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ABSTRACT: Natural phosphatidylserine (PS), which contains two chiral centers,
enhances blood coagulation. However, the process by which PS enhanced blood
coagulation is not completely understood. An efficient and flexible synthetic route has
been developed to synthesize all of the possible stereoisomers of PS. In this study, we
examined the role of PS chiral centers in modulating the activity of the tissue factor (TF)-
factor VIIa coagulation initiation complex. Full length TF was relipidated with
phosphatidylcholine, and the synthesized PS isomers were individually used to estimate
the procoagulant activity of the TF-FVIIa complex via a FXa generation assay. The results ‘
revealed that the initiation complex activity was stereoselective and had increased sensitivity
to the configuration of the PS glycerol backbone due to optimal protein—lipid interactions.
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lood coagulation is a tightly regulated process.'> Any

aberrations in its regulation may lead to pulmonary
embolism, ischemic stroke, unstable angina, deep-vein
thrombosis, acute myocardial infarction, and many other
blood-related disorders.*”” This process is initiated by the
formation of a binary protein complex (TF-FVIIa) between a
transmembrane protein, tissue factor (TF), and circulatory
factor VIla (FVIla), followed by a series of protease
reactions.”” Coagulation is primarily regulated by TF-FVIIa
complex activity. It has been well documented that TF-FVIIa
activity is highly modulated by the composition of the
neighboring phospholipid (PL) environment.'’™"* Incorpora-
tion of phosphatidylserine (PS) dramatically enhances TF-
FVIla complex activity."*~"> However, the detailed molecular
level mechanism responsible for this is not fully understood.
Structurally, PS consists of a polar headgroup comprising a
serine and a phosphate group, a neutral glycerol backbone, and
hydrophobic tails. From a stereochemical point of view, PS has
two chiral centers (as shown in Figure 1), one in the headgroup
serine moiety and the other in the glycerol backbone.'
Naturally occurring PS has the conformation of 1,2-diacyl-sn-
glycero-3-phospho-L-serine. In the present work, we have
provided a synthetic approach for synthesizing different PS
stereoisomers and demonstrated how the configuration of the
PS chiral centers regulates TF-FVIIa activity.

A number of approaches (phosphoramidite method, H-
phosphonate method, phosphotrichloride method, alkyl or aryl
dichlorophosphites, etc.)'’~*' have been adopted to synthesize
PL. In most of the cases, PLs have been synthesized using 2,3-
isopropylidene-sn-glycerol”* or D-mannitol as the starting
material.”> Our synthetic approach is quite different (Figure
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Figure 1. Chemical structure of different PS stereoisomers and their
retrosynthetic analysis.

1); we have planned to synthesize the target molecules (1, 2)
from the corresponding triethylamine H-phosphonate salts
(TEAHP 6 and 8) via H-phosphonates 5 and 7, respectively.
Other targets (3, 4) could also be synthesized with a similar
approach from intermediates 6 and 8 by coupling with D-
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serine. We have developed an efficient route for the preparation
of the PL phosphodiester bond using diphenyl H-phosphonate
instead of widely used PCl;/imidazole. The uniqueness of our
synthesis is the easy separation of the highly stable intermediate
(can be stored for several months) TEAHP 6/8.

In most earlier studies, PL amine and acid head groups were
protected as Cbz and benzyl ester, respectively, which made it
difficult to produce unsaturated fatty acid-containing PLs, as
deprotection of these groups by hydrogenation would also lead
to saturation of the fatty acid. We have protected the amine and
acid functionalities of the headgroup as Boc and tert-butyl
groups, respectively, which can be easily deprotected under
mild acidic conditions without hampering the unsaturation in
the fatty acid chains. This new synthesis route may provide a
viable route for the synthesis of any type of PL (saturated,
unsaturated, or mixed fatty acids) with high yield and excellent
stereospecificity.

