, [thrombin] is low. We then describe mechanisms by
which PSC inhibits thrombin production, namely that PSC
significantly accumulates in the injury zone, inhibiting
fXa; that the particular binding affinity for PSC with fXa
is critical for thrombin inhibition; that PSC competes with
fVam and fVhm to bind and inhibit fXa; and that PSC com-
petes for fV binding sites on platelets. We discuss the role of
PSC in pathological clotting conditions, including condi-
tions such as the east Texas bleeding disorder where PSC
may be in excess, factor V deficiencies where blood may
also be PSC deficient, and hemophilia, which may be treated
by targeting PSC. We conclude the results section by
describing the role of free PS in terms of its competition
with PSC for PS-specific binding sites on platelets and in
terms of its (purported) ability to bind fXa, taking a closer
look at binding between free PS and fXa and its effect on
thrombin inhibition. In the discussion section we contextu-
alize our results, provide future directions, and highlight im-
plications for bleeding disorders.

METHODS

The model used in this paper substantially extends models that we
have published (35-40) that describe the dynamic interplay of TF-initi-
ated coagulation and platelet deposition on a small vascular injury
under flow. The model also includes fXI-feedback mechanisms, previ-
ously shown to strongly impact thrombin production in our model
(37), but does not describe the full contact pathway of coagulation.
The reason for the current extension is to include reactions and mecha-
nisms of protein S (PS)-related inhibition that have recently
received much interest in the research community. In this section, we
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first review the features of the previously published models and then
introduce the changes to the model needed to incorporate the new
biology.

Review of previous mathematical model of the
coagulation reactions

We consider a vessel the size of an arteriole or venule. In the vessel, a
small vascular injury has exposed the subendothelium on part of
its wall. As a result, TF and collagen are exposed to flowing blood,
triggering coagulation and platelet deposition, respectively. We
focus on events in a thin boundary layer above the injury, a region we
call the “reaction zone” whose initial height (*%1-2 pm) can be esti-
mated by a boundary layer analysis accounting for the near-wall flow
velocity and the diffusivities of the relevant protein and cellular
species (35).

Within the reaction zone, we consider all species, protein and cellular,
membrane bound, and fluid-phase, to vary over time but to be uniformly
distributed in space, so we describe each species by its volumetric con-
centration that is a function of time but not space. We likewise consider
all platelets and all membrane binding sites to be uniformly distributed
within the reaction zone and we describe them using their equivalent
volumetric concentrations. We therefore use an ordinary differential
equation (ODE) to express the rate of change of each concentration
due to reactions and transport into and out of the reaction zone. The
overall model consists of a set of coupled nonlinear ODEs for all the
species.

The model includes the number densities of three populations of plate-
lets: unactivated fluid-phase platelets, activated platelets bound to the sub-
endothelium, and activated platelets bound to other platelets in the
thrombus. The model includes mechanisms by which platelets become
activated and bind to the subendothelium or other platelets. The model
also includes mechanisms by which fluid-phase platelets move with the
flow. Bound platelets, however, are stationary: they do not move with
the flow.

As for protein species, the model includes concentrations of zymo-
gens, procofactors, and the corresponding enzymes and active cofactors
of the TF pathway (see Fig. S1), as well as those of the major chemical
inhibitors of coagulation. It distinguishes clotting proteins in part by
their chemical identity. Because, the initiation of coagulation occurs
on the subendothelium surface, whereas critical reactions in the amplifi-
cation phase of coagulation occur on activated platelet surfaces, the
model further distinguishes proteins by whether they are in the plasma,
bound to the subendothelium, or bound to an activated platelet surface.
The model allows enzymes activated on the subendothelium to reach the
surface of a platelet by unbinding from the subendothelium, moving
through the plasma, and then binding to a receptor on an activated
platelet. Only species in the plasma move with the fluid; the others are
stationary while they are bound to a surface. While in the plasma, spe-
cies may be carried downstream by the flow, removing them from the re-
action zone.

Because activated platelet surfaces provide the sites on which
critical procoagulant and inhibitory reactions occur, platelets play a
prominent role in the model. Since each activated platelet has a
limited ability to support these reactions, the increasing availability of
additional platelet surfaces as platelets accumulate in the reaction zone
strongly influences the progression of the coagulation reactions. Platelets
also have an anticoagulant role in that each platelet’s adhesion to the
injured vessel wall covers a portion of the subendothelium and blocks
access to TF:fVIIa on that part of the subendothelium, physically inhib-
iting the enzymatic activity of TF:fVIIa. The progressive increase in
platelet adhesion blocks increasing fractions of the total TF:fVIIa
activity.
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Coagulation interactions before the extension to include PS species are
shown in Fig. S1 and outlined here.

1) FVII and fVIIa bind to TF on the subendothelium. FXa activates
fVII in plasma or when it is bound to TF. FXa binds
TF:fVII directly from the plasma without having to first bind to the
subendothelium.

2) TF:fVIla binds and activates fIX and fX from the plasma.

3) Thrombin in plasma or on an activated platelet surface and fXa on an
activated platelet surface activate the cofactors fV and fVIII. While
thrombin converts fV to activated fVa, fXa converts fV to partially acti-
vated fVh. Thrombin converts fVh to fVa.

4) Upon activation, platelets release a prescribed number of fV and fVh
molecules into the plasma.

5) Platelet-bound fVIIla and fIXa bind to form the tenase complex
fVIIIa:fTXa, which activates platelet-bound fX, producing platelet-
bound fXa.

6) Platelet-bound fVh and fVa bind platelet-bound fXa to form the PRO
complexes fVh:fXa (“PROh”) and fVa:fXa (“PRO”), respectively.
The PRO complexes can activate platelet-bound prothrombin into
thrombin which is immediately released into the plasma.

7) FIX is activated by fXIa in plasma and on an activated platelet surface.
FXI is activated by thrombin in plasma and on an activated platelet
surface.

8) The model includes the chemical inhibitors/inactivators antithrombin
(AT), activated protein C (APC) and TFPIa.

a) By binding to fIXa, fXa, f{XIa, and thrombin, AT permanently in-
activates them.

b) APC binds to fVa and fVIIIa in the plasma and on an activated
platelet surface, permanently inactivating them. However,
APC cannot bind to fVa or fVIIla already incorporated in
PRO (fVa:fXa) or tenase (fVIIIa:fIXa) on an activated platelet
surface. APC is produced in the endothelial zone, adjacent
to the reaction zone, in the direction transverse to the flow,
by a complex of thrombin and endothelial cell-bound throm-
bomodulin. To bind to thrombomodulin and activate protein
C, thrombin must diffuse from the reaction zone to the endo-
thelial zone; while, to affect coagulation dynamics, APC must
in turn diffuse from the endothelial zone into the reaction
zone.

¢) TFPIa in plasma binds to fXa and then TFPIa:fXa can inhibit
subendothelium-bound TF:fVIla. TFPIa also binds to and in-
hibits fXa and blocks the cofactor activity of fVh in the plasma
or on an activated platelet surface, as well as to the fVh in
PROM on an activated platelet surface.

9) The activity of TF:fVIla decreases as platelet deposition on
the subendothelium increases because an adherent platelet physically
blocks access to the subendothelium surface to which it is attached.

In the following we use notation fVam to denote fVa bound to the sur-
face membrane of activated platelets. Similarly, fVhm denotes fVh
bound to platelet surfaces. Other proteins bound to platelets are notated
similarly.

Model extensions to include PS

We extend our mathematical model by incorporating several new protein
species involving PS and their corresponding reactions, as depicted in
Fig. 1. The new species are: the PSC, PSC bound to fXa, PS that is not
part of PSC (free PS), free PS bound to fXa, and the respective platelet
membrane bound forms of each of these species. The corresponding reac-
tions are the binding/unbinding to/from platelets and of PSC and PS to/from
fXa that allow those species to form.

We assume that PSC circulates in the bloodstream, and is carried
to and is removed from the reaction zone by flow. We do not
consider PSC formation in the model due to incomplete kinetic informa-
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tion in the literature about this process. So, while the constituents
of PSC are present in our model, reactions in which they form PSC
are not.

A PSC molecule in the reaction zone can bind to an activated platelet sur-
face by its PS to PS-specific binding sites, by its fVh to fV-specific binding
sites, or by both its PS and fVh. PSC cannot bind to an activated platelet
surface by its TFPIa since such an interaction is not known to occur with
a physiologically relevant binding affinity. PSC can bind directly to and
inhibit fXa, regardless of whether the PSC and/or fXa are in plasma or
bound to an activated platelet surface. However, PSC can neither bind to
PRO nor PROh, because the large fV species, in both PSC and PRO or
PRON, likely precludes spatial arrangements needed for the TFPla in
PSC to bind to the fXa in PRO or PROh. Hence, the model includes the
eight product species, consisting of an fXa or activated platelet surface-
bound fXa (fXam) bound to PSC or to one of the three activated platelet
surface-bound PSC species (collectively referred to as PSCm). Fluid-phase
PSC:fXa can carry out further anticoagulant functions, binding to and in-
hibiting TF:fVIla. However, both fluid-phase PSC and PSC:fXa can be car-
ried away by flow. We assume that all TFPIa circulates only as part of PSC;
no TFPla circulates in the plasma. The latter is a departure from our previ-
ous model (39,40).

We assume that free PS circulates in the plasma and is carried to and
removed from the reaction zone by flow, and that, upon activation, a platelet
immediately releases a specified number of free PS molecules as well as a
specified number of TFPla, fV, and fVh molecules. Because PS (42) and
fVh (29) are both located in a-granules, whereas TFPla is not (43), it is un-
likely that PSC is present in platelets. The free PS in the reaction zone can
bind to PS-specific binding sites on an activated platelet surface. Free PS
can bind to and inhibit fXa, regardless of whether free PS and/or fXa are
in plasma or membrane bound. The model includes activated platelet sur-
face-bound free PS (PSm) and the four species in which fXa or fXam is
bound to free PS or PSm.

Concentrations, protein copy numbers, and rate constants

Table 1 gives the plasma concentrations, protein copy numbers of mol-
ecules released by platelets upon activation, and the rate constants we
use to incorporate PS into the model. Table S1 gives initial concentra-
tions and where applicable, upstream concentrations, for all species
which have nonzero initial concentrations. We set the Kp for PSC-fXa
binding to TF:fVIla to that for TFPIa-fXa binding to TF:fVIIa (39)
based on reports (32) that PSC is not better than TFPla at inhibiting
TF-fVIla. Further, when a literature value of a Kp is available but not
individual binding (k*) and unbinding (k) rates, we set k= = 1/s and
estimate k™ as k¥ = k/Kp. In some cases, such as for the exceptionally
small Kp, values for PSC binding to fXa, this would yield k™ > 10°/Ms
exceeding the diffusion rate limit. In that case, we set k= = 0.01/s. In
particular, to ensure that the binding rates of TFPIla, free PS species,
and PSC species with fVh and fXa are all on the same scale, we
set all the corresponding values of k= to 0.01/s.

