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ABSTRACT: Binding of vitamin K-dependent proteins to cell membranes containing phosphatidylserine
(PS) via ry-carboxyglutamic acid (Gla) domains is one of the essential steps in the blood coagulation
pathway. During activation of the coagulation cascade, prothrombin is converted to thrombin by
prothrombinase, a complex consisting of serine protease FXa and cofactor FVa, anchored to anionic
phospholipids on the surface of activated platelets in the presence of calcium ions. To investigate the
binding of the Gla domain of prothrombin fragment 1 (PT1) to anionic lipids in the presence of Ca>*, we
have conducted MD simulations of the protein with one and two dipalmitoylphosphatidylserines (DPPS)
in a dipalmitoylphosphatidylcholine (DPPC) bilayer membrane. The results show a well-defined
phosphatidylserine binding site, which agrees generally with crystallographic studies [Huang, M., et al.
(2003) Nat. Struct. Biol. 10, 751—756]. However, in the presence of the lipid membrane, some of the
interactions observed in the crystal structure adjust during the simulations possibly because in our system
the PT1—Ca?" complex is embedded in a DPPC lipid membrane. Our simulations confirm the existence
of a second phospholipid headgroup binding site on the opposite face of the PT1—Ca?* complex as
suggested by MacDonald et al. [(1997) Biochemistry 36, 5120—5127]. The serine headgroup in the second
site binds through a Gla domain-bound calcium ion Cal, Gla30, and Lys11. On the basis of free energy
simulations, we estimate the energy of binding of the PT1—Ca?* complex to a single DPPS to be around
—11.5 kcal/mol. The estimated free energy of binding of a DPPS lipid to the second binding site is
around —8.8 kcal/mol and is in part caused by the nature of the second site and in part by entropic
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Protein—membrane and lipid—lipid interactions play an
important role in the blood coagulation pathway as well as
in many other physiological processes. In the blood coagula-
tion pathway, vascular tissue damage exposes negatively
charged phospholipids such as phosphatidylserines (PSs)’
on the surface of epithelial cells. In a Ca>"-dependent process,
the blood-borne proteases are anchored to the negatively
charged phospholipids through the N-terminal domains that
contain y-carboxyglutamic acids (Gla) (/, 2). Inhibition of
the vitamin K-dependent post-translational modification of
glutamates to Gla is a widely used anticoagulant therapy (3).
It has been shown that the binding of vitamin K-dependent
clotting factors and their cofactors to the lipid surface via
the Gla domains enhances the catalytic efficiency of the
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clotting reactions (4). The Gla domains form the basis of a
mechanism for protein—phospholipid membrane interaction
(5). Frequently, these domains interact with negatively
charged membranes. However, because the modified Gla
residues are negatively charged, their interaction with the
lipids is mediated via positively charged ions, usually, Ca’".
In addition to their essential role in blood coagulation
proteins, the Gla domains are also present in other proteins
such as osteocalcin, matrix Gla protein, and transmembrane
Gla proteins 3 and 4 (6). The first two proteins are required
for regulation of bone growth and extraosseous calcification
(7). A very common negatively charged lipid is PS, which
has been shown to anchor the Gla domain of prothrombin
through interaction via Ca®>" ions (5). PSs have also been
shown to bind to regulatory sites other than Gla domains,
e.g., on zymogene II, factor Xa, and cofactor Va (8). PSs
regulate allosterically both factor Xa and factor Va (§—10).
Finally, PSs in the platelet membrane have been proposed
to act as second messengers because they link platelet
activation to thrombin generation (2).

Unlike many globular protein domains in which hydro-
phobic packing within the core of the protein domain
stabilizes the structure, the tertiary fold of the Gla domain
is stabilized by a linear array of internal Ca?* ions bound to
the Gla side chain carboxyl groups (//, 12). Calcium ion
binding to the Gla domain induces a marked structural
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transition from a largely unfolded and nonfunctional domain
to one that is tightly folded and able to bind to membranes.
A hydrophobic patch in the N-terminus of Gla domains (e.g.,
Phe5, Leu6, and Val9 in bovine prothrombin) forms part of
the w-loop region, which plays an important role in phos-
pholipid membrane binding (/3). Recently, the structural
basis of PS specificity for Gla domains has been elucidated
in a crystal structure of bovine PT1, in a complex with Ca>*
ions and lysophosphatidylserine (lysoPS) (5). In that struc-
ture, the serine headgroup interacts with the Gla domain
through a Ca®* ion and Gla residues 17 and 21, which are
highly conserved in the Gla domain fold. A similar site that
forms another surface cavity surrounded by Gla30, Gla8, and
Lysl1 has been proposed as a potential binding site for
another PS (/4). In spite of the fact that it shows all the
characteristics of a PS binding site, this site remains
unoccupied in the crystal structure. Thus, the question
whether the observed cavity is a PS binding site remains
unresolved.

