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ABSTRACT

Background: Factor V (FV) B-domain contains an acidic region (FV-AR2) and a basic region
(FV-BR), which interact with each other and maintain FV in a procofactor form; removal of
either region via deletion/proteolysis results in an active FVa molecule. Tissue factor pathway
inhibitor type-1 (TFPI) and type-2 (TFPI12) each contain a C-terminus basic segment homologous
to FV-BR; this region in TFPI (and predicted in TFPI2) binds to FV-AR2 in platelet FVa (that
lacks FV-BR) with high affinity and inhibits F\VVa function.

Objectives: To understand molecular interactions between FV-AR2 with FV-BR, TFPI-BR and
TFPI2-BR.

Methods: Circular dichroism (CD) and molecular modeling approaches.

Results and Conclusions: CD experiments reveal the presence of ~20% helical content in both
FV-AR2 and FV-BR but each lacks beta-sheet. Predicted structures of FV-AR2 and FV-BR,
obtained using threading (I-TASSER), are consistent with the CD data and have compact folds
with hydrophobic residues in the interior and charged residues on the surface. Scores from
QMEAN and ModFOLD servers indicate a very high probability for each structure to be native.
Predicted models of Kunitz domain-3 of TFPI and TFPI2 each with C-terminal basic tail are
consistent with known homologous structures. Docking experiments using ClusPro indicate that
the acidic groove of FV-AR2 has high shape complementarity to accommodate the conserved
basic residues in FV-BR (1002-RKKKK-1006), TFPI-BR (256-RKRKK-260) or TFPI2-BR
(191-KKKKK-195). Further, similar electrostatic interactions occur in each case. These models,
in the absence of experimentally determined structures, provide a guiding point for proper
mutagenesis studies in FV, TFPI and TFPI2.

Keywords: Blood coagulation, Factor V, molecular models, TFPI, TFPI2
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1. Introduction

Full-length  tissue factor pathway
inhibitor type-1 (TFPI) and type-2 (TFPI2) are
structural homologs, each consisting of three
Kunitz domains and a very basic C-terminal
region*? (Figure 1) that is deemed functionally
vital in binding to the B-domain acidic region
of factor (F) V.3>* The function of the first-
domain of TFPI is to inhibit FVlla/tissue
factor, whereas the second-domain inhibits
FXa and the third-domain has no inhibitory
activity." The function of the first-domain of
TFPI2 is to inhibit plasmin, FXla and
kallikrein, while the other two domains have
no inhibitory activity.? Residues 710-1545
comprise the B-domain of FV and are located
between the N-terminus A1-A2 domains
(residues 1-709) and the C-terminus A3-C1-
C2 domains (residues 1546-2196)° (Figure 1).
In addition, there is an acidic residue region

(FV-ARL, residues 659-664/688-697) located
between the A2-domain and the B-domain of
FV®; precise function of this region is not
known. Further, the B-domain has two
conserved regions, namely, the basic residue
region (FV-BR, residues 963-1008) and a
second acidic residue region (FV-AR2,
residues 1493-1537), which interact with each
other and lock FV in an inactive state; removal
of the FV-AR2 (previously termed FV-AR) or
the FV-BR region vyields constitutively active
FVa-like molecule.® Importantly, binding of
FV-BR peptide to the active FVa-like
molecule (FV-810) harboring the FV-AR2
region results in loss of activity and its ability
to bind FXa to form the prothrombinase
complex.” These experimental observations
unravel the molecular basis of physiologic
activation of FV.