Example differential equations that illustrate the model
extension

We have added 19 new ODEs to the model and modified numerous
others to include PS in the model (see supporting material). Here, as ex-
amples, we discuss two of the new ODEs. Equation 1 describes the con-
centration of fluid-phase PSC. The five labeled terms in the equation
describe the flow-mediated delivery and removal of PSC from the reac-
tion zone; the binding and unbinding of PSC via its PS to binding sites
on activated platelets specific for PS; the binding and unbinding of PSC
via its fVh to binding sites on activated platelets specific for fV, fVh, and
fVa; the binding of PSC to fluid-phase fXa; and the binding of PSC to
platelet-bound fXam (that is fXa bound to a fX/fXa-specific binding
site on an activated platelet). The binding and unbinding reactions are
assumed to be governed by mass action kinetics. The binding reactions
depend on the concentrations of available binding sites, i.e., ones not
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TABLE 1 Concentrations and binding/unbinding rates

Inferred Baseline
Quantity type Species Quantity Value quantity value Source
Platelet PS PS binding sites per platelet 400/1100 same 1100 4d)/(45)
PS copies per platelet 5300 same 5300 (46)
TFPI TFPla copies per platelet 1200 same 1200 (46)
Binding/unbinding TFPIa binding to fVh Kp 2.1 ;M k* 48 x 10°M ' s7! (24)
k™ 0.01 s
TFPla binding to fXa Kp 5nM K+ 2x 10°M st (16,22,47,48)
k™ 0.01 s
Free PS binding fXa Kp no binding (50) k" 1 x10°M st
to 19 nM (51) = 001 s
PSC species binding fXa Kp ~0.01-0.5 nM K+ 2 x 1M 's! (6) citing (26)
k™ 0.01s™!
PS binding to platelets Kp 10 nM Ko 1 x10°M's7! (49)
koff 1 M71 Sfl
PSC bound to fXa binding Kp 0.11 nM k" 1x100M's™" see (39) and®
tissue factor fVIla = 0.0011 s~
Nonzero upstream and PSC upstream/initial concentration 0.2-0.5 nM same 0.5 nM )
initial concentrations Free PS upstream/initial concentration ~150 nM same ~150 nM (6)
Zymogen fV upstream/initial concentration 16-20 nM same 20 nM (34)

The table presents all new quantities we add to the existing mathematical model. The columns from left to right describe the category of the quantity; the
particular protein species to which the quantity pertains; the name of the quantity; observed literature values of the quantity; any inferences we make using the
quantity; the corresponding baseline values in the model; and lastly all references for the literature value. Ky, indicates a dissociation constant. k™ and k~
refer, respectively, to the binding and unbinding rates of the particular species to which the quantity pertains and were extrapolated from the corresponding
Kp provided by the cited paper.

“PS and fVh have been shown to have no effect on fXa bound TFPIa (unpublished work from J. Ahnstrom).

already bound to another protein. Here, pi‘,‘g“” and pg"““ are, respectively, platelets; the binding/unbinding of PS to fluid-phase fXa; and the bind-
the volumetric concentrations of available PS and fV binding sites on ing/unbinding of PS to platelet-bound fXam. Note that PSC and PS
activated platelets in the reaction zone. compete for the PS-specific binding sites on activated platelet surfaces.
d[PSC] . .
_ p on avail off . .
= = ko ([PSC]™ — [PSC])— ki [PSCIpj™ + ki [PSm:TFPLAVR
1. Transport by flow 2. Binding/unbinding to from platelets via PS
on avail off . .
kPS:TFPI:thm [PSC]pi + kPS:TFF’I:thm [PSTFPIthm]
3. Binding/unbinding to/from platelets via fVh
+ — . + - .
— Kpscirxa[PSC[fXa] + Kpgepxy [PSC:fXa] — Kpgepxon [PSCI[fXam]  + Kpge o [PSC:fXam] M
4. Binding/unbinding to/from fXa 5. Binding/unbinding to/from fXam.

The rate of change of the concentration [PS] of fluid-phase free PS is The final term in Eq. 2 describes the rate of release of PS from platelets
described in Eq. 2. The first four labeled terms in this ODE describe as platelets are activated. This rate is the product of the prescribed number
flow-mediated delivery and removal of PS from the reaction zone; the n,s of PS molecules stored in each platelet and the rate at which the con-
binding and unbinding of PS to PS-specific binding sites on activated centration of activated platelets changes. PL* and PL*" refer, respectively,
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to the concentrations of subendothelium-bound activated platelets and
activated platelets in the thrombus that are not directly bound to the
subendothelium.

d

In contrast, when we replace plasma TFPla with PSC
(0.5 nM), and include free PS in the plasma (150 nM) and
in platelets (copy number 5300 per platelet), we see a strong

@

dt [PS] = know([PS]"" — [PS]) — Kps[PSIpps" + kps [PSm] ki o, [PS][fXa] + kg, [PS:Xa]
1. Removal/replenishment by flow 2. Binding/unbinding to/from platelets 3. Binding/unbinding to/from fXa
d as .
U k;S:FXam [PS] [fXam] + kl;S:tXam [PSfXam] + nPSE ([PLJS] + [PLdV])
4. Binding/unbinding to/from fXam 5. Release from platelets of free PS
RESULTS inhibitory effect. Fig. 2 A shows that, for [TF], = 1.5 fmol/

To determine the effect of PS species on thrombin produc-
tion, we ran simulations with PS-related parameters
varied around the baseline values given in Table 1. For
example, to understand the impact of the binding
affinity between PSC and fXa, we varied the corresponding
Kp near its baseline value (0.05 nM), while holding all other
parameters fixed at their respective baselines. All simulations
were run with baseline values for PS-related parameters un-
less otherwise specified. Because different injuries may lead
to different TF exposure, we varied the density of [TF];
exposed on the subendothelium, generally from 0 to 5
fmol/cm? or from 0 to 15 fmol/cm?.

To quantify the impact of PS species on thrombin produc-
tion, we examine the concentration of thrombin in the reac-
tion zone over time, as would be done in thrombin
generation assays (52-55). From time-courses of [thrombin]
over 40 min, we compute several metrics: including
the thrombin concentration at 10 min ([thrombin];y) and
the thrombin lag time (#,5). We use [thrombin],, as a marker
of the progress of coagulation and #,,, to delineate the start of
the thrombin burst (55). Lag time is typically defined as the
time from coagulation initiation until [thrombin] reaches sub-
stantial levels (52-55), which we take to be 1 nM, following
our previous practice, e.g., (20,39).

PS significantly impacts thrombin production

To calibrate the effect of PS, we first ran simulations with
plasma [TFPIa] = 0.5 nM and without PS. We further
used a dissociation constant for TFPIa binding to fXa on
the order of 5 nM (Table 1), a departure from our previous
work (39). We see (Fig. S2) that TFPIa alone has little effect
on thrombin production across a range of [TF], values.
Thrombin time-courses and metrics f,, and [thrombin];
hardly change. TFPIa mainly binds fVh early and PROh
later, but it never binds enough of either to impact thrombin
production.

1826 Biophysical Journal 125, 1820—-1839, April 7, 2026

cm? and PS levels between 0 and baseline, higher PS levels
shift the time-course of thrombin to the right and sufficiently
high levels prevent the thrombin burst altogether. Fig. 2, B
and C, show the impact of baseline levels of PS species
on thrombin metrics for a range of [TF]; levels. PS prevents
a thrombin burst for [TF], 52 fmol/cm?, increases t1qg and
reduces [thrombin],y for [TF]; between ~2—4 fmol/cm?,
and has little impact for [TF]; > 4 fmol/cm?. We discuss rea-
sons underlying the strong inhibitory effect of PSC
compared with the weak inhibitory effect of TFPla in the
absence of PSC in more detail in the discussion.

Inhibition due to PS species in these simulations is due
largely to PSC. Fig. 2, D-F, show the impact of PSC on
thrombin time-courses and thrombin metrics as PSC is
varied but free PS (plasma and platelet stores) remains
at baseline. The overall impact is similar to that seen in
(A-C). However, the smaller shifts to the right in (D)
than in (A) suggest that the net effect of free PS is to
reduce the effect of inhibition by PSC. In contrast, in (£
and F), we see that the thrombin metrics vs. [TF], in
the absence of PSC (black curves) are shifted slightly to
the right of the corresponding curves in (B and C), sug-
gesting that free PS is slightly inhibitory in the absence
of PSC.

High-level mechanisms by which PSC inhibits thrombin
production become clear upon examination of key steps in
the coagulation reaction network (Fig. 2, G-I); (G) shows
that PSC concentrations leading to a delay in the thrombin
burst similarly delay PRO formation. This delay corre-
sponds to a delay in the rise of uninhibited fXa (H), which
is in turn due to increased inhibition of fXa by PSC (/) early
during coagulation. For simulations without a thrombin
burst, the higher concentrations of PSC lead to sufficiently
low availability of fXa early during coagulation and thus
insufficient PRO formation for a thrombin burst to occur.
Notably, by comparing time-courses from simulations in
each of which we removed one type of inhibitor, Fig. S3
shows that PSC has a larger inhibitory impact on uninhibited



fXa, uninhibited PRO/PROh, and thrombin than does the in-
hibitor AT; while the inhibitor APC, and, as previously
mentioned, TFPIa in the plasma at 0.5 nM or released
from platelets, both hardly impact uninhibited fXa, uninhib-
ited PRO/PROM, and thrombin. However, in our simulations,
there is no APC in the bulk plasma and APC does not bind to
free PS, thus the magnitude of the inhibitory effects of APC
on thrombin is likely understated by the model.

PSC matters only shortly after the initiation of
coagulation when [thrombin] is low

Indeed, we find that PSC matters only shortly after coagula-
tion begins, while [thrombin] < 1 nM. We infer this from
simulations in which we initiate coagulation with no PSC

All forms of PS:

Mechanisms of thrombin inhibition

in the plasma, and add PSC to the plasma at its baseline con-
centration (0.5 nM) only when [thrombin] reaches 0.01,
0.03, 0.05, 1, or 10 nM. We compare the results with those
obtained when PSC is present from the beginning of coagu-
lation or absent for the entire simulation. Across a range of
[TF],, adding PSC when [thrombin] reaches 10 nM pro-
duces thrombin metrics only slightly different than when
PSC is absent altogether (Fig. 3, A-C). In contrast, early
addition of PSC has a significant and sometimes profound
effect on later thrombin production. For [TF]; = 1.5 fmol/
cm?, adding PSC when thrombin reaches 1 or 0.5 nM delays
the subsequent rapid rise in thrombin by about 1 min. Add-
ing PSC when thrombin reaches 0.1-0.05 nM delays
thrombin reaching 1 nM, slows substantially thrombin’s
rise from 1 to 10 nM, but has little effect on the speed of
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FIGURE 2 Overall effects of PS and PSC. (A) Increasing the concentration of protein S species in plasma and platelets from O to baseline (~0.5 nM PSC
and 160 nM free PS in the plasma, and 5300 free PS molecules in each platelet) delays or prevents a thrombin burst for [TF], = 1.5 fmol/cm?. Introducing PS
leads to (B) significantly lower [thrombin];o and (C) higher #,,, across tissue factor levels. (D) For [TF], = 1.5 fmol/cm?, increasing plasma [PSC] from 0 to
baseline delays thrombin production for lower plasma [PSC] and prevents the thrombin burst for higher [PSC]. For a range of [TF],, higher plasma [PSC]
leads to (E) lower [thrombin],o and (F) higher 7;,, or eliminates the thrombin burst altogether. Increasing [PSC] significantly delays (G) the rise of uninhibited
prothrombinase (both PRO and PROh) and (H) total uninhibited fXa, while (/) total fXa bound to PSC goes up sooner. Vertical dashed lines in (G—I) denote
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its rise after [thrombin] reaches 10 nM. Adding PSC when
thrombin reaches 0.03 nM (or sooner) prevents a thrombin
burst completely. For [TF], = 2.5 fmol/cm® (Fig. 3 B),
PSC at 0.5 nM does not prevent a thrombin burst even if pre-
sent from the start, but the earlier PSC is added to the
plasma, the greater the delay until the burst. Fig. 3 C shows
that, when present, early PSC affects thrombin generation
for [TF]; 5 3 fmol/cm?, while for higher [TF]; it has only
a small effect even if present from the start.