Despite homology in the sequence and structure of vitamin
K-dependent proteins, they show a striking variety in
membrane binding properties (/4). The biological role of
such diversity may be related to simultaneous association
of proteins with membranes and other proteins. McDonald
et al. (/4) characterized the membrane binding properties
of human and bovine forms of vitamin K-dependent proteins
Z, S, and C, which show unique properties and interspecies
differences that correlate with specific amino acid sequence
variations in the amino terminus. Bovine protein Z exhibits
higher membrane binding affinities than human protein Z,
which correlates with the substitution of Asp in position 34
with Asn. The same kind of correlated substitution was found
in human and bovine protein S, where Asp in position 35
corresponds to the protein with the higher affinity. Factor
X, a high-affinity protein, also contains an Asp at position
34. Residues in position 11 seem to play a key role in
membrane binding. Protein Z shows 100-fold slower binding
kinetics relative to other vitamin K-dependent proteins, a
fact which seems to be related to the unique placement of
Gla at position 11. Protein C displays 100—1000-fold lower
binding affinities than the other proteins, which may be due
to a Pro at position 11 (bovine protein C). This is shared
with factor VII, also of the low-affinity protein. Loss of
Gla32 (GIn32) (homologous to Gla33 of protein Z) appears
to be related to low affinity in protein C as well. Factor VII,
which contains substitutions at both positions (11 and 33)
exhibits the lowest membrane affinity. The coordinated
binding of two components to a membrane will increase the
affinity of the complex. This in turn can limit exchange of
the protein from the membrane and may become the rate-
limiting process in an enzymatic reaction such as in the
catalytic action of prothrombinase (/4). In an analogous
manner, a second phosphatidylserine binding site in
PT1—Ca’" protein could increase its affinity for the mem-
brane and limit its exchange from the membrane. The
elucidation of the mechanism by which the diversity of
affinity is created through additional membrane contact sites
will help our understanding of the structural role of y-car-
boxyglutamic acids.

Using the available crystal structure of the binary
PT1—Ca’" complex and the ternary PT1—Ca’"—lysoPS
complex (5) (PDB entry 1NL2), we have constructed a model
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Table 1: Systems Simulated

system constituents representation
1 1 DPPS, 47 DPPCs, (APS)pc
3924 waters, 1 Na*t
2 1 DPPS, 44 DPPCs, PT1— (PT1—Ca*"/1PS)pc
Ca?*, 3680 waters, 2 Na™
3 2 DPPSs, 43 DPPCs, PT1— (PT1—Ca*"/2PS)pc

Ca2*, 3679 waters, 3 Na*

system in which PT1 is bound to a mixed bilayer membrane
containing phosphatidylcholine (PC) and PS lipids. The aim
of this work is to investigate the molecular basis of Gla
domain binding specificity for phosphatidylserine-containing
membranes. We present the results of free energy perturba-
tion (FEP) and molecular dynamics (MD) simulations of the
PT1—Ca?"(1—46) complex binding to a pure PC membrane
compared to the mixed membrane that contains PS. We
analyze the contributions of the Gla residues, as well as other
residues in the PS binding pockets, to the specificity for
phosphatidylserine. An examination of the membrane-bound
PT1 reveals the existence of a potential second binding site
for PS, in agreement with the previous proposal (/4).
Simulations in the presence of another PS show the origin
of the essential energetic difference between the two binding
sites.