KD1H KD2H KD3Hl 5=
teelKDil{kDp2{KD3ll
TFPI2 /N KDI KD2H KD3H{ll sr
AR1 Bla{c '\'IS\Z
4 it o £
Factor V | §B II A3 [C1]|C2]
¥ T £

Ila/Xa Ila/Xa Xa-slow/Ila-rapid

Figure 1. Schematic representation of the domain organization of TFPI, TFPI2 and factor V.
TFPI and TFPI2 have similar domain organizations and contain three Kunitz domains (KD1, KD2,
KD3) and a C-terminal basic region (BR). FV consists of three ceruloplasmin-type domains (Al, A2,
A3), a unique B domain and two discoidin-type domains (C1, C2). The acidic regions 1 and 2 (AR1
659-697, AR2 1493-1537) are depicted in red whereas the basic region (BR 963-1008) is depicted in
blue. The lla/Xa proteolytic cleavage sites (Arg709, Argl018 and Argl545) are also depicted. Ila,

thrombin; Xa, factor Xa.

During blood coagulation, FV is initially
cleaved at Arg™® and Arg*™® by thrombin or
FXa®? (Figure 1) to yield constitutively active
FVa molecule (FVages710-1018) that lacks the B-
domain BR region.®®’ FVages10.1018 is rapidly
cleaved at Arg™* by thrombin to yield the
final active FVa molecule, which lacks both
the FV-AR2 and FV-BR regions.*®’" In
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contrast, proteolysis at Arg™* by FXa is slow
and results in accumulation of FVages710-1018
during the initial phase of coagulation that
retains the FV-AR2 region; this is also the
major form of FV in platelets.*

Nine residues in FV-BR (998-
LIKTRKKKK-1006) are highly homologous
to the C-terminal basic region (BR) of TFPI
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(252-LIKTKRKRK-260) or TFPI2 (187-
AKALKKKKK-195).® Remarkably, similar
to FV-BR, TFPI-BR binds to FVages710-1018 and
FV-810 that lacks the amino acids 811-1491
including the BR region 963-1008 residues,’
and inhibits FVa:FXa formation.? Further, two
naturally occurring variants of FV each
containing FV-AR2 (but lacking FV-BR)
circulate in blood bound to TFPI**? such
variant FV/TFPl complexes prevent FV
function and result in a bleeding diathesis.
Furthermore, TFPI (but not TFPIl; that lacks
Kunitz domain-3 and the BR segment) inhibits
binding of TFPI2 to FV* implicating the
importance of C-terminal basic region in its
binding to FV. Thus, it would appear that FV-
BR, TFPI-BR and TFPI2-BR employ similar
interactions critical in binding to FV-ARZ2; this
also implies that the other region(s) in TFPI
and TFPI2 may not play a central role in
forming these complexes. Further, purification
of TFPI2 from platelet lysates using anhydro-
plasmin affinity column yields TFPI2 that is
associated  with platelet FV.*  These
observations indicate that TFPI2 present in
platelets could inhibit FXa:FVages710-1018
formation. Thus, interactions of FV-AR2 with
FV-BR and with TFPI or TFPI2 are
biologically  significant. =~ However, the
molecular details of these interactions are not
known. Here, we employed circular dichroism
(CD) spectroscopy and molecular modeling
approaches to decipher the putative
interactions between the FV-AR2 with FV-
BR, TFPI-BR and TFPI2-BR.

2. Materials and methods
2.1 CD experiments

The FV-AR2 and FV-BR peptides were
expressed and purified as described.” The CD
spectra of FV-BR and FV-AR2 each at a
concentration of 0.2 mg/ml (~30 uM) and of
FV-AR2+FV-BR mixture (final concentration
0.1 mg/ml each) were recorded at 25 °C from
190 to 250 nm. The spectra were obtained
using J-715 spectrophotometer (JASCO) in a
0.1 cm cell with a band width of 1.0 nm,
response time of 4 sec, and a scan speed of 20
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nm/min. The buffer used was 20 mM sodium
phosphate, pH 8.0 and each spectrum
represents the average of four scans. The CD
spectrum of 20 mM sodium phosphate buffer,
pH 8.0 used as a background was subtracted
from the protein spectra. The spectra were
analyzed using Dichroweb server utilizing the
CONTIN program.*3**