The sequence of reactions underlying the effects of added
PSC on thrombin are shown in Fig. 3, D—F. Adding PSC to
plasma when thrombin is ~0.01-1.0 nM reduces PRO con-
centration (D), either slowing or leading to a net decrease in
the PRO concentration. The formation of PRO requires the
presence of uninhibited platelet-bound fXa and we see in
(E) that the concentration of this species drops quickly after
PSC is added to the plasma. In situations that produce a
thrombin burst, the decrease is temporary but contributes
to the delay in PRO formation. In (F), we see that the con-
centration of fXa bound to and inhibited by PSC increases
sharply with the addition of PSC to the plasma, reducing
the availability of uninhibited fXa.

Mechanisms by which PSC inhibits thrombin
production

Simulations suggest that three specific mechanisms underlie
the inhibitory role of PSC. 1) PSC accumulates in the injury

zone reaching concentrations much higher than in plasma. 2)
PSC binds fXa tightly, potentially 50-100-fold more tightly
than does TFPla alone. This allows PSC to successfully
compete with fV/fVh to bind fXa species. 3) PSC occupies
fV-specific binding sites on platelets, competing with fV,
fVh, and fVa and thus reducing PRO formation and
increasing removal of procoagulant fV species by blood flow.

PSC significantly accumulates in the injury zone, inhibiting
thrombin

Unlike TFPIa alone, PSC can bind to platelets, either by its
PS, its fVh, or by both. To investigate the accumulation of
PSC on platelets in the injury zone, we ran simulations for a
variety of plasma PSC concentrations, a variety of K for
binding of PS to platelets, a variety of Ky for binding of
PSC to platelets via its fVh, and a variety of [TF], values.
Fig. 4, A-F, show results for [TF]; = 1.5 fmol/cm®. In
(A), we see that PSC accumulates in the reaction zone to
concentrations (5-30 nM) much higher than does TFPla
(0—1 nM) and much higher than the PSC concentration in
plasma (0.5 nM).

Interestingly, simulations suggest that PSC attaches to
platelets mainly by its fVh rather than its PS. Fig. 4 B shows
that, for 0.5 nM plasma [PSC], PSC is mostly bound to
platelets by its fVh (12-15 nM), second by both its fVh
and its PS (10-13 nM), and hardly at all by its PS alone
(0-0.5 nM). Fig. 4 C shows that relatively small changes
to Kp for the binding of PSC to platelets by its fVh
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FIGURE 3 Introduction of PSC after thrombin concentration reaches specified thresholds. In all panels, plasma PSC is absent until [thrombin] reaches the
specified “step value,” at which time [PSC] is immediately set to 0.5 nM in upstream plasma. (A and B) Show that PSC impacts the time-courses of thrombin
most when it is added before [thrombin] reaches 1 nM, for [TF], = 1.5 and 2.5 fmol/cm?, respectively. (C) Shows similar results for [thrombin];( across a
wide range of [TF), values. For [TF], = 1.5 fmol/cm?, increasing the delay in adding PSC significantly accelerates the rise of (D) uninhibited prothrombinase
(both PRO and PRON), and (E) total uninhibited fXa, while (F) total fXa bound to PSC rises later. Vertical dashed lines in (D)—(F) denote the times at which
[thrombin] reaches 1 nM. Vertical dashed lines are on top of one another for simulations in the absence of PSC and for step values of 1 nM and 10 nM.
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significantly alter thrombin production, preventing or allow-
ing a thrombin burst. In particular, if the Kp = 2.98 nM
(dark green), its baseline value, or lower, there is no
thrombin burst, and reducing Kp reduces [thrombin] at
each time. Increasing Kp from 14.9 nM (light purple) shifts
thrombin time-courses to the left. The effects of these rela-
tively small changes in Kp are likely due to dramatic
changes in [PSC] bound to platelets (changing from ~ 5
nM to near ~ 200 nM (Fig. 4 E). Fig. 4, G and H, show
that across [TF]s values, preventing PSC from binding to
platelets by its fVh eliminates nearly all inhibitory function-
ality of PSC.

In contrast, binding of PSC to platelets by its PS only
modestly increases PSC accumulation and has relatively lit-
tle impact on thrombin production except for a limited range
of [TF],. Fig. 4, E and F, show the impact of altering the
binding strength between PS and platelets on the time-
courses of the thrombin and membrane bound PSC concen-
trations, respectively. With a physiological Kp ~ 10 nM
(Fig. 4 F, dark green curve) for PS binding to platelets,
the membrane bound PSC concentration is approximately
double that when PS does not bind to platelets at all
(black curve). The extra PSC binding that results from
reducing the Kp from 500 to 100 nM can prevent a thrombin
burst (Fig. 4 E), and further reducing the Kp moderately re-
duces [thrombin] at each time. However, by comparing
thrombin metrics with and without the ability of PS to
bind to platelets, Fig. 4, G and H, show that PS binding to
platelets can prevent thrombin bursts only for a limited
range of [TF]s (~ 1.5-2 fmol/cm?), and otherwise only
moderately increases f,,, and decreases [thrombin],. PSC
binding to platelets by PS has little impact on thrombin pro-
duction because PS binds to platelets less strongly than does
fVh (see Table 1) and, more importantly, PSC must compete
for PS-specific platelet binding sites with the ~300 times
more concentrated free PS in the plasma. Increasing the
number of PS-specific binding sites on platelets (Fig. S6) in-
creases the concentration of PSC bound to platelets via its
PS (Fig. 4 B) and moderately reduces thrombin production
(Fig. 4 A). More details on competition between free PS
and PSC for PS-specific binding sites on platelets are given
later in results.

The particular binding affinity for PSC to fXa is critical for
thrombin inhibition

Simulations (Fig. 5) show that relatively small changes to
the binding affinity between PSC and fXa can significantly
impact thrombin time-courses and thrombin metrics. Fig. 5
A shows that, for [TF], = 1.5 fmol/cm?, PSC with a Ky, com-
parable with that of TFPla alone impacts thrombin time-
courses as if it did not bind fXa at all. On the other hand,
reducing the Kp to near physiological levels (Kp = 0.1-
0.05 nM) prevents the thrombin burst and strongly inhibits
thrombin across [TF]s. In particular, without enhanced
PSC-fXa binding compared with TFPIa-fXa binding, PSC

Mechanisms of thrombin inhibition

has little impact on thrombin metrics, whereas reducing
Kp to near physiological levels dramatically reduces
[thrombin];y (Fig. 5 C), prevents a thrombin burst for
[TF]s between ~ 0.5 and 4.5 fmol/cm?, and otherwise
greatly increases the lag time (Fig. 5 D). In fact, reducing
Kp to 0.01 nM prevents a thrombin burst for all tested [TF].

PSC competes with fVam and fVhm to bind and inhibit fXa

To inhibit fXa, PSC must bind fXa before either fVam or
fVhm does. Fig. S5 shows the competition between PSC
and fVam/fVhm to bind fXa. Fig. S5, A-C, show that shortly
after coagulation initiation, PSCm (C) is available in a much
higher concentration than fVam/fVhm (A) to bind and
inhibit a limited concentration of fXam (B). For tested
nonzero values of PSC, shortly after coagulation initiation
[PSCm] reaches ~3—-25 nM while concentrations of fVam/
fVhm species hardly exceed 1 nM. However, for plasma
[PSC] sufficiently low that thrombin bursts occur, [fVam]
and [fVhm] increase to over 100 nM shortly after the
thrombin burst, outcompeting PSC for fXam, resulting in
most fXam becoming part of PRO/PROh. In contrast, for
higher plasma [PSC] (E), PSC binds only slightly higher
concentrations of fXa, but sufficiently slows and decreases
the availability of fXa for forming PRO/PROh that a
thrombin burst never occurs. PSC must also compete with
antithrombin (AT) and with TFPIa to bind fXa, but PSC
binds far more fXa than do AT or TFPla. FVam/fVhm
also bind far more fXa than does AT or TFPla.

PSC competes for factor V binding sites on platelets

In addition to competing to bind fXa, PSC and fV species
compete to occupy fV-specific binding sites on platelets.
Thus, PSC can inhibit the binding of fV species to platelet
surfaces by occupying binding sites that would otherwise
be available to them, reducing the concentrations of
platelet-bound fV species, and thus inhibiting PRO forma-
tion and thrombin production. We find that PSC-fV compe-
tition for fV-specific platelet binding sites only mildly
inhibits thrombin production. Fig. 6 shows the impact of
this competition on thrombin production by comparing
thrombin time-courses and thrombin metrics for baseline
parameters with those from experiments where we remove
the inhibitory effect of PSC bound to fV-specific binding
sites on platelets by allowing fV species to bind at fV-spe-
cific binding sites even if those sites are already occupied
by PSC.

Fig. 6, A—C, show that, for low [PSC], PSC-fV competi-
tion for fV binding sites on platelets has relatively little ef-
fect on thrombin time-courses. However, for physiological
plasma [PSC] (~0.2-0.5 nM, (A)), eliminating competition
enhances thrombin production, shifting thrombin time-
courses to the left for plasma [PSC] 0-0.3 nM, creating a
thrombin burst for [PSC] = 0.4 nM, and increasing
[thrombin] at each time for [PSC] = 0.5 nM and [TF], =
1.5 fmol/cm?. Fig. 6, B and C, show that for all [TF];,
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reported correspond to #,, > 40 min. In all panels, shear rate is 100 1/s.

removing competition leads to a relatively modest
increase in [thrombin];q (largest for [TF]; ~ 3 fmol/cm?)
and a relatively modest decrease in f;,, (largest for [TF],
~ 2 fmol/cm?).

Examining the concentrations of species that occupy fV
binding sites on platelets, we see in Fig. 6, D and E, that,
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early during coagulation, fVh in PSC (gray curves) occupies
far more fV binding sites than do PRO/PROh (blue curves).
For plasma [PSC] sufficiently low to allow a thrombin burst,
only well after the start of the thrombin burst (D) do PRO/
PRO catch up. For higher plasma [PSC], the PRO/PROh
concentrations slowly increase and then decrease, with
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PRO/PRON concentrations never exceeding 0.01 nM (E).
However, (F) shows that removing competition allows
PRO/PROh concentration to increase rapidly, eventually
producing a thrombin burst. Thus, PSC occupies binding
sites that could otherwise go to PRO/PRO production, de-
laying thrombin production.

Pathological clotting conditions

Simulations suggest that the inhibitory functionality of PSC
may play a critical role in several pathological clotting con-
ditions. Excess PSC may lead to bleeding in individuals
with the east Texas fV variant. Reduced PSC also may
explain the surprisingly mild bleeding phenotype associated
with severe fV deficiency and the absence of a bleeding
phenotype associated with mild fV deficiency. Finally, sim-
ulations suggest that PSC removal may reduce bleeding in
individuals with hemophilia A.

Excess PSC significantly inhibits thrombin production

We find that excess PSC dramatically inhibits thrombin pro-
duction. Fig. 7, A-C, show the impact of excess PSC on
thrombin time-courses and thrombin metrics across a range
of [TF]; values. Fig. 7 A shows that a mild excess of plasma
PSC (0.5-0.75 nM plasma PSC) mildly delays the thrombin
time-course for [TF]; = 1.5 fmol/cm?. More severe excesses
of plasma PSC (1.5-5 nM) prevent the thrombin burst with
higher plasma [PSC] leading to lower [thrombin] at each
time. Fig. 7, B and C, show that, for plasma [PSC] =
5 nM, 10 times the normal concentration, as expected in
the east Texas bleeding disorder, there is no thrombin burst
for [TF], ~ 1.5-10 fmol/cm? and the thrombin metrics (tiag
and [thrombin],y) dramatically worsen for relatively high
values [TF] for which a thrombin burst still occurs.