The synthesis of the TEAHP intermediate 6 is shown in
Scheme 1. We initiated our synthesis from known compound 9

Scheme 1. Synthesis of Intermediate TEAHP (6) with a
Native Glycerol Backbone Conformation”
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“Reagents and conditions: (a) (i) H,SO,, H,0, and NaNO, at 0 °C to
rt for 48 h; (ii) MeOH and SOCI, at 0 °C to rt, 78%; (b) TrCl, NEt,,
TBAL and CH,Cl, at rt for 2 h, 86%; (c) LiAlH, and Et,O at 0 °C,
94%; (d) oleic acid, DCC, DMAP, and CH,Cl, at 0 °C to rt, 96%; (e)
TFA and CH,Cl, at 0 °C for 0.5 h, 98%; (f) diphenyl phosphite and
pyridine for 0.5 h then NEt;/H,O (1:1) for 1 h at rt, 90%.

prepared from cheap and readily available L-serine following a
literature procedure,24 which was subjected to react with TrCl/
Et;N/TBAI to obtain compound 10. The ester functionality in
compound 10 was reduced with LAH to obtain alcohol 11,
which is a glycerol derivative with the same configuration as
naturally occurring PS (1). Next, alcohol 11 was acetylated
further with oleic acid in the presence of DCC to give
compound 12 with a good yield. Compound 12 was then
reacted with TFA to access trityl-deprotected compound 13,
which was further treated sequentially with diphenyl phosphite/
pyridine and Et;N—H,O to yield the TEAHP intermediate 6
with excellent yield (>90%).

The synthesis of the other TEAHP intermediate 8, with an
opposite configuration to compound 6, is described in Scheme
2. Our synthesis commenced with the easily available material
9, which was treated with 2,2-DMP in the presence of HCIO,
to yield compound 14. The ester functionality of compound 14
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Scheme 2. Synthesis of the Intermediate TEAHP (8) with
the Opposite Conformation from the Native Glycerol
Backbone”
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“Reagents and conditions: (a) 2,2-dimethoxypropane, HCIO, and
acetone at rt for 2 h, 92%; (b) LiAlH, and Et,0 at 0 °C, 94%; (c)
TrCl, NEt,, TBAI, and CH,Cl, at rt for 2 h, 86%; (d) SbCl;, H,0, and
CH,CN under reflux for 4 h, 53%; (e) oleic acid, DCC, DMAP, and
CH,CL, at 0 °C to rt, 96%; (f) TFA and CH,Cl, at 0 °C for 0.5 h,
98%; (g) diphenyl phosphite and pyridine for 0.5 h then NEt;/H,0
(1:1) for 1 h at rt, 92%.

was then reduced with LAH to obtain alcohol 15 and further
reacted with TrCl/Et;N/TBAI to give compound 16. Next, the
cyclic acetal in compound 16 was deprotected using SbCl; in
aqueous acetonitrile to obtain compound 17, which gets finally
transformed into the required compound 8 via the
intermediates 18 and 19 following similar chemistry developed
earlier (Scheme 1).

The completion of the synthesis of molecules 1—4 is
depicted in Scheme 3. TEAHP 6 was subjected to react
separately with acid- and amine-protected L- and D-serine in
the presence of PivCl/pyridine to obtain H-phosphonates 20
and 21, respectively. Next, H-phosphonates 20 and 21 were
oxidized separately to their corresponding phosphates using I,/
pyridine™ and then subjected to global deprotection in the
presence of TFA to obtain 1 and 3, respectively, with very good
yields. These were purified easily using silica gel column
chromatography. Similarly, 2 and 4 were also prepared in high
yields from TEAHP 8 through intermediates 22 and 23,
respectively. All the synthesized stereoisomers are >95%
optically pure (details are provided in the Supporting
Information).

We adopted two different synthetic routes for the two
enantiomers in Schemes 1 and 2 because we wanted to
synthesize all the analogs starting from L-serine. Moreover,
using L-serine as the starting material instead of D-serine is
more cost-effective.