2.2 Molecular Modeling

Structures of the FV-AR2 and FV-BR
region as well as the Kunitz domain-3 with the
C-terminal segment (including the BR region)
each of TFPI and TFPI2 were modeled using
the I-TASSER server.”® In the absence of
sequence homologs for FV-AR2 and FV-BR,
the threading ap|c5)roach was employed to build
their structures.” The quality of the predicted
structures was assessed using QMEAN™® and
ModFOLD servers.!”  Since homologous
structures for Kunitz domain-3 segment each
of TFPI and TFPI2 are available, they were
modeled using the homology modeling
approach. The PDB structures 1IRH (TFPI
Kunitz domain-3 without the C-terminal tail)
and 20DY (51% identity with TFPI12 Kunitz
domain-3) were used as templates to build the
Kunitz domain-3 of TFPI and TFPI2 along
with their C-terminal basic regions.’**° The
resulting structures were minimized with the
backbone constrains using CHARMM? and
the top model in each case was chosen for the
docking experiments.

2.3 Molecular Docking

The interactions between FV-AR2 and
FV-BR, between FV-AR2 and TFPI-BR, and
between FV-AR2 and TFPI2-BR were
modeled using the ClusPro docking server.?
The FV-AR2 was considered as the receptor
while the FV-BR, TFPI-BR and TFPI2-BR
were treated as ligand molecules. When
performing the docking experiments, the
conserved nine-residue segment in each ligand
was specified as the favorable binding region.
Each docked model was selected based on the
balanced score that was dependent on the
electrostatic, Van der Walls contacts and
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hydrophobic interactions as well as the shape
complementarity score. The models were
further subjected to energy minimization with
CHARMM to relieve steric clashes.?

3. Results and Discussion

The far-UV CD spectra data collected
for FV-AR2, FV-BR and the equimolar
mixture of FV-AR2+FV-BR are shown in
Figure 2. The spectra analyzed using
DICHROWEB®" revealed that both FV-AR2
and FV-BR peptides contain helical content of
~21% and ~24%, respectively. The native
polyacrylamide gel electrophoresis (PAGE)-
gels of FV-AR2, FV-BR and FV-AR2+FV-BR
mixture are shown in Figure 2 inset. As
expected, the FV-AR2 migrated rapidly
towards the anode (lane 1). Since the FV-BR
is positively charged, its mobility was retarded

towards the anode and it essentially stayed at
the top of the gel (lane 2). However, in the
FV-AR2+FV-BR mixture, the mobility of FV-
BR was slightly increased, whereas that of
FV-AR2 was somewhat decreased (lane 3).
This could indicate that the FV-AR2+FV-BR
mixture initially moves as a complex and
rapidly dissociate into individual moieties
during electrophoresis. Further, similar to FV-
AR2 and FV-BR, the FV-AR2+FV-BR
mixture also contained ~20% helical content
(Figure 2); thus, no noticeable change in the
secondary structure upon complex formation
was observed. Noticeably, TFPI-BR binds to
FV-AR2? and the binding of TFPI2 to FV is
inhibited by full length TFPI but not by TFPI,.
161 lacking the C-terminal BR region.4 These
observations indicate that TFPI-BR and
TFPI2-BR would interact similarly as seen for
FV-BR to FV-AR2.

10

o

- AR?"'BR

40—l 1 1

190 200 210 220 230 240 250 260
Wavelength (nm)

Figure 2. CD spectra of FV-AR2 peptide, FV-BR peptide and equimolar mixture of each. The
observed far UV CD spectra of FV-AR2 (red), FV-BR (blue) and of FV-AR2+FV-BR mixture
(green) in 20 mM sodium phosphate at pH 8.0 are shown. Analysis of these spectra with CONTIN
program indicated that these moieties contain ~20% helical content and no p-sheet. Inset, Native
PAGE gels (15% acrylamide) of FV-AR2 (lane 1), FV-BR (lane 2) and FV-AR2+FV-BR equimolar

mixture (lane3).