Thrombin production in factor V deficiencies is restored by
plasma PSC deficiencies

Fig. 7, D-I, show that concurrent PSC deficiencies may be the
cause of the surprisingly mild bleeding phenotypes associated

with fV deficiencies. They show the impact on thrombin time-
courses and thrombin metrics of fV deficiencies with and
without concurrent PSC deficiencies across a range of [TF],.
To simulate fV deficiencies, we reduce the plasma zymogen
[fV] and the copy number of fV and fVh in platelets to 1%
of normal for severe deficiency (0.2 nM fV in the plasma, 15
molecules each of fVand fVh in platelets) or to 10% of normal
for mild deficiency (2 nM fV in plasma, 150 molecules each of
fVand fVh in platelets). Simulations use plasma [PSC] corre-
sponding to the baseline (0.5 nM), mild PSC deficiency
(0.05 nM), or severe PSC deficiency (0.005 nM).

Fig. 7, D-F, show that severe fV deficiency eliminates
thrombin bursts for a wide range of [TF];. However, reducing
[PSC] shifts thrombin time-courses back to the left (D),
greatly decreases #;,, (F), and largely restores [thrombin];q
(E). Specifically, Fig. 7 D shows that, for [TF]; = 9 nM,
reducing [PSC] to 0.1 nM restores the thrombin burst, and
completely removing PSC further enhances thrombin pro-
duction. Across [TF],, a concurrent severe PSC deficiency re-
stores a thrombin burst for [TF], between ~2 and 15 fmol/
cm?, whereas reducing PSC concentrations to 10% of normal
(0.05 nM) restores thrombin bursts for a smaller but still large
range of [TF), ~ 8-15 fmol/cm? (F).

Fig. 7, G-I, show that a mild fV deficiency without a con-
current PSC deficiency also leads to significantly less
thrombin production, reducing [thrombin] at each time
(G), reducing [thrombin];o for [TF]; g 12 fmol/cm? (H),
preventing a thrombin burst for [TF]; ~ 1.5-6.5 fmol/cm?)
and otherwise increasing thrombin lag times (/). However,
concurrently reducing [PSC] to values as large as 0.2 nM re-
stores a thrombin burst (G), and a concurrent PSC deficiency
(0.05 nM, 10% of normal) produces thrombin metrics com-
parable with normal blood (gray versus black curves in
Fig. 7, H and I).

Thrombin generation in hemophilia A is restored by plasma
PSC deficiencies for severe injuries

We find that lowering plasma [PSC] helps restore thrombin
production in severe hemophilia A, simulated by setting the
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dashed line indicates the time at which [thrombin] reaches 1 nM.

plasma [fVIII] to 1% of its normal value. Fig. 7, J-M, show
thrombin time-courses and thrombin metrics for severely
fVIII-deficient blood, with and without plasma PSC, versus
normal blood, for a range of [TF],. Fig. 7 J shows that, for
[TF], = 3.5 fmol/cm?, normal blood achieves a thrombin
burst at around 10 min, but hemophilia A blood with normal
[PSC] leads to a peak [thrombin] that is only 0.1 nM.
Removing PSC in the latter case leads to a gradual growth
in [thrombin], with it reaching almost normal levels after
40 min. For [TF], = 10 fmol/cm? (Fig. 7 K), removal of
PSC from severely fVIII-deficient blood can bring thrombin
generation close to normal. Fig. 7 L shows that, for all tested
[TF]s values, removing PSC from the plasma increases
[thrombin];q by a factor of ~ 100 or more for severely
fVIII-deficient blood, but that [thrombin] only reaches
near normal levels by 10 min for [TF]y g 12 fmol/cm?.
Fig. 7 M shows that removing PSC leads to [thrombin] even-
tually attaining 1 nM for [TF], 3.5 fmol/cm?.

Mechanisms by which PSC inhibits thrombin in selected
pathological clotting conditions

In the four pathological clotting conditions investigated, PSC
inhibits thrombin production mainly by directly binding with
fXa (not shown). However, given 10-fold normal plasma
[PSC], PSC-fV competition for fV binding sites plays an
additional large role (Fig. S7). Fig. S7 A shows that, for
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[TF]y, = 1.5 fmol/cm?, the PSC-fV competition shifts
thrombin time-courses to the right (solid red curve versus
dashed red curve), and PSC-fXa interactions prevent the
thrombin burst altogether (dashed black curve). Fig. S7, B
and C, show that, with normal PSC-fXa interactions,
the PSC-fV competition prevents a thrombin burst for [TF];
between ~ 5 and ~ 11 fmol/cm? (Fig. S7 C, solid red versus
dashed red curves), strongly increases the lag time for [TF]
=11 fmol/cm?, and substantially reduces [thrombin],, for
[TF]gupto~ 15 fmol/cm? (Fi g.S7 B, solid red versus dashed
red curves). However, without intact PSC-fXa interactions,
the anticoagulant effect of PSC-fVh competition is sufficient
only to inhibit thrombin production as if PSC were present in
plasma at concentrations smaller than 0.5 nM.

Competing effects of free PS

Free PS in the plasma has two direct effects in our model.
First, it competes with PSC for PS-specific binding sites on
platelets, enabling thrombin production by reducing PSC
concentration in the injury zone. Second, it directly, but
weakly (Kp = 100 nM), binds and inhibits fXa and fXam,
an inhibitory effect. We find that the first of these dominates
so that the net effect of free PS is procoagulant. Fig. 8 shows
the impact of free PS on thrombin production by comparing
time-courses and thrombin metrics across [TF], values in
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simulations with free PS, without free PS, without free PS
binding and inhibiting fXa, or without competition between
free PS and PSC for platelet binding sites. The last is achieved
by allowing PSC to bind to PS-specific binding sites on plate-
lets that are already occupied by a free PS.

We see that increasing the free PS concentration in the
plasma has a moderate procoagulant effect across TF den-
sities. Comparing thrombin metrics for normal blood versus
blood without free PS (Fig. 8, A and B) shows that free PS
elevates [thrombin],, across [TF]s values, prevents a
thrombin burst for [TF] between ~ 1.75 and 3.5 fmol/cm?,
and decreases t,,, for larger [TF], values. Fig. 8 C shows
that higher free PS concentration leads to higher [thrombin]
at each time and can lead to a thrombin burst for [TF], =
2.5 fmol/cm?. Fig. 8, D-F, show the effects of knocking
out either or both of the previously mentioned roles of
plasma free PS for [TF]; = 2.5 fmol/cm?. Without free PS-
fXa interactions (Fig. 8 D), free PS increases [thrombin] at
each time, demonstrating the procoagulant effect of compe-
tition between free PS and PSC for PS binding sites on plate-
lets. On the other hand, without the procoagulant effect of
free PS competing with PSC for PS-specific binding sites
on platelets (Fig. 8 E), free PS hardly impacts [thrombin],
demonstrating the marginal impact of direct inhibition of
fXa by free PS. Fig. 8 F shows that, without either of these
two roles, free PS has essentially no effect on thrombin pro-
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duction, confirming that these two effects are the only ways
by which free PS affects [thrombin] in our model.

Binding between free PS and fXa has little effect on thrombin
inhibition

We find that free PS is net procoagulant even if we greatly
strengthen the binding affinity between free PS and fXa
from baseline (Kp = 100 nM). Fig. 9 shows the impact on
thrombin time-courses and thrombin metrics across [TF];
values of varying the Ky, for free PS-fXa binding from no
binding to 10 nM. Notably, a Kp in this range (19 nM)
was reported in (51), this is about 5 times lower than the
baseline Kp we use in this paper.

Simulations further show that free PS-fXa binding hardly
impacts thrombin production. Fig. 9, A and B, show that
increasing the Kp for free PS binding to fXa (A) slightly
lowers [thrombin];(, (B) can prevent a thrombin burst only
for [TF], ~ 2 fmol/cm?, and otherwise can slightly increase
the lag time. Fig. 9, C and E, show that, if a thrombin burst
occurs, increasing the Kp slightly shifts thrombin time-
courses to the right ([TF]; = 2.5 fmol/cm2), and if no
thrombin burst occurs slightly decreases [thrombin] at
each time. Fig. 9, D and F, show that, even when the Kp
is less than the 19 nM estimate from (51), the concentration
of fXa bound to free PS is several orders of magnitude
smaller than that of fXa bound to PSC. Therefore, free PS
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likely binds insufficiently large concentrations of fXa to
have a strong effect on thrombin production.

DISCUSSION

Considering recent evidence that TFPIa circulates in plasma
in a complex (PSC) with PS and fVh, we have updated a pre-
viously validated model of coagulation to include PSC
circulating in the plasma in place of TFPIa. We have further
extended the mathematical model to include free PS in the
plasma, as well as free PS and TFPla released by platelets
into plasma near the injury site. Considering recent unpub-
lished evidence (unpublished work, J.A.), that PS does not
enhance the ability of TFPIa to inhibit the TF-fVIla com-
plex, we set the rate constants for PSC binding to TF-
fVIIa on the subendothelium to be those of TFPla. Our re-
sults suggest to our knowledge novel mechanisms by which
PSC can inhibit thrombin, and provide quantitative informa-
tion about literature predictions concerning PS, TFPla,
and fVh.

For example, results support the hypothesis (see (31)) that
the main anticoagulant role of PSC is to inhibit fXa when fXa
levels are low and procoagulant activity is limited. Specif-
ically, our results show that the addition of PSC at an injury
site ceases to be relevant once [thrombin] reaches about
1 nM (Fig. 3). For example, in experiments in which PSC

was added only when the thrombin concentration reached a
target value, adding PSC after [thrombin] reached 1 nM
had little effect, likely because fVa and fVh out-compete
PSC to bind fXa and because species containing fV out-
compete PSC for fV-specific binding sites on platelets,
limiting growth of the PSC concentration (Fig. S5). However,
when PSC was added while [thrombin] was below 1 nM, we
saw that PSC acted very quickly to bind low concentrations
of fXa. In particular, PSC quickly binds as much fXa as if
PSC were present from the initiation of coagulation, produc-
ing similar, very effective, levels of thrombin inhibition.

In fact, our results indicate that PSC strongly inhibits
thrombin production (Fig. 2), whereas, contrary to our
earlier findings (e.g., (39)), TFPla would hardly inhibit
thrombin production if it circulated in the plasma in place
of PSC (Fig. S2). While TFPIa has advantages over PSC,
namely, TFPla can directly bind fVh by itself or in PROh,
whereas PSC cannot, PSC has advantages over TFPla as
well. Namely, the PS and fVh in PSC enhance TFPla’s abil-
ity to bind and inhibit fXa (Fig. S5) up to 50- to 100-fold
better than TFPIa can alone (6,32). This is largely because
the ability of TFPla to bind and inhibit fXa is relatively
weak (see (16,22,47,48)) compared with the nearly
100-fold stronger dissociation constant of 0.0271 nM from
(56) we used earlier (39). Results suggest that, without
this enhanced ability of PSC to bind and inhibit fXa,
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PSC’s effect on thrombin production (Fig. 5) is similar to
that of TFPIa at the same plasma concentration. Results
also suggest that different plausible enhancements of the
Kp for PSC-fXa binding versus the K for TFPIa-fXa bind-
ing (~ 5 nM) could lead to very different levels of thrombin
inhibition, with a Kp ~ 0.5 nM leading to considerably
more inhibition of thrombin production than would a Kp
of ~ 5 nM, and likewise that reducing the Kp to 0.1 versus
0.5 nM, to 0.05 versus 0.1 nM, and to 0.01 versus 0.05 nM
each leads to far stronger thrombin inhibition. To understand
the true impact of PSC on thrombin production, our results
therefore suggest it is critical to precisely determine the
binding affinity between PSC and fXa.