METHODS AND MODELS

Membrane Model. The construction of the lipid membrane
followed a standard protocol (/5). The general strategy is to
randomly select phospholipids from a pre-equilibrated and
prehydrated library of dipalmitoylphosphatidylcholine
(DPPC) generated by Monte Carlo simulations in the
presence of a mean field (/6—18). The lipids are placed in
a periodic system, and the number of overlaps between heavy
atoms is reduced through systematic rotations around the Z
axis and translations in the X—Y plane. All waters that
overlap with the hydrocarbon interior of the bilayer, between
+12 A in the Z direction, were deleted. Three different
systems were built: (1) a mixed bilayer membrane composed
of one DPPS in 47 DPPCs without protein [(1PS)pc], (2)
the PT1—Ca?"(1—46) complex (PDB entry 1NL2) bound to
a mixed bilayer membrane containing one PS in a PC
membrane [(PT1—Ca>"/1PS)pc], and (3) PT1—Ca’*(1—46)
complex bound to a mixed bilayer membrane containing two
PSs in a PC membrane [(PT1—Ca2"/2PS)pc]. The first model
included 47 DPPCs, one DPPS, and 3924 water molecules.
A Na' was added for charge neutrality of the simulation
cell. The second system comprised of the PT1—Ca?*(1—46
residues,7Ca?") complex, 44 DPPCs, one DPPS, and 3680
water molecules was neutralized with two Na't ions. The
third system was formed by the PT1—Ca?t complex, two
DPPSs, 43 DPPCs, and 3679 water molecules and neutralized
via addition of three Na* ions (see Table 1).

Setup of the Simulations. To construct the first system
[(IPS)pc], a pre-equilibrated pure DPPC membrane (5 ns of
MD simulation) was used (/9). For this pre-equilibrated pure
membrane, hexagonal periodic boundary conditions were
applied in the X—Y plane to maximize the distance between
two periodic images (20). The edge of the hexagon and the
length of the prism were ~23.7 and ~120.0 A, respectively,
with a center-to-center distance between neighboring cell
centers of ~41.0 A, and the center of the bilayer membrane
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was located at the Z origin. The all-atom CHARMM?27 force
field for phospholipids (27) and the TIP3P water model (22)
were used in all calculations. Long-range interactions were
treated by a group-based spherical cutoff at 14 A. The van
der Waals and electrostatic interactions were smoothly
switched off at around a cutoff distance of 9.0 A. The
equilibration was carried out using Langevin dynamics with
decreasing planar harmonic constraints of 10, 5, 1, 0.5, and
0 keal mol~! A2 on water, lipids, and protein (second system)
for 25 ps in each stage, so that by the end of 125 ps, the
entire system was completely unrestrained. This was fol-
lowed with a constant pressure, temperature, and area
protocol (CPTA) production MD for 5 ns. The temperature
of the system was maintained at 330 K, which is above the
gel—liquid crystal phase transition of DPPC. In the produc-
tion stage, the temperature was maintained using the Nose-
Hoover scheme. The length of all bonds involving hydrogen
atoms was kept fixed with the SHAKE algorithm (23). The
equations of motion were integrated with a time step of 2
fs. Then, one DPPC was replaced with one DPPS, and the
system was shortly minimized, followed by heating to 330
K over 30 ps. A production MD simulation was performed
for 1 ns using the NPT ensemble. The molecular dynamics
and free energy simulations (see Free Energy Simulation
Methods) were performed using CHARMM (24).

In the construction of the second system, the calculated
cross-sectional area of the PT1—Ca** complex (~180 A2)
was equivalent to that of three DPPCs, which were replaced
by the protein. The protein was placed in one leaflet of the
phospholipid bilayer with the Phe5 residue from the w-loop
at a penetration depth of ~7 A in the membrane (13), based
on a bilayer thickness of ~38 A. A longer MD simulation
of the second system, (PT1—Ca*"/1PS)pc, was performed
using NAMD (25). The system was initially subjected to a
short minimization, followed by heating to 330 K over 30
ps. Twin-range nonbonded cutoffs of 10 and 12 A were used
for the Lennard-Jones potentials, and electrostatic interactions
were calculated using particle-mesh Ewald summation (26, 27).
The equilibration and the production MD simulations were
carried out for 20 ns using the NPT ensemble.