Top five modeled structures of each
peptide (FV-AR2 and FV-BR) were retrieved

from the ITASSER server.15 One structure for
each FV-AR2 (Figure 3A) and FV-BR (Figure
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3B) was selected for docking experiments

based upon their QMEAN16 and ModFOLD17
scores as well as the secondary structural
contents obtained from the CD data. The
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QMEAN score for FV-AR2 was 0.69 and for
FV-BR was 0.49, indicating a high probability
for each structure in its native state.
Additionally, the ModFOLD server revealed
high confidence level for each structure with a

p-value of 3.72E" for FV-AR?, and 2.78E

the reliability of the proposed structures.
Importantly, in both FV-AR2 and FV-BR, the
hydrophobic residues are packed inside the
core of each molecule (Figures 3A and 3B),
whereas the charged residues are exposed to
the surface for the proposed electrostatic

for FV-BR; these parameters further validate interactions.

FV-AR2
(Asp1493-1537Asp)

FV-BR
(Ser951-1008Lys)

A,

FV-AR2 binding region

COOH

Hydrophobic core

C, TFPI D, TFPI2
(Kunitz domain-3 with C-terminal tail) (Kunitz domain-3 with C-terminal tail)
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E, Sequence alignment of FV-AR2 binding region

FV-BR * 00, LIKTRKKKK, , .
TFPI-BR :,,LIKTKRKRK,,,
TFPI2-BR :,,AKALKKKKK,,,

Figure 3. Modeled structures of FV-AR2, FV-BR and the Kunitz domain-3 of TFPI and TFPI2
with their C-terminal basic regions. A, Cartoon representation of the modeled FV-AR2 segment
from Aspl493 to Aspl537. The hydrophobic residues in the core region are shown in stick
representation. Carbon atoms are green and oxygen atoms are red. Note that Tyr1510 and Tyr1522
are part of the hydrophobic core but their hydroxyl groups are exposed to the surface and participate
in ligand interactions. B, Cartoon representation of the modeled FV-BR segment from Ser951 to
Lys1008. As above, the hydrophobic residues in the core region are shown in stick representation. C,
Cartoon representation of the Kunitz domain-3 of TFPI with its C-terminal tail. The region linking
the C-terminal end of the Kunitz domain and the conserved FV-AR2 binding region is shown in
magenta. The conserved FV-AR2 binding region is in blue. D, Cartoon representation of the Kunitz
domain-3 of TFPI2 with its C-terminal tail. Note that the conserved FV-AR2 binding region is part of
the C-terminal helix and is shown in blue. E, Amino acid sequences of the conserved nine-residue
segments of FV-BR, TFPI-BR and TFPI2-BR. The five basic residues continuous in each sequence
are shaded in yellow.
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Similar to FV-AR2 and FV-BR,
quality assessment results from the ModFOLD
server gave high confidence levels and p-
values for the modeled structures of the Kunitz
domain-3 of TFPI (2.6E) and TFPI2 (9.4E™)
with their C-terminal basic regions (Figure 3C
and 3D). Notably, in the modeled structures of
FV-BR, TFPI and TFPI2, the conserved nine
residue segments (Figure 3E) which are
implicated in binding to the FV-AR2 region
adopt similar conformations (Figures 3B, 3C
and 3D).