In addition to strongly binding fXa, results show that PSC
may moderately inhibit thrombin production by occupying
fV-specific binding sites on platelets. The mechanism is
that PSC therefore prevents procoagulant species, fVa and
fVh, from binding to platelets, limiting thrombin production
across a wide range of injury severity (Fig. 6) by limiting
PRO production. To our knowledge, this competition effect
has not been investigated before.

Yet another means by which PSC so effectively inhibits
thrombin production lies in its ability to bind to phospho-
lipid surfaces on platelets. Perhaps the most novel of our re-
sults, we find that PSC rapidly accumulates on platelets to
~ 50 times higher concentration than in the plasma
(Fig. 4). Without the ability to bind to and thus accumulate
on platelet surfaces, PSC has little inhibitory effect on
thrombin production for a wide range of TF exposure levels.

There are two means by which the PS in PSC can
augment PSC’s ability to bind to platelet surfaces: PSC
can directly bind to platelets via its PS, and PS helps ensure
that TFPIa and fVh arrive “prepackaged” at the injury site
by enhancing TFPla-fVh binding interactions (24,31).
Fig. 4 F shows that it is critical that TFPIa and fVh come
prepackaged: TFPIa and fVh prepackaged (in PSC where
the PS does nothing but hold the complex together) accumu-
late to high concentrations, ~10-fold the concentrations of
TFPla:fVh if TFPIa and fVh must first encounter each other
in the injury zone. As a result the TFPIa in PSC can compete
far more effectively with fV species to bind and inhibit fXa,
thereby more effectively inhibiting thrombin production.

Surprisingly, but in line with speculation presented in
(24), the ability of PSC to bind to platelets via its PS is rela-
tively unimportant for inhibiting thrombin production
(Fig. 4). Instead, PSC localizes to platelets mainly via its
fVh rather than its PS. This is largely because PSC must
compete with the far more concentrated free PS in the
plasma to bind PS-specific binding sites on platelets.

In fact, results suggest that competition between free PS
and PSC for PS-specific binding sites on platelets increases
thrombin production for a wide range of TF exposures
(Fig. 8). In the absence of free PS (figure not shown), far
more PS-specific binding sites on platelets are available
for PSC, so PSC is much better able to attach to platelets
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via its PS (even better than via its fVh), and concentrations
of membrane bound PSC grows dramatically. Increasing the
number of PS-specific binding sites has a similar although
less-dramatic effect (Fig. S6). In either of those two cases,
PSC inhibits thrombin production to an even greater degree,
and the PS portion of PSC becomes important for localizing
PSC to phospholipid surfaces on platelet surfaces. However,
any procoagulant effect of free PS has yet to be observed in
lab experiments. Consequently, this finding concerning the
procoagulant effect of competition between free PS and
PSC needs experimental validation.

Outside of competing with PSC for PS-specific binding
sites on platelets, free PS can affect thrombin production
only by directly binding and inhibiting fXa. While there is
some controversy over the value of K, for free PS binding
to fXa, with (51) reporting Kp = 19 nM, but, e.g., (50) re-
porting that PS does not bind fXa, our results suggest that
for Kp ranging from no binding to 10 nM, free PS binding
to fXa has a relatively small impact on thrombin production
across a wide range of TF exposures and in pathological
conditions (not shown) including hemophilia A and fV defi-
ciency. This is largely because free PS binds very little fXa
(Fig. 9). Further, for all tested Kp, the effect of competition
between free PS and PSC to bind to PS-specific binding sites
on platelets is greater than the direct inhibitory effect of free
PS on fXa, thus giving free PS a net procoagulant effect. So,
unless free PS binding to fXa proves much stronger than ex-
pected, free PS is unlikely to significantly inhibit thrombin
production.

Future directions

While results indicate that only a certain number of PS mol-
ecules may bind to a platelet at once (44,45), it has yet to be
shown that PS-specific binding sites exist. If it turns out that
PS can bind to platelets in the same spot as f'V or fX species,
for example, then in addition to competing with each other
to bind to platelets, PS and PSC would compete with fV and
fX species as well. It is possible that the importance of PSC
binding to platelets via its fVh, via its PS, or of free PS bind-
ing to platelets may change. How exactly they would change
is unclear. We plan to address the importance of species-
specific versus species-nonspecific binding sites on platelets
in a forthcoming study concerning the importance of various
platelet characteristics on blood coagulation.

In addition to providing binding sites for coagulation pro-
teins, platelets release a significant amount of free PS in our
model, and of TFPIa and fV species as well. However, we
refrain from considering the formation of a PSC by
platelet-released species due to incomplete information
(see (31), and (24) for recent work). We find that blood
washes away most platelet-released PS before it can bind
to platelets or to fXa (not shown). An inconsequential con-
centration of free PS released by platelets therefore binds to
platelet membranes and/or to fXa. It is possible, however,



that, under zero-flow conditions, to which our model does
not apply, or under near-zero-flow conditions, for which
our model has not yet been validated, platelet-released PS
could have a significant impact on thrombin production.
Platelet-released TFPla has a similarly small impact on
thrombin production (Fig. S2). Platelet-released fVh, on
the other hand, strongly accelerates thrombin production
(not shown). We plan to address the roles of platelet-
released TFPIa, PS, and fV species (including the make-
up of platelet-released fV species) in more detail, as well
as the potential of formation of PSC from platelet-released
species, in more detail in the previously mentioned forth-
coming study.

While we consider the roles of PS in enhancing inhibitory
functions of TFPla and in directly inhibiting fXa, we do not
consider the role of free PS in enhancing activated protein C
(APC). Because of this, we cannot fully compare the inhib-
itory strength of various important inhibitors, including
APC, free TFPla, AT, and PSC. However, free TFPla and
APC have very little effect on thrombin, uninhibited PRO/
PRO concentrations, and uninhibited fXa concentrations,
while AT has a slightly stronger effect, and PSC has a far
stronger impact (Figs. S2 and S3). Yet, flow-mediated
removal of species has a stronger inhibitory effect than do
any of the inhibitors. We plan to study the effects of PS-
APC interactions in forthcoming work.

Insight on several clotting diseases

Our model provides insight on several clotting diseases
(Fig. 7). Results support the hypothesis that elevated fVh
generated in the east Texas bleeding disorder is largely
incorporated into PSC, leading to the excess bleeding asso-
ciated with the disorder. Our results also support the hypoth-
esis that the unexpectedly mild bleeding associated with fV
deficiencies is due to a concurrent deficiency in PSC. In our
model, mild to severe PSC deficiencies largely rescue the
lack of thrombin production for a severe fV deficiency,
and a mild PSC deficiency completely restores the limited
thrombin production associated with mild fVh deficiency,
predicting the mild and normal bleeding phenotypes re-
ported for patients with severe and mild fV deficiencies,
respectively. Variations in plasma PSC concentrations
among these individuals could therefore explain the varia-
tions in reported severity.

Further, PSC could be a target for reducing bleeding in
bleeding disorders. For instance, blocking most of the inhib-
itory functionality of PSC likely would restore normal
bleeding for both individuals with east Texas bleeding disor-
der and individuals with fV deficiency but no PSC defi-
ciency. Further, results suggest that blocking the inhibitory
functionality of PSC in individuals with hemophilia A could
partially or even largely restore thrombin production, de-
pending on injury severity. This is supported by recent
experimental findings where inhibiting PS in the plasma

Mechanisms of thrombin inhibition

strongly increased thrombin generation in hemophilia A
(and hemophilia B) blood (12,13). The drugs concizumab
and marstacimab, which target the Kunitz 2 domain of
TFPI (57-59), presumably limiting the ability of TFPI to
bind and inhibit fXa, would thus likely also limit the ability
of PSC to bind and inhibit fXa and thus also its ability to
inhibit thrombin production. Indeed, to block the inhibitory
functionality of PSC, our model suggests that, outside of
directly blocking PSC formation, a good strategy could be
to reduce the ability of PSC to bind fXa or to reduce the abil-
ity of PSC to bind to platelets and thereby accumulate at the
injury site. Our model has shown that either of these changes
largely eliminates the enhanced inhibition due to PSC in
normal blood.
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Supporting Material

1 Reaction diagram before the extension adding PS species

Unactivated Platelet

e e

Subendothelium

Figure S1: Diagram of coagulation reactions before the extension adding PS species. Proteins involved in the coagulation
interact in the plasma, on activated platelets surfaces, on the subendothelium, or on endothelium cells. Platelets are activated by
thrombin, adenosine diphosphate (ADP), or (not shown) contact with the subendothelium. Red dashed arrows indicate the enzymatic
conversion of an unactivated species to an activated species. Black dashed arrows indicate feedback acceleration of reactions, whereas
solid black arrows indicate feedforward acceleration, and solid black arrows with a fading tail indicate release of species from the platelet
upon activation. Solid green lines and solid blue lines respectively indicate binding to a cell surface and transport of proteins in the fluid.
Proteins in rounded boxes are bound to cell surface, and a purple protein next to a second protein indicates that the purple protein
inhibits the second protein by binding to it. Roman numerals indicate the corresponding clotting factor, e.g., “X” indicates clotting
factor X, whereas “Xa” indicates activated clotting factor X, and “A:B” indicates a complex of species A and B. TM = thrombomodulin,
PC = protein C, APC = activated protein C, TF = tissue factor, AT = antithrombin, TFPI = tissue factor pathway inhibitor «;, AT =
antithrombin. Modified from (E]) using BioRender.



2 TFPI by itself has little impact on thrombin
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Figure S2: The overall effect of TFPI without Protein S. Increasing the concentration of TFPIa in plasma and platelets from
0 to physiological levels (~0.5 nM TFPI« in the plasma, and 1200 TFPIa molecules in each platelet) has little effect on time-course of
thrombin (panel A) and has little effect on inhibition of species containing factor Xa (panel B) at a tissue factor density of 1.5 fmol/cm?.
Introducing TFPI (black curves) has little effect on thrombin levels at 10 minutes across tissue factor levels (panel C). Introducing PS
(black curves) also has little effect on the time until 1 nM thrombin is reached (lag time, panel D), at which point a rapid burst in

thrombin production usually occurs. Shear rate is 100 1/s in all panels.
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Figure S3: Relative strength of inhibitors. Thrombin concentrations (A), concentrations of uninhibited PRO/PROL (B), and
concentrations of uninhibited fXa (C) for simulations in which PSC is absent (red), AT is absent (light red), TFPI« is absent (gray), and
APC is absent (dashed black). In the model, APC is absent from plasma and does not bind free PS, thus the magnitude of its inhibitory
effects on thrombin is likely understated by the model. In (B) - (C), the vertical dashed lines indicate the times at which [Thrombin]
reaches 1 nM. In all panels, the gray and dashed black curves are on top of one another. Shear rate is 100 1/s and [TF]s = 1.5 fmol/cm?

for all panels.