To investigate the role of these newly synthesized PSs and
their stereoisomers in coagulation, we reconstituted full length
TF (fITF) within liposomes containing 80% phosphatidylcho-
line (PC) and 20% phosphatidylserine 1 or its stereoisomers
(2, 3, and 4). For ITF, we cloned human TF into the pET 28a
vector with a His-tag, expressed it in E. coli (BLZI DE3 strain),
and purified it with an established protocol.* Llposomes were
prepared using a known literature procedure.”” Their formation
and stability were tested using dynamic light scattering
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Scheme 3. Syntheses of 1—4
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“Reagents and conditions: (a) (S)-tert-butyl 2-((tert-butoxycarbonyl)amino)-3-hydroxypropanoate, PivCl and pyridine for 0.5 h at rt, 90—95%; (b)
(R)-tert-butyl 2-(tert-butoxycarbonyl)amino)-3-hydroxypropanoate, PivCl and pyridine for 0.5 h at rt, 90—98%; (c) (i) L, and 95% pyridine-H,O at

rt; (ii) TFA and CH,Cl, at 0 °C, 98%.

measurements. With these liposomes, pro-coagulant activity
was measured by a FXa generation assay as described earlier.””
In this assay, a saturated concentration of lipidated TF (1 nM)
was incubated with a limited concentration of recombinant
FVIla (10 pM) to make sure that all the FVIIa remained in the
TF-FVIIa complex form (detailed procedure is mentioned in
the Supporting Information). The results show that maximal
pro-coagulant activity was observed when native PS (1) was
introduced in combination with PC. This activity is almost 6-
fold over the activity shown by the only PC containing vesicles
(Figure 2). The observed rate enhancement is consistent with
previous observations.”” Changing the configuration of the
headgroup in native PS from L to D (3) substantially decreases
FXa generation in comparison with native PS (1), but the
activity remained appreciably higher with respect to PC. In
contrast, when the glycerol backbone configuration was
inverted, keeping the headgroup L-serine intact (2), a further
reduction in pro-coagulant activity was observed, and this
reduction was significant with respect to both 1 and 3. The
activity of 2 remained almost 2-fold compared to pure PC, but
a complete attenuation of enhanced TF-FVIIa activity due to
PS was observed when both the chiral centers were inverted
(molecule 4). Thus, it is clearly demonstrated that the
configuration of both the headgroup and the glycerol backbone
are the important contributors for enhanced TF-FVIIa complex
activity. These results demonstrate that the activity enhance-
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Figure 2. Comparison of the effect of different PSs on FX activation
through the TF-FVIIa complex. The data presented here are the mean
+ SEM (n = 3). Differences are statistically significant at p < 0.05 by
the student’s ¢ test. Phosphatidylserine lipids 1, 2, 3, and 4 are denoted
by 1,2-dioleoyl-sn-glycero-3-phospho-L-serine; 2,3-dioleoyl-sn-glycero-
1-phospho-L-serine; 1,2-dioleoyl-sn-glycero-3-phospho-D-serine; and
2,3-dioleoyl-sn-glycero-1-phospho-D-serine, respectively.

ment is more vulnerable to the configuration of the glycerol

backbone than that of the headgroup.
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Figure 3. Protein—lipid interaction profile of the fITF-FVIIa complex with 1 and 4 containing a lipid environment. Snapshot of the TF and FVIIa H-
bond-interacting residues with molecules (A) 1 and (B) 4 containing a lipid bilayer and obtained from MD simulation of the binary complex.
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Figure 4. Effect of the PC, PC:1, and PC:4 lipid bilayers on catalytic triad (CT) dynamics. Scattered plots for CT residues between the Ser195-
HisS7 Cf-atom and between the Asp102-HisS7 Cf-atom obtained from a 40 ns simulation of fITF-FVIIa in the (A) PC-, (B) PC:1-, and (C) PC:4-
containing phospholipid environments. The reference values for the CT residues are 6.5 and 5.5 A for $195:C/HS7:Cf and D102:Cf/HS7:Cp,
respectively. Localization of the CT residue is shown by the licorice representation (right panel). Lipids 1 and 4 denote 1,2-dioleoyl-sn-glycero-3-
phospho-L-serine and 2,3-dioleoyl-sn-glycero-1-phospho-D-serine, respectively.