The interactions of FV-AR2 with FV-
BR, TFPI-BR and TFPI2-BR are shown in
Figure 4. The FV-AR2 region has a well-
defined acidic groove and electrostatic shape
complementary to accommodate the five
continuous basic amino acids in the
homologous nine-residue peptide sequence
shown in Figure 3E. The residues involved in
making the acidic groove in FV-AR2 are
labeled in black in Figures 4A, 4B and 4C. In
the modeled complexes, part of the conserved
region in FV-BR, TFPI-BR and TFPI2-BR
adopt helical conformation. Since the
homologous segment in FV-BR, TFPI-BR and
TFPI2-BR adopt similar conformations, all of
them fit well into the charge and shape
complementary binding pocket of FV-AR2
region (Figure 4). All five continues Arg/Lys
residues in FV-BR, TFPI-BR and TFPI2-BR
are involved in the complex formation. The
shape complementarity score for the
complexes of FV-AR2:FV-BR, FV-
AR2:TFPI-BR and FV-AR2-TFPI2-BR are
0.68, 0.71 and 0.68, respectively, indicating
excellent fit for each. The residues that form
hydrogen bonds and salt bridges between the
FV-AR2 and its binding partners are listed in
Table 1. In each case, comparable electrostatic
interactions play a central role in forming the
bimolecular complexes.

Copyright 2017 KEI Journals. All Rights Reserved

In previous studies, surface plasmon
resonance data (SPR) yielded Ky values of 48
nM and 36 nM for binding of FV-1033 to
TFPI and TFPI2, respectively. Note that FV-
1033 is recombinant FV in which B-domain
residues 1034-1491 have been deleted,
however, it contains both FV-BR and FV-AR2
regions and is equivalent to full-length FV in
all biological properties.?* Moreover, the
affinity of TFPI binding to full-length FV has
been reported to be ~15 nM,? a value close to
36 nM for FV-1033.* Noticeably, steady-state
fluorescence anisotropy studies yielded a Ky
value of 0.09 nM for binding of FV-810
(lacking the BR region) to TFPI> Almost
~370-fold reduced affinity for binding of TFPI
(and presumably TFP12) to full-length FV and
FV-1033 implies that FV-AR2 must first
dissociate from the internal FV-BR region to
permit binding of TFPI (or TFPI2). Since the
binding of FV-AR2 to the internal FV-BR
region is primarily electrostatic in nature
(Figure 4A), it implies rapid association and
dissociation rates for this interaction that
promote binding of transient free FV-AR2 to
TFPI or TFPI2. Under the SPR experimental
conditions, such a mechanism could shift the
equilibrium and generate additional free FV-
AR?2 for binding to TFPI or TFPI12.* Moreover,
as compared to TFPI, TFPI-BR (Kg4 ~0.43 nM)
or FV-BR peptide (Kg ~2 nM) has reduced
affinity for FV-810%'; this suggests that some
additional interactions exist between TFPI (or
TFPI2) and FV. A separate region (FV-AR1)
involving acidic residues 659-DDDEDS-664
and/or 688-EDEESDADYD-697 in FV might
be involved in such interactions.* Region(s) in
TFPI or TFPI2 that could interact with these
additional acidic residues in FV is not known.
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Figure 4. Molecular interactions between the modeled complexes of FV-AR2 peptide with
FV-BR peptide, TFPI-BR or TFPI2-BR. A, The molecular interactions between the FV-AR2
and FV-BR regions. The electrostatic surface of the FV-AR2 peptide and a cartoon
representation of the FV-BR peptide (yellow) are depicted. B, the molecular interactions
between FV-AR2 and the TFPI-BR. As in 'A’, the electrostatic surface of the FV-AR2 peptide
and a cartoon representation of the TFPI-BR (yellow) are depicted. C, the molecular
interactions between FV-AR2 and the TFPI12-BR. As in 'A’ and 'B’, the electrostatic surface of
the FV-AR2 peptide and a cartoon representation of the TFPI12-BR (yellow) are depicted. The
residues that form hydrogen bonds and salt bridges in A, B and C are shown in stick
representation. For each complex, the electrostatic surface of the interacting molecular species
is shown on the right; this view represents a 90° rotation along the vertical axis. The
electrostatic potential surfaces were calculated using the program APBS® and are drawn at + 5
kT/e. Carbon, oxygen and nitrogen atoms are in yellow, red and blue, respectively. The
hydrogen bonds are shown in cyan dashed lines. The blue represents positive charge, red
represents negative charge, and white represents neutral charge.
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Table 1. Salt bridge and H-bond interactions of FV-AR2 with FV-BR, TFPI-BR and TFPI2-BR