4 Dip in PSCm vs time
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Figure S4: Dip in PSC vs time. When a thrombin burst occurs, the concentrations of all membrane-bound species containing
PSC (namely membrane-bound PSC and PSC-fXa) undergo a transient, broad spike (panel A), whereas membrane-bound PSC (PSC
bound to platelets via its fVh, its PS, or both) drops after the thrombin burst has begun (panel B). Allowing PSC to bind to PS-specific
platelet-binding sites already occupied by PRO and vice-versa replaces the transient spike in total membrane-bound species containing
PSC with a large, non-transient increase (panel C) and removes the drop in membrane-bound PSC (panel D). In all panels, the vertical
dashed lines indicate the times at which [Thrombin] reaches 1 nM, [TF]s = 1.5 fmol/cm? and shear rate is 100 1/s.



5 Competition for fXam between PSC and fVam/fVhm
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Figure S5: PSC competes with fVam and fVhm to bind fXam. Concentrations of activated and partially activated membrane-
bound species (A) fVam and fVhm, (B) unbound fXam, and (C) PSC species (PSC and PSCm) for a variety of plasma PSC concentrations
illustrate the competition between fVam/fVhm and PSC for fXam. Dashed vertical lines indicate the times at which [Thrombin] reaches
1 nM given the corresponding PSC level (matching colors). Concentrations of various species which contain fXam (fXam, species which
contain PRO/PROb, fXam and PSC, fXam and TFPI but not PSC, fXam bound to antithrombin, or fXam bound to fVm or fVIIIm)
illustrate which species dominate the competition for fXam for (D) plasma [PSC] = 0.3 nM which allows a thrombin burst or (E) given
[PSC] = 0.4 nM which prevents a thrombin burst. In (A) - (D), the vertical dashed lines indicate the times at which [Thrombin] reaches 1
nM. In (D) and (E), solid blue lines include PRO, PROh, membrane-bound thrombin bound to PRO, membrane-bound thrombin bound
to PROh, and fVam:PROh; solid pink lines include TFPIa:fXam, and fXam bound to TFPIa bound in turn to fVh or fVhm; solid gray

lines include fXam bound to a membrane-bound PSC. Shear rate is 100 1/s for all panels.



6 PS binding sites on platelets
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Figure S6: PS binding sites on platelets. Varying the number (NPPS) of binding sites on platelets for PS around its expected
physiological value (400 — 1100 nM) modestly impacts thrombin time-courses (A) and PSC levels (B) for TF = 1.5 fmol/cm?. In (B),
the vertical dashed line indicates the time at which [Thrombin| reaches 1 nM for the simulation with the corresponding color. Shear rate
is 100 1/s in both panels.

7 Mechanisms of thrombin inhibition by PSC given plasma PSC concentrations 10-
fold normal
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Figure S7: Mechanisms of thrombin inhibition by PSC given plasma PSC concentrations 10-fold normal. Panel (A)
respectively compares the time-course of thrombin production given where TF = 3 fmol/cm? and respectively given high plasma PSC
concentrations (-) of 5 nM, 10-fold normal; high PSC but where fV species can bind to fV-specific bindings sites on platelets already
occupied by PSC (- -); high PSC but where PSC does not bind fXa species at all (- -); and normal plasma PSC concentration of 0.5 nM
(-); . Panels (B) and (C), respectively compare [Thrombin]ig at 10 minutes and tj,g given the same situations as in (A). In panel (C),

[TF]s at which no t;44 is reported correspond to t;44 > 40 minutes. Shear rate is 100 1/s for all panels.



8 Initial concentrations

Table S1: Initial and upstream concentrations. The table presents initial concentrations of all plasma species included in the
mathematical model, excluding species with zero concentration. The columns from left to right describe the species, the initial
concentration, and provide a reference from which we obtain the initial concentration. For all species in the table, the initial
concentration is set to plasma concentration upstream of the injury site, excluding endothelial-bound AT, TFPIS3, and tissue
factor, which are not present in plasma. Endothelial-bound AT concentration® is set to upstream plasma concentration of AT.
Tissue factor density™™ to the best knowledge of the authors has not been measured; we therefore consider tissue factor density
so as to reproduce thrombin production time-courses representative of reality. We have calculated platelet concentration
assuming 2.5 - 10%/ul (2) platelets, as we have done in our previous works (B, U, 5, 6, [, 8, g, [l). See the supplement of ([7) for
parameters not described in this document.

Initial and upstream

Species concentrations Source
AT 2.4-10-6 M (L0)
Endothelial-bound AT 2.4-107 M *
Free PS 1.5-107"™M (1)
Platelets 4-1071B M (converting 2.5 - 10° platelets per uL (2) to M)
Prothrombin 1.3-107 M (12)
PSC 5-10710 M (13)
TFPI 5.10710 M ;
Tissue factor 0 - 15 fM/cm? o
Zymogen factor V 2-1078 M (IL4)
Zymogen factor VII 1078 M (12)
Enzyme factor VIla 1071 M (IL5)
Zymogen factor VIII 107° M (16)
Zymogen factor IX 107" M (12)
Zymogen factor X 1.7-107" M (12)
Zymogen factor XI 3-1078 M (4.5 pg/mL (17), using molecular mass ~160 kDa([Lg))

9 New variables and notation used in the full equations

Concentration of a species A is indicated with square brackets: [A]. z and e; refer to zymogen i and enzyme
i, respectively, and a complex of species A, B, C, ... is indicated by A:B:C:.... For example, the protein S com-
plex is represented by ps:TFPIl:e5,. Parentheses indicate order of binding when otherwise unclear. For example,
((ps:TFPLesp):e10):e¥ indicates that PSC binds to fXa via its TFPIa, which then binds to the TF:fVIIa complex.
Note that fXa (e10) only binds to PSC (ps:TFPLesy) via the TFPIa in PSC, and that TF:fVIIa (e*) does not bind
to PSC; it instead binds to fXa already bound to PSC. Special names for species are:

e Tissue factor = TF

o TF:fVIla complex on the subendothelium = e

e Platelet-bound ‘tenase’ VIIla:IXa = TEN

e Prothrombinase, with fVa:fXa, both bound to platelets = PRO

e Prothrombinase with a fVh instead of fVa = PROh

e Thrombomodulin = TM

¢ Unactivated and activated protein C are respectively denoted PC and APC.

o TFPI:PROLv5 indicates that TEFPIa binds to PROh via the fVh in PROh

e TFPI:PROhv10 indicates that TFPIa binds to the fXa in PROh

e Antithrombin = AT



e Heparin = H

e Antithrombin-heparin complex = ATH

e The complex where fXa and fVh are bound to TFPIa but not to each other = e19: TFPI:e5, and the corre-

sponding membrane-bound forms

o Free PS (not bound to TFPI) = “ps_fr’

e The fraction of platelet-released factor V that is fVh = hj5

Species are fluid-phase, i.e, in the plasma, unless otherwise indicated. Membrane-bound versions of species are
indicated with a superscript “m”, and endothelial zone versions of species are indicated with a superscript “ec”.

Binding and unbinding rate constants between a species A and a species B are given by k. and k}, 5, respectively.
If either A or B is a complex and the binding between A and B would otherwise be unclear, parentheses indicate
the order of binding, as described above. Catalysis between two species A and B is indicated by kCAa:tB. Which
species catalyzes which is assumed to be clear from context: for example, k‘;g{e% indicates that membrane-bound
fXa catalyzes membrane-bound fV, since the “e” and “z” indicate fXa is the enzyme in the reaction whereas fV is
the zymogen (substrate).

Binding and unbinding rate constants of a species A to a platelet or to the subendothelium are indicated by k3"
and k?\ff, respectively. Binding to a platelet is proportional to the concentration p*X’aﬂ of binding sites available to A
on activated platelets. pi"aﬂ is the total concentration pa of binding sites on activated platelets for A less the total
concentration of species in which A is already bound to a platelet. pa in turn is the number N of binding sites
available to A per platelet multiplied by the concentration of activated platelets. Activated platelets are either on
the subendothelium or otherwise bound to other platelets, indicated respectively by PL** and PL*. Hence the total
concentration of activated platelets is [PL**] 4+ [PL*"]. Unactivated platelets are indicated by PL.

The concentration of TF on the subendothelium available to bind plasma-phase species is given by [TFa"a“].
Coverage of the subendothelium by platelets is accounted for by keeping track of the total concentration Py, 4, — [PL*]
of binding sites for platelets on the subendothelium. P,y is the total number of binding sites on the subendothelium,
and subtracting off [PL**] accounts for coverage of binding sites for platelets.

Flow of species A into and out of the reaction zone is accounted for via a flow parameter kg, and by the difference
between the upstream concentration of A, [A]"P, and the concentration of A in the reaction zone. Flow of species
into and out of the endothelial zone is analogous, accounted for via a diffusion parameter kqig and the difference
between the concentration of the species in the reaction zone versus the concentration in the endothelial zone. kgoyw

and kg;g are defined as follows:
2D 1/3
kﬂow - § <’7>

4\ 412
2D

Kaiff = ——
T Wee (W + Wee)

where
2LD\ /?
Wee — /173 (7 )

is the effective width of the endothelial zone, L and W are the length and width of the injury, v is the diffusion
coefficient, and ~ is the shear rate. (See (4, B) for further discussion). The rate constant for flow out of the reaction
zone towards the endothelial zone is kgigrz = (Wee/W)kair, computed by rescaling kqig by the ratio of volumes
of the endothelial zone to the reaction zone. Note further that 2 ([PL*]) /(Pyax - [PL*]) describes coverage of
subendothelial species by platelets.
Other constants that do not precisely follow the naming convention are:
e The rate constant for unactivated platelets binding to platelet-binding sites on the subendothelium and imme-
diately activating = k™
e The 1“1ate constant for activated platelets in the fluid binding to platelet-binding sites on the subendothelium
=kt
e The rate constant for activation of platelets by thrombin = k.
o The rate constant for activation of platelets by other activated platelets, kpiact
A list of all new species included in the model follows:
o ps:TFPIl:es5, and its various membrane-bound forms:
— ps"™:TFPlLesy
— ps:TFPLeg}
— ps™:TFPILeg},



(ps:TFPL:esy):e10 and its various membrane-bound forms
— (ps™:TFPLesp):e10
— (ps:TFPLef} ):e10
— (ps:TFPLegy ):el
— (ps™:TFPLe}} ):e10
— (ps™:TFPLesp):ey
— (ps:TFPILef} ):ely
— (ps™:TFPIL:ef} ):ely
((ps:TFPL:esp ):e10):e
ps_fr (protein S by itself) and its membrane bound form
— ps™_fr:
ps_fr:e;¢ and its various membrane bound forms
— ps™_frieqg
— ps_frefy
— ps™_friely



10 Full Equations

[TF>) = [TF] — [#7] — [ef'] — [#7:e10] — [2":e2] — [z10:¢7']
— [z9:e7'] — [TFPLejg:er'] — [z5':e9] — [((ps: TFPLesy ):e10):e7]

avail]

(D3] = ([pro] — 28] — 3] — (25 TEN] — el ] — [l

— [PRO] — [z5":PRO] — [z7: TEN™])

— [PROM] — [22:PROh] — [TFPLe™)]

— [TFPL:PROLv10] — [TFPL:PROLv5]

— [e1o: TFPL:ef; ] — [eh: TFPLesy]

— [eYo:AT] — [e}5:ATH]
— [(ps:TFPLegy ):e]y] — [(ps: TFPL:ed} ):ely] — [(ps™: TFPLesy ):ely] — [(ps™: TFPL:ed;} ):ely]
-

ps_frielp] — [ps™_friep)