Next, to identify the probable reasons for the altered TF-
FVIIa activity in the presence of phospholipids having different
chirality at the atomic level, we adopted a molecular dynamics
(MD) simulation approach. We modeled the fITF-FVIla
complex embedded in the PC:1 and PC:4 bilayers, as
individually described in the Supporting Information. As
depicted, the difference in the pro-coagulant activity of TF-
FVIIa in the PC:1 and PC:4 phospholipid molecules was
maximal; therefore, we have focused on these two stereo-
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isomers (1 and 4) in the MD simulation study. We performed
40 ns simulations for these complexes after equilibration. From
the trajectories, we mapped the protein—lipid interaction
profiles of TF and FVIIa in the PC:1- and PC:4-containing
lipid bilayer systems individually. Interestingly, we found a
significant differential interaction profile for PC:1 and PC:4
with the TF-FVIIa binary complex (Table S2). PC:1 has a
significantly higher degree of interactions with both TF and
FVIIa in comparison with the PC:4 bilayer (Figure 3 and Table
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S2). More precisely, the amine, carboxylate, and phosphate
groups from 1 interact with E183, D180, and E183 from TF,
respectively, whereas the glycerol backbone interacts with the
N184 residue. Changing the headgroup and backbone chirality
completely attenuates the amine, carboxylate, and glycerol
backbone interaction profile in 4; however, the interaction with
the phosphate moiety remains intact. It is well-established that
the FVIIa-GLA domain, comprising ten Gla residues (post-
translationally modified glutamic acid, gamma-carboxyglutamic
acid-rich), plays a critical role in TF-FVIIa proteolytic activity
by interacting with PL.**™>* While analyzing the lipid
interaction profile with FVIIa, we found that Gla6, R9, and
Glal6 residues from the FVIIa-GLA domain interact with the
amine moiety of 1, though these interactions are absent for 4.

Among the several elements considered for efficient catalysis
in serine proteases,”> the most important factor is the
positioning of the catalytic triad (CT) residues (HisS7,
Aspl102, and Serl95) in the FVIIa protease domain. The
distance between Aspl102-His57 and Ser195-HisS7 should
remain optimal for the efficient catalysis by the protease
enzyme.””*> The distances between the $195:CB-H57:CB and
D102:CB-HS7:CB residue pairs in FVIIa in the PC, PC:1 and
PC:4 binary complexes were examined and plotted (Figure 4).
Consistent with our earlier study,’ we found a highly dispersed
pattern for the CT residue scattered profile when TF-FVIIa was
relipidated in PC, which is considered as an almost inactive
state for the binary complex. The TF-FVIIa complex activity
showed a maximum when TF-FVIla was relipidated in PC:1.
We found that the distances between the complex CT residues
in PC:1 were ordered and confined within the region. This
result indicates that the CT of the binary complex in PC:1
remains in a relatively stabilized form, whereas the CT residues
reside in a fluctuating state when the complex is formed with
PC alone. We and other groups consider that stabilization of
CT is the major guiding factor for showing the enhanced
activity of the binary complex in PC:1.>*° Interestingly, we
found that when the binary complex is formed in PC:4, the CT
residue distances remain scattered as in the binary complex
embedded in PC. Overall, the data indicate that the chiral
centers in PS play a vital role in guiding the activity of the TF-
FVIla complex by making proper interactions with TF and the
FVIIa-GLA domain, which allosterically keep the CT residues
stable in the FVIIa protease domain.

In summary, we have proposed a new synthetic route for PL
that is advantageous in many aspects over previously
mentioned procedures. Our synthetic method is efficient for
synthesizing stereospecific PL with high yield. Adopting this
procedure, we were able to synthesize four PS molecules with
all the possible stereoisomers including the natural one. Here,
we established that PS stereochemistry plays a vital role in
regulating the activity of the coagulation initiation complex TF-
FVIla. Both the chiral centers have significant roles because
alterations to either center abates TF-FVIla activity. Among the
two chiral centers, the center in the PS glycerol backbone has
more impact on the activity, as inversion of this center reduces
more activity than altering the other chiral center in the
headgroup. Through our computational study, we provide a
probable reason for this altered activity for TF-FVIIa in
different PL environments. We suggest that alterations in the
chiral centers reduce the interactions between the PS head
groups and glycerol backbone with TF and FVIIa, which
allosterically regulates the catalytic activity of the TF-FVIla
complex. However, there may be alternative explanations
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related to the ability of PS to promote factor X binding to
the surface. Our findings provide new insights from the
structural point of view for PL, which will certainly enrich the
understanding of the structure—activity relationship (SAR) as
well as protein—lipid interactions in coagulation at the
molecular level.
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