Free Energy Simulation Methods. A conventional approach
to the evaluation of the free energy of association in fluid
mixtures relies on the calculation of the free energy profile
of the selected species as a function of the distance that
separates them. For lipid bilayers, such a calculation presents
formidable difficulties due to the extremely slow lateral
diffusion of lipid molecules (/9). We therefore decided to
perform simultaneous exchanges of lipid headgroups in the
presence of the protein from a (PT1—Ca*"/PS)pc configu-
ration into a (PT1—Ca?*/PC)pc configuration and vice versa
on the basis of our previous success in evaluating the free
energy of PS association in a mixed membrane of DPPC
(19). The same exchange was done in the absence of the
protein. In addition to eliminating the calculation of a
distance-dependent free energy profile, this approach has an
advantage in that the mutations involve only the headgroups
since the hydrocarbon chains of DPPC and DPPS are
identical. Because the lipid portions of PC and PS are the
same, we used a dual topology of the PS—PC hybrid that
involves only the headgroups (see Figure 1 in ref /9 and
Figure S1 of the Supporting Information). In this approach,
the parts of the system that are different in the initial and
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FIGURE 1: Debye—Waller B factors for the PT1 residues (1—46):
experimental (M) and theoretical (A) values.

final states coexist at all times as the free energy simulation
is carried out. They interact with the environment but not
with each other (28). Thus, in the potential energy of this
system, expressed as a function of a parameter A that
describes such a transformation, only the phosphocholine of
the PC and phosphoserine of the PS are weighted by A:
Ur,A)=Uyxr)+AU0,(r)+ (1 —AD)U,(r) a=

(PS*, PC®), b=(PCF,PS®) (1)

The free energy calculations were performed in the
forward (PS — PCF) and backward (PC — PSPB) directions,
in the presence (bound system) and absence (unbound
system) of the protein (PT1—Ca?"). The potential energy of
each system is expressed in eq 1 with the directions
represented by the superscripts (i.e., F and B mean forward
and backward directions, respectively). Ups(r), Upc(r), and
Uy(r) are the contributions of PS, PC, and the rest of the
system, respectively (29, 30). Phosphates of the two lipids
as well as the first carbon of the glycerol with its hydrogens
are included in the dual topology because they belong to
the same group and have different partial charges in the
CHARMM force field (27) (see Figure 1 of ref /9 and Figure
S1 of the Supporting Information).

The ideal gas molecule end states for the dual topology
simulation, one of the recent developments in the free energy
methodology, were used in this study. Only the nonbonded
interactions are scaled during the free energy simulation; the
bonded terms are not scaled. This approach has shown good
results in the case of the calculation of the double free energy
difference (AAGP™ing) (3], 32).

The free energy simulations at different 4 values were
performed using the BLOCK modulein CHARMM (19, 33, 34).
Three blocks were defined: one for the reactant, one for the
product, and one for the rest of the system. Blocks 2 and 3
consisted of the choline and phosphate groups of PC and
serine and phosphate groups of PS, respectively, as described
previously (/9). The rest of the system formed block 1. The
interaction energy between block 2 and block 3 was set to
zero to eliminate unphysical interaction terms.

Both the free energy perturbation (FEP) and the thermo-
dynamic integration (TT) methods were used to compute the
free energy for each 4 window on the same runs. The free
energy difference using FEP was computed with the fol-
lowing equation:

n
AGPS—PCF = _ kBTZ ln<e—[UF<B)(r;/1;+1)—UF(Bl(r;l;)]/kBT>/1_ )

PC—PSB =
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where the angle brackets with the subscript A; indicate
averaging over the simulation at A; and the sum is over n
windows. In our calculations, double-wide sampling was used
so that the perturbation was to the halfway point between
the A values. The free energy difference of the interconver-
sion between PS/PC and PC/PS mixtures is given by
AGps—pct and AGpc—pst, respectively. The superscripts on
the potential energy, UF®)(r;1,+1) and UF®)(r;A,), refer to the
specific interconversion (i.e., forward or backward direction).

When TI is used, the total free energy difference between
A =0and A =1 for a linear 1 dependence is

i=1
AGPSPCt = [ (U (r) = U(r)), dA 3)
PC—PSB L

Both methods have been shown to reproduce experimental
values of the free energy differences in several systems (e.g.,
refs 35—37).