(5] = [ps] — (] — [e8] — [28%eth] — [l | - [APCief]
— [PRO] — [z3":PRO] — [ef}] — [PRONL] — [z5":PRON] — [ef; :e5']
— [TFPLef] — [APC:e | — [TFPLPROLv10] — [TFPLPROLvS]
— [e10: TFPL:ef; ] — [e10: TFPLeg; ] — [PRO:ey’]
— [ps:TFPLeg; ] — [(ps: TFPLeg; ):e10] — [(ps: TFPL:er} ):ely] — [ps™: TFPLeg; |
— [(ps™:TFPLe}} ):e10] — [(ps™: TFPLeg; ):elp]

avail

Py = [ps] — [zg'] — [eg'] — [TEN] — [z5":e]p] — [z5":e5"] — [215:TEN] — [APC:ef']
— [TEN*] — [23%:TEN*]

P! = [po] — [z5'] — [e§"] — [TEN] — [z} TEN]

— [zg:efin) — [Zg‘ierlnf*}
— [eg":AT)
— ey :ATH]

avail

P2 = [pa] — [%'] — [22":PRO] — [5":PROb]

P32 = [pa] — [ef] — o] — [l

m . m,* m,* m,*
— |%Z11°€2 — |€11hi€2’

m , m,*
- [%h-ez }

— [e5:AT] — [e}':ATH]

[p52"] = [po.s] = [65"] = (ITEN'] + [ TEN"]) - [ef"":AT] — [ef":TH]



[PI™] = [p1a] — [241] — [e¥1n] — (2" i)

— 2[sefin] — [Afiely”] - el
- [erﬁh:eﬁh}
— [eT1n:AT]

avail] __ m,* m,* m, m,*
[P117*] = [pn,*] - [ellh:| - [‘311 ] - {ZQ €11
[ m , m7* mv*. m ma*. mv*
— |Z11°€11 } - {611}1-81111} -2 {emren
m,* m
- [ellh'QZ }

— _erlnl’* :AT]

— [efy"sATH]

pg‘s’aﬂ = [pps| — [ps™: TFPIL:esn] — [(ps™: TFPLesn):e10] — [(ps™: TFPIL:esn):elp] — [ps™:TFPLeg; | — [(ps™: TFPI:eg;, ):e10)
— [(ps™:TFPLeg; ):e1p] — [ps™_fr] — [ps™_fr:eo)

d n avai m
o L2 ] = —k7" [z7] [TE] 4+ k2T [22°]

- k;:eg [Z7] [62] + [27:62] k;7:e2
— X e,y [27] [e10] + K, o, [277€10]
+ Kaow( [27]"P — [27])

— K oo [27] [eo] + K, .0, [27:€0]

d n avail m

Gler]= —k2" [e7] [TF™1] + ko 2]
+ k52, [z7iea] + kot [z7:e10] + Ketow ( [e7]™ — [e7])
+ ko, [27:69]

d

— 28] = Kg" o] [TF™1] — 137 2]

— Iy, [27] [er0] = Ko, [27] [e2] + IGme,, [27"010]
+ Koo, [27':2)]

- k:;n;eg [27'] [eo] + Kym.c, [27':€9]

~ ] 5 (PL)) /(P - [PL))
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dt

[ e

[z10 | =

kon 67 [TFavail]

ffr m —+ m . —
B k? [67 ] - k(TFPI:em):e;“ [67 ] [TFPI-elﬂ} + k(TFPI:clo):c
+ kc%telo [Z;n'elo] + kgglt:ez [Zr7n:e2]

(kcat m + K n\) [zlo;eI?n]

Z10:€7 Z10:€7

r7n [TFPI:elo :el7n]

=k o [€F] [210] — k) o [€] [20]
+ (Kppiem + 1 om) [20:67']
+ kz?‘:cQ [Z7 '69]

— [e]  ([PL) /(P - [PL¥)

- k?{psZTFPIZE{;h)1031(])16[7n [(pS:TFPI:GSh):elo] [eI7 ] ((ps TFPI: eoh) 310) e [((ps TFPI €5 ) elo):e;n]

—k36 [210] [pI5™"] + K50 [10)
- kZlO el [ZIO] [ ] + kzw el [Zl()te.?n]

+ kfiow ( [210]"" — [210])

= —ki5 [e1o] [pI5™] + kio lef]

+ ka e [210:€7]

+ (K20 K e0) [27:010] = ke, [e10] [27]

+ (ke +1me,,) 27 e10] = K., [e10] [27]
— Kfppres [610] [TFPI] + kppr.e,, [TFPLeqo]

+ keiow ( [e10]"” — [e10])
— keyo:aT [AT] [e10]
- kE";)S:TFPIZeSh)Zelo [ps:TFPLesn] [e10] + Ko rrpres, e, [(PSTTFPLesn)ze10]
- kz;s‘“:TFPI:em,):em [ps™: TFPLesn] [e10] + K(em mppres,)ero [(PS"  TFPLesy ) e10]
- kz;s:TFPI:eE“h):Ew [ps: TFPLe5 | [e10] 4 K pgrppriem yie,, [(PSTFPLeg) ):e10]
- ka)sm:TFPI:egi‘):elo [ps™: TFPL:efi] [er0] + K pgm rpprem yie,, [(PS™ TFPLeg} ):e10]
— kaistrz ([e10] — [e75])
kerFPI :esm):e10 [TFPLesn] [e10] + K(TFpresy )iero [€10: TFPLiesy]
kjrrFPI el teo [TFPLegy,] [e1o]
+ Krpprem o, [€10:TFPLeg; ]
— keyo:aTH [ATH] [e10]
k;_s frie1o [ps_fr] [e1o] + kps frie1o [ps_fr:ei]

- kpsmifr:elo [pS —fr] [610} + kpsmifr:elo [psm_fr:elo]

kS5 [210] [p35™"] — K90 [10)]
-k m TEN [215] [TEN] + kym .rpn [210: TEN]
~k;; 23 TEN [21] [TEN"] + Ky rn [210: TEN"]

11



=L ety ] = K55 lewo] [pi5™] — K30 [ef]
+ kg e (230 TEN] + (kg8 om +Igmen ) (251
—lmom [€10] [257] + (ke + Kooy ) [25" €0

ZPet T Kpmem
k et [eTo] [25']
+ Kom om [PRO] — k mem [e10] [e5']

+ kca .7eN [210: TEN® ]
k(ps :TFPIL:esp ):el [ps: TFPLesn] [efo] + k(ps TFPl:esy ):e™) [(ps: TFPLesn ):eqp)
k S TFPLogy e PST i TFPLiesn] [elp] +k ps™: TFPLesp e [(ps™:TFPLesy):ep]

€10
(ps:TFPI:eg“h):elo [ps TFPL e5h] [elo] + k(ps :TFPI: et%“h) [(ps TFPIL: e5h) elO]

- kz;sm:TFPI:egil):e‘fa [ps™: TFPLegy] [e1p] + k(psm:TFPI:eg‘i‘):e% [(ps™: TFPLejy, ):ely]
— k-tn .m [erl‘%] [eg}ﬂ + k_m: m [PROh]

.el

kJTrFPI en [TEPI} [e15] + kpppr.ey [TFPLeqp)

kJTFFPI el e [TEPL:eF,] [eTo]

+kTFPI:e;l:e% [ %TFPIQ?—R}]
— kem.ar [AT] [e75]
— ke ars [ATH] 6]

€10*

el

k;rs fr: e [ps fI‘] [elO] + kp5 fr: em [pS fI‘ elO]
- klfsn;ﬁ:e% [ps™ _fr] [elo] + Kpem geeem [pS™ _firel]

d n avai m
it [ 25 ] = —k5" [25] [P} 1] + kgﬁ [z5']

- kz—):ez [25] [62] + k_Z5162 [Z5Z€2]
+ Kaow( [25]" — [25])

(1h5) 05 | & (PL) + [PL™))

i [ es } _ k [65] [paVall] + koff [es]

—+ k;atez [Z5Z€2]
+ kﬂow( [eS]UP - [65])
+ Ko, apc [APCies] — kI s pe [APC] [es]

kg?} ‘en [e5h262]

— 28 ] = K" [zs] [p8™"] — k5" 23]

12



— e8] =K [es] [p5™"] — k5" [ef]

dt
+ kcg) om [25':€3']
+ kem.apc [APCeed]
- k:g“;APc [APC] [e5']
—kfn o [e5'] [efp] + Kop.om [PRO]
+ ke o [eg) 03]
d on i1, 1.0ff _m
pr [2s ] = —kg" [zs] [P§"™"] + kg [z']
+ Kow( [2s]"" — [zs])
— ke, [28] [e2] +1G e, [25:€2]
—rles ] =~k [es] [DF™] + kg™ [ed']
+ Keiow ( [es]"™” — [es])
+ kg, [zs:e2] — 0.005 [es]
+ ko apc [APCreg] — k:g:APC [APC] [es]
d o m on avail off [ m
a[zg | =kg" [z Hpg ] kg™ [z5]

— Il om (28] [e0] + Komem [287:€T0] — K o (28] [e5']
+ kzgn:egn [Z8 €y ]

d m n avai m

dt [eg' | = kg" [es] [Ps l] - kOH Cy

—+ kcgj ;n [Zg elO] + kcﬁ,] m [ZS 62 ] k%APC [APC] [eén]
+ Kem.apc [APCreg’]

Kl o8 ] + g [TEN] — 0,005 [ef]

©g

K 6] |57 ] + Koo [TEN']

d u n avai m
o [ 29 ] = Kaow([20]"™ — [2o]) — k§" [z0] [p5"™"] + k9% [
- kzt;:e;n [Zg] [em] + k;g,em [Zg:e?‘]
- kZ;:em (o] [e11n] + K ,.0,,,, [Z0:€110]

— K or, [20] [e11] + K5, [20:€11]

13



dt

dt

[ 25"

2 T ey ] = Kaow eo]" — [eo])

1[5 [e] + K5 [em]
+ kz o [29:€7']
K coar [AT] [eg] — k.o, [27] [eo]
(kgit% Xk, e0) [27€9]
+ (K, + Ime, ) (27 e0] — i o [257] [eo]
— K3 [ ava.ll} leg] + kgff [egl,*}
— kaisr([eo] — [e57])
+ Ko, [Zorerin] + Koot [20:e11]
— key:arr [ATH] [eg]

] = K8 [p7] foo] — k3" [

+

— Ko [297] [e1in] + 1m.em | [25"€T10]

fw;m[ﬁw[n}+kgw*kyﬁf}

zg':e1y 11
n avai ff
6] = k5" [p6"™"] [eo] — k5" [eg']
+ m m -
—k el [eS ] [e ] + keg“:eg1n [TEN]
at
+IGmem, [25':e11y)
KR e |28l
Z9 ~611

- keS“:AT [AT] [egl]
— ke ar [ATH] [eg’]

7o } kon [ avall] [ZQ] + kgff [ZIQH]

+ kﬂow( [Z2]up - [ZQ])

14



4 e ) = Kol fes]"® — [ez])
— k5% [p32] feo] + K5 [e3]

+ kzg“t:PRo [z3":PRO]
— key:aT [AT] [e2]
- k; oo [25] [e2] + (K2, 415, [2se)

Koy 78] [e2] + (K52, + Kogie,) [78702]
- k;i e [27] e2] + (kzilz + K0, ) [27703)
]

k—t"‘ [Zl%n [62] ( kgt :cz +k—z’7“:cQ) [Zr’?n:eQ]

*kdlffRZ([] [e5°])

K ey [211] [e2] 4 (K, oy + K5, [2110€0]

- klj_llhIBQ [ellh] [62] + (k;uh:ez k:?lh eg) [ellh:e2]

+ kcﬂlt ‘PrOM 125 :PROL]

- kg:,h e [82] [e5h] + k_65h162 [e5h:ez] + szh e [eSh 62]

— keg:ATH [ATH] [62]

S ] =" [8] a] — K o]