FV-AR2 Residues FV-BR Residues 1 bR TFPIZBR Type of
Residues Residues Interaction
Glu1496 (mc C=0) Lys194 H-bond
Glu1502 Arg1002 Lys254, Lys256 Lys195 Salt-bridge
GIn1504 (mc C=0) Lys192 H-bond
GIn1504 Lys1005 Lys254, Lys258 H-bond
Ser1505 (mc C=0) Lys1006 Lys192, Lys193 H-bond
Ser1506 (mc C=0) Lys1006 Lys258 H-bond
Glu1507 (mc C=0) Lys258, Arg259 H-bond
Glu1507 Lys1006 Lys258, Arg259 Salt-bridge
Aspl1509 Lys193 Salt-bridge
Tyr1510 (mc C=0) Arg259 H-bond
Tyrl510 Lys1003 Arg259 Lys194 H-bond
11e1513 (mc C=0) Lys194 H-bond
Aspl514(mc C=0) Lys1003 H-bond
Aspl514 Lys1008 Lys191 Salt-bridge
Tyrl515 (mc C=0) Arg257 H-bond
Tyr1515 Arg257 H-bond
Vall516 (mc C=0) Lys1004 Arg257 H-bond
Pro1517 (mc C=0) H-bond
Tyrl518 (mc C=0) Lys1000 Lys194 (mc) H-bond
Asp1519 (mc C=0) Lys1000 Lys260 Met196 (mc) H-bond
Asp1519 Lys1004 Lys131 (mc) H-bond
Aspl1520 (mc C=0) Lys256 H-bond
Pro1521 Lys256 Lys195 H-bond
Tyr1522 Lys1003 H-bond
Ser1533 (mc C=0) Lys131 H-bond

mc, main chain

In additional studies, Western blot
analysis revealed binding of FVa (lacking both
the BR and the AR2 regions) to TFPI.?® In
SPR experiments, the affinity of FVVa binding
to TFPI was ~460 nM and to TFPI12 ~250 nM.*
In ELISA experiments, the affinity of FVa
binding to TFPI2 was ~100 nM.* The
interaction of TFPI or TFPI2 with FVa that
lacks the FV-AR2 region could involve FV-
AR1 region (659-DDDEDS-664 and/or 688-
EDEESDADYD-697 residues). These
observations indicate that in addition to the
FV-AR2 region, other regions (e.g., FV-AR1)
in FV might provide specificity for interaction

Copyright 2017 KEI Journals. All Rights Reserved

with the basic region segments in FV, TFPI
and TFPI2.

4. Conclusion

In conclusion, we have directed our
efforts in this report towards identifying the
key residues involved in the interaction
between FV-BR, TFPI or TFPI2 with FV-
AR2. We combined the available
experimental data with the structures obtained
from the protein modeling/docking servers that
are top ranked in the recent critical assessment
of the protein structure prediction/docking
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algorithms. Our each selected modeled
structure possesses the characteristic nature of
a folded protein in which the polar residues are
exposed to the surface, while the non-polar
residues are buried inside the core of the
molecule. The evaluation of the predicted
structures using different methods substantiate
the proposed modeled interactions. Of
significance is the observation that the
modeled structure of FV-AR2 has a compact
fold with a complementary charged groove to
optimally accommodate the conserved basic
residues of FV-BR, TFPI-BR or TFPI2-BR.
Experimentally determined structures using
crystallography and/or NMR are needed to

Copyright 2017 KEI Journals. All Rights Reserved

validate the proposed interactions. In the
interim, these models provide a framework for
appropriate  mutagenesis  experiments  to
further understand the molecular and
biological significance of TFPI or TFPI2
interaction with FV/FVa.
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