Free Energy Simulations. To obtain the free energy of
binding of the PT1—Ca?* complex to the mixed membrane
that contains PS and PC relative to the membrane that
contains only PC, a thermodynamic cycle was designed
(Scheme 1). We performed FEP/TI simulations to obtain the
free energy difference [AGcr(PC—PSPB)] of the alchemi-
cal transformation of (PT1—Ca2"/PS¥(PCB))pc to (PT1—CaZ"/
PCF(PSP®))pc with the lipid headgroup bound to the face of
the Gla domain as in Huang et al. (5). Likewise, in the
absence of the PT1—Ca?' complex, the free energy differ-
ence [AGHLp#(PC—PSPB)] of the same alchemical transfor-
mation was determined. The alchemical changes in the
absence and presence of the PT1—Ca?" complex yield a
value that should equal the energy difference of PTI1
interacting with a pure PC membrane or with a membrane
that contains a PS. The free energy of binding of the
PT1—Ca?* complex to the mixed membrane that contains
PS and PC relative to a membrane that contains only PC is
represented by the following relationship (see Scheme 1):

Binding __ Binding _
AAG - A(;PTI —Ca2t/PCF,PT1—Ca2t/PSB

Binding —
AGPTI —Ca21/PSF,PT1—Ca2t/PCB

Bound Unbound
AGPS*PCF(PCﬂPSB) - AGPS*PCF(PCﬂPSB) (4)

Rodriguez et al.

Similar simulations were performed on the system in
which another PS was bound to the other potential phos-
phatidylserine binding site (/4).

Four different free energy simulations were performed for
each binding site. Two of them correspond to the bound
system [AGE¥-+(PC—PSP)] and the other two to the
unbound system [AGH328(PC—PSB)].

Eleven A windows (A = 0.02, 0.1—0.9, and 0.98) were
used to calculate the free energy differences with the FEP
and TI methods. The initial value of 1 was 0.02, and it was
incremented from 0.1 to 0.9 in steps of 0.1; the final value
was 0.98. Initially, the system was heated to 330 K and
equilibrated for 100 ps at A = 0.02. At each A value, the
system was re-equilibrated for 50 ps, and data were collected
for an additional 100 ps, during which the trajectory was
recorded every 50 fs, producing 2000 frames for each A4
value.

The trapezoidal rule was used to evaluate the integral from
the discrete values of the free energy derivative between 4
= 0.02 and 4 = 0.98. To improve the evaluation of the
integral (eq 3), three different schemes were applied to
produce the end point contributions (regions near A = 0 —
0.02 and 1 = 0.98 — 1). A detailed explanation of the three
schemes used to evaluate the integral in the TI can be found
in ref 79; all three schemes yield very similar results.

RESULTS AND DISCUSSION

Molecular Dynamics Simulations. The PT1—Ca?* complex
attached to the mixed membrane [(PT1—Ca?*/1PS)pc] was
stable throughout the 20 ns of the MD simulation and
exhibited a great degree of similarity to the known crystal-
lographic structure. The root-mean-square deviation (rmsd)
with respect to the crystal structure was 0.91 & 0.09 A (see
Figure S2A of the Supporting Information). Since the crystal
structure has a lysoPS group, we compared the position of
the DPPS headgroup in the MD simulation to that in the
crystal structure. Its rmsd with respect to the crystal structure
was 0.85 £ 0.09 A (see Figure S2B of the Supporting
Information) in the last 12 ns of the simulation. To assess
protein flexibility, the values of the Debye—Waller B factors
were calculated using the well-known expression

B;=(877/3)u’) )

where y; is the three-dimensional fluctuation of atom i around
its mean position and angle brackets denote a time average
over the course of the simulation. As seen in Figure 1, the
simulation reproduces the flexibility of the a carbons in the
crystal structure. The vertical shift observed between
the simulation and the X-ray structure is due to the
macroscopic lattice vibrations. Two regions of the PT1
protein show large fluctuations. One corresponds to the
w-loop that is involved in the interaction with the lipid;
specifically, Phe5 and Leu6 exhibit the largest fluctuations
around their mean positions even in the presence of the lipid.
The other region is not involved in the phosphatidylserine
binding pockets and forms a reverselike turn between two
helices, Arg25—Ala31 and Ser36—Thr46.

Average Density Profile. The average density profile of
the different components in both layers for the bound system
in the last nanosecond of the simulation is depicted in Figure
2A. The number density of water outside the lipid is around
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FIGURE 2: Density profile of the main components for the lipid membrane with the PT1—Ca>" complex along the Z axis. The distributions
of the waters (red), hydrocarbon chains (green), P (yellow) and N (pink) atoms of PC, P (cyan), N (orange), and carboxyl group atoms of
PS (dark red), o carbons of PT1 protein (dark blue), and Ca®>" (gray) are shown. In panels B and C, the distributions of the components
of PC and PS headgroups and PT1 and Ca?* ions represented in panel A are magnified, respectively.

0.0333 A‘3, as expected for a bulk solvent density, and it
approaches zero in the hydrocarbon core region of the
membrane. Clearly, on the side of the protein, both the
density of the lipids and especially that of the water are
substantially lower than on the opposite leaflet. The P and
N atoms of the PC headgroup are located within the same
region of the lipid, approximately 20 A from the center of
the membrane, reflecting the fact that the phosphorus—nitro-
gen vector (T PN) is approximately parallel to the membrane
plane (Figure 2A). However, the angle between ~ PN and
the outwardly directed bilayer normal, /PNy, depends on
the distance of the DPPCs from the protein. The ZPNy is
52 + 10° for DPPCs within ~7 A of the protein and 86 +
13° for DPPCs beyond that distance. In contrast, the
distributions of the P and N atoms of the PS headgroup span
different regions (Figure 2B), with a tilt of 41 &+ 5° between
the headgroup dipole and the bilayer normal. This is most
likely due to the interaction between the serine carboxyl
group of PS and the Ca®" ions in the Gla domain of PT1 on
one hand and the interaction between the serine amino group
and the phosphate oxygen of one DPPC on the other hand.
The organization of the DPPC lipids proximal to the protein
and their similar orientation with respect to the lipid allowed
us to design the free energy perturbation simulations as
described below. The density of the lipid hydrocarbon chain
atoms is reduced near the center of the membrane, in
agreement with other experiments and models of the bilayer
system (38). The distribution of the calcium ions has mainly
two peaks centered at 20 and 29 A. The first distribution
includes six Ca”" ions, whereas Ca7 is farther from the lipid
(Figure 2C). The C, atoms of the PT1 protein span the region
from 10 to 42 A. The w-loop is located between 10 and 17
A, corresponding to the fact that the Phe5 residue from this

50
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Angle Ca”*(1-7) / Memb. Plane

|
|
|
|
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FIGURE 3: Angle of inclination of the PT1—Ca?" complex with
respect to the membrane lipid plane.

loop penetrates into the membrane at a depth of ~7 A (13)
(Figure 2C). The density profiles of the water molecules,
the hydrocarbon chain, and the P and N atoms of the PC
and PS headgroups for the lipid membrane without the
protein are similar to those in the layer without the protein
(PT1—Ca?") of the bound system. The ZPNy is 74 4 22°
for the DPPCs of the pure layer membrane, which is
approximately the same as in our previous studies (/9).
An interesting relation between the PT1—Ca?" complex
and the membrane seems to depend on the number of DPPS
lipids that interact with it. The system in which the
PT1—Ca?* complex is bound to only one DPPS is character-
ized by an inclination of the proteins with respect to the lipid
plane by ~30°. The angle between the vector formed by
two calcium atoms, Cal and Ca7, and the membrane plane,
used to define such inclination, shows a progressive change
from 0° to approximately 30° (Figure 3). Upon addition of
the second DPPS, the protein approaches a parallel orienta-
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Table 2: Root-Mean-Square Deviations between Average Simulated and
Crystal Structures

rmsd (only backbone) (A) rmsd (all atoms) (A)

PT1—Ca*"/1PS 0.82 3.44
PT1—Ca’*t (Ca>™) 0.73 (1.01) 1.69 (1.01)
w-loop (residues 1—9) 0.89 1.65

DPPS 0.76¢ 4.49¢

“Only N, Ca, carboxyl oxygen, and carbon atoms from the serine
headgroup of DPPS were included in the rmsd calculation.

Table 3: Proximity Analysis Giving the Coordination Numbers of Ca5
and Ca6 before and after Serine Amino Group Shifts

K coordination number (first shell radius of 3.2 A)

time (ns) Cas Cab
5.0 1.00 1.83
52 1.00 1.75
5.4 1.00 1.75
5.6 1.22 1.48
5.8 1.34 1.34
6.0 1.41 1.25
7.0 1.78 0.93
10.0 1.82 0.88
15.0 1.88 0.92
20.0 1.86 0.97

tion with respect to the membrane normal as indicated by
the extended trajectory from 20 to 30 ns (Figure 3). Thus, if
the orientation of the rest of the system attached to PT1 is
important to its biological function (e.g., its interaction with
prothrombinase), binding to the lipid through interaction with
two DPPSs may provide a potentially important regulatory
mechanism.

Phosphatidylserine Binding to the Gla Domain: First
Binding Site. In the crystal structure of Huang et al. (5), the
headgroup of the lysoPS is anchored to PT1 through an
interaction with the protein-bound Ca>* ions. We find that
most of the interactions observed in the crystal (5) are
maintained in our simulations. However, the results from
the MD simulation indicate that the serine headgroup shifts
from interacting with Ca5 and Ca6 to an interaction with
only Ca6. Approximately 5.4 ns into the simulation, the
distance between OT2 of serine and Ca6 shifts from 3.6 to
2.1 A, providing a much stronger electrostatic interaction.
At the same time, the OT1—Ca5 distance increases to >6 A
(see Figure 3SA of the Supporting Information). The
available space around Ca5 is filled with water molecules
that occupy its coordination sphere. A proximity analysis
(39) at selected times (Table 3) shows that after the 5.4 ns
point the solvation shells of Ca5 and Ca6 begin to rearrange.
The rearrangement takes approximately 1.5 ns which can
be seen from the rise in the number of water molecules
around Ca5 and a parallel reduction in the coordination
number around Ca6. At the end of the rearrangement, the
coordination of Ca6 consists of the carboxyl oxygens of
Gla20 (OE2) and Gla21 (OE2 and OE4), carboxyl oxygens
(OT1 and OT2) of DPPS, and one water molecule. Ca5 is
coordinated by the carboxyl oxygens of Gla7 (OEl and
OE2), Glal7 (OE3 and OE4), and Gla21 (OE1 and OE2)
(not shown). Ca5 and Ca6 also interact with the backbone
carbonyl oxygens of Alal and Argl6, respectively. Likewise,
the serine carboxyl oxygens of DPPS interact with carboxyl
oxygens of Glal7 (OE4) through water as well (Figure 4).

The terminal phosphate oxygens of DPPS, OP3 and OP4,
bind to a positively charged patch formed by the NH1 group
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of Argl0 and the N¢ atom of Lys3. In the crystal structure,
Argl6 has been identified as another member of the positive
patch (see Figure 3SB of the Supporting Information).
However, during the simulation, this residue shifts to interact
with a proximal DPPC (Figure 4) (see Figure 3SC of the
Supporting Information). In addition, the serine amino group
interacts with another adjacent DPPC through the terminal
phosphate oxygens (see Figure 3SD of the Supporting
Information). Other interactions consist of a hydrophobic
interaction between the glycerol backbone and Leu6, which
replaces the interaction with Phe5 that is lost during the
simulation. We think that the changes in the interactions
observed during the dynamics are the consequence of the
lipid membrane, which is missing in the crystal structure.
Clearly, the simulations illustrate the important role of the
lipid in determining the full complement of interactions of
PT1 with DDPS in the presence of a realistic DPPC lipid
membrane. In addition, the simulations reveal that one DPPC
lipid approaches a surface cavity surrounded by Gla30, Glag,
and Lysl1 of PT1 (/4), suggesting the presence of another
phospholipid headgroup binding site.

Phosphatidylserine Binding to the Gla Domain: Second
Binding Site. To check whether the potential second binding
site is likely to bind a DPPS lipid, the proximal DPPC was
substituted with a DPPS. This initial structure was used to
conduct a MD simulation with the same protocol described
previously for the (PT1—Ca?"/1PS)pc system (see Setup of
the Simulations). The entire (PT1—Ca?>"/2PS)pc system was
stable during the 10 ns of the MD simulation with a rmsd of
the C, atoms with respect to the initial structure in the range
of 0.5—1.0 A (see Figure 4SA of the Supporting Informa-
tion). However, the