—kJn pro [PRO] [25'] + K m.pro [25:PRO]

— I pron [PRON] [23'] + K m.prop, [25':PRON]

el ] = K5 [p3] feo] — K [ef]
(B + Kopap) 0]
~ K op [ 65

+ (e + o) [28705"] — K, o (28] [€5']

Zg
— k*In: m [z11] [€5]

+ (k_ m + kz’f“1 eg') [Zinl:eén]

zy ey’
_ k+ |: m, j| [e ]
m 2
eu] el 11h
_ *
+ (e o + K0 ) [elf]l’h:egn}
€11h €3 €110 €2

=k o [€5'] [eBh] + m em o5 €3]
+ kcat m e ed']
k*
kCPaft{Oh:cg’ [PROh:ey']
— kep.at [AT] [e3']
— kep.arn [ATH] [e3']

d
a[TEN] km m[TEN]+km m[s}[egl]

PROh:et m [PRON] [€3'] + kprop:ep [PRO:eY]

+ (kg8 e + Kom ey [255: TEN] — k:‘f‘o:TEN [TEN] [21]

15



d
27 [PRO | = —kenon [PRO] + k. [eT] [e5]

(kc prRO T Ko PRO) [z3":PRO] — k:;‘:PRO [PRO] [z5']
+ k%’al:t{Oh:e’zn [PROh:e2 }

% [ PL* | = kT (Ppax - [PL*]) [PL] — k" [PL*]

+ k™ [PL™] (Pyax - [PL*])

% [PL] = —k" [PL] (Pmax - [PL*]) = kptace([PL*] + [PL*]) [PL]

9 [PL™ | = K [PL™] 4 Kptaet [PL] (IPL™] + [PL™])

dt
+ Kact [PL] [ea] /([e2] 4 0.001)
_ k+1 [PLav] (Pmax ~ [PLaS])

% [ TFPL] = _kJTrFPI:e10 [e10] [TFPI]
+ kTFPI ero [ TFPLie1o] + kow ( [TFPI"™ — [TFPI])
Krepr. em [€50] [TFPI] + krppren, [TFPLeh]
- kTFPI cesy, [€50] [TEFPI] + kpppre,, [TFPLesy]
ktppren [TFPI [efy] + Krpprep [TFPLel]

- kjl‘_FPI:PROhvlo [PROM] [TFPI] + Krppr.pronvio [TFPI:PROLvIO0]
- k’jI:FPI:PROthﬁ [PRON] [TFPI] + k1ppr.pronys [TFPI:PROWVS)]

d
+ nTrp1 P ([PLaS] + [PLaVD

d _
it [ TFPLeyo | = kijPI:em [e10] [TFPI] = kpppre,, [TFPLeso]

+ k(TFPI:elo):e;n [TFPIZelo 281711]

K pppLey)en [€7 ] [TFPLe1o] + kaow ( [TFPLeio]" — [TFPT:eso])

a k:TFPLelo):eE)h [TFPLe1o] [esn] + k_(TFPI:ew):esh [e10: TFPTL:esy]
— k0 [TFPLeyo] [pii!] + kSi [TFPLel}]

d
% [ TFPI:elO:er{‘ ] -k

(TFPLie1o):e}" [TEPLesg:er] + k?_TFPI:elo):e;“ [e7'] [TFPL:e10]

d
— [TFPIZClolC;n}

7 (PL™]) /(Prnax - [PL™])
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[APC | = (ki apc + komapc) [APCref]
- k:’g‘:APC [APC] [e5']
+ (ketapc + Kemapc) [APC:ef'] — ki s po [APC] [eF]
+ Kgow [APC]'™ — [APC))
— kairz ([APC] — [APC®9))
+ (ki';’prc +ke,.apc) [APCies] — k:,;;Apc [APC] [es]
+ (kggztAPC + key.apc) [APCres] — k:;;APC [APC] [es]
—kdn apc [e5] [APC] + kom ppo [APCref]
+ kzg;tlePC [APC:efi] — k[ apc [APC] [esn]
+K apo [APCiesy] + k& 1 [APCies]

€5h

4
dt

d
7 [ z7:€2 | = kaow( [z7:€2]"P — [27:€2])
K, e, [e2] [27] — (K5, + 10, [27002]
d + cat -
% [ 27:€10 ] = kZ7:€10 [610] [27] - (kZ7:610 + kZ7:610) [Z7:elo]

+ Kaow( [z7:€10]"" — [27:€10])

% [ Z7m:e10 ] = k;’;n;elo [elo] [Zr7n] - (k;%t:elo + k-Zl;jielo) [Z;n:elo]
m d as
= [z7":e10] o ([PL*]) /(Prmax - [PL*])

d m m ca - m
% [ Z7 €2 ] = k;;“;e2 [62] [27] - (kz‘;“t:eg + kz;“:eg> [Z’Y :62]

= [z7":e2] o ([PL*™]) /(Pumax - [PL*])

d m m ca - m
% [ Z10-€7 ] = k;rlo;e;“ [67 } [ZIO] - (kzlg:e’;‘ + kzmze;“) [210:67]
m d a; a;
~ fmoe?] 2 ([PL™) /(Prs - [PL™)

d m m ca - m
7 [210:TEN | = k;;;,:TEN [TEN] [235] — (k5 ren + Kom rpx) 215 TEN]

d ca -
a [ Z5:€2 ] = k;:eg [62] [Z5] - (kZ5f82 + kZ5282) [Z5:62]
+ kﬂow( [Z5162]up — [Z5262D
d m,, m + m m cat - m, m
a [ Z5 €1 ] = z2 ey [610] [ZS ] - (kzg":e’ﬂ) + kzg‘:e'ﬂ)) [ZS :610]

17



d m m m m ca - m m
rn [ Z5 €9 } = k;‘;:e‘; [62 ] [ZS ] - (k mt m + kzg’:eg’) [ZS €9 ]

dt Z5 :62

d m, m + m m cat - m, . m
pn [ zg':eTp | = kym,om [10] [28'] — (kgmiem + Kymem ) [25":e10)]
d m, m + m m,* cat - m, . m
el | = Ky o8] 4] — (SHep +pp) 281205

d .
I [ Zg:€2 ] = k:;;:(:g [62] [ZS] - (k(zjgch + ng:CQ) [ZS:eQ]

dt
+ Kaow( [z8:€2]"P — [zg:€2])

d m m ca - m
pr [APCeg' | = k:g":APC [APC] [eg'] — ( eg‘t:APC + kem.apc) [APCieg']

d m m ca - m
[yt ] = o ] 0] — (2 16 ) )
d
d

~ [g:e¥") = ([PL™]) /(P - [PL)

d m m ca - m
7 [z3:PRO | = kjgl;pRo [25"] [PRO] — ( zg‘t:PRo + k,m.pro) [22' ' PRO]

d ca’ - m
dat [ APCeey’ | = k:gl;Apc [APC] [e5'] — (keg‘t:APC + kej;:APc) [APC:ey']
TR ) = = [1F] L ([PL™)) /(P - [PL])

dt - dt max -

d ca -
a [ Z7:€9 ] = k;:eg [eg] [Z7] - (kZ7:te9 =+ kZ7:e9) [Z7Zeg]

d - m
= [2eg | =l [eo] [27'] — (KGi.e, + Koo, ) [27 0]

dt z7'ieo
~ o] L ((PLP) /(P - [PL))
© et ] =15 08) - o] — ((TEN'] + [y TEN]) fe)

off | m,* - * m m,*
— 13" o] + Ko [TEN'] = I o] [ef]
— Koz [AT] {eg"*}

— Ko rs [ATH] [egﬂ

18



TEN* ] = _k;g’:c’g’ [TEN*} + k;z“:cg‘ [eISn] |:egl’*i|

+ (k3 rpx + m ren) 250 TEN'] = kil gy [TEN"] [z

Ly,
dt

d m * * m
dt [ 216 TEN" | = k:‘f‘O:TEN [TEN"] [z
- (k;?%:TEN + k;ll%:TEN) [Z%TEN*]

D) = han(lea] — [65]) + now [e5° — [e57)
— kg [€5°] (1 — [TM:eSt] — [TM:eSe:APC])
K [TMEe] — e [eg] (AT

4

= [APC* | = kai([APC] — [APC*]) + kiiow ( [APCJ" — [APC*])

+ KEGraie, [TMie3:APC]

d ec ec ec ec
T [ TM:eS® | = kb [€5°] (1 — [TM:es] — [TM:e§:APC))
— ki [TM:e5°]

- k;CTM:eQ [TM:e5°] + (Kpormie, + kCPaéTM:eg) [TM:e5°:APC]

d - ca’
pr [ TM:e5":APC | = kforage, [TMie5] — (Kperatie, T+ KPCTM:e,) [TMie5:APC]

% [ €5 ] = kairr([eo] — [e57]) + know( [eg7]"™ — [e57])
= key:at [e5°] [AT]

d ¢ (¢ eclu ec
it [ €16 | = kaig([e10] — [e15]) + kaow( [e15]"" — [eT5])
— ke, o:a1 [AT®] [e75]
— kppprgm [€55] [TFPIS] 4 Kppprgm [TFPIS™]

d ca -
7 [ APCies | = —(k&2iapc + Koyoapc) [APCies) + k;;:APC [APC] [es]
a

7 [ APC:es | = —(kitiapc + Kegiarc) [APCies] + kI apc [APC] [es]

D ) = Ko [221]™ — [224])

dt
— k2" [zua] [p5Y] + KT 2]
- k;—ll:ellh [ZH] [ellh] + k_Zuieuh [le:ellh]
=X ey, [211] [e11] + K, o), [211:€11]

=k ey [211] [e2] + X5, .0, [211:€2)]
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2 ern ] = Know( fen]™ — fen])

dt
— 1 feut] [P0 + 1 [y
— ke [20) [en1] + (I, 0y, + Kiote,, ) [207011]
=K ey, [211] [enn] + (K ey, + Kooy, ) [Z110011]

cat .
+ keuh:euh [ellh'ellh]

- k(:ruh:en [ellh} [ell] + (k;/uhleu + 2kg?fh:e11) [ellh5ell]
+ kg?fh:eg [enh:e2]

— ke, a1 [AT] [e11]
- kelltATH [ATH] [ell]

d i f
o L2 | =k [ [Pi] =Xy, [243]
- k;rflﬂl;ey’m [211] [eTin] + Kom com (277 :€7714)]

+ m m,* - m . m,*
=k e [711] [Cll’ } + K [211~C11
Z11:€11 11°€11

_ k:ﬂ;e;ﬂ (23] [e8] + Ky o[22 03]

d * * il . * *
e ] = e feud [otiet) et [ety’]
- k+m m,* |:erlnl,*:| [Zgl}

ZQ :eli
t m, m,*

+ (k_zg‘;e‘;“l’* Tk ) [Z9 1 ]

Zg ‘€11

+ m m,*
=k e [2Z11] {611 ]
Z11°€11

+ (k-m‘ m,* + kcilt m*) |:Zlfi:ellnl7*:|

Z11°C11 Z11°€11

cat m,*. m
* kerlnﬁt:einlh [ellh‘ellh]

+ m,* m,*
— kT [ellh] [911 }

€11n €11

(K e + 2KS5 L) [eﬁ’;:eﬂh]

110 €11 €11n €11
cat m,* m
I [l

~ keypoar [AT] [e‘ﬁ}

— Key,.ams [ATH] [eg‘;}

d _
@ [ Zrlnl:e][Qn ] = k;r'lnl;eg‘ [lenl] [egl] - (kzﬂ:e;n + k;?’{:eg‘) [lenl:egl]

d T 5 m* S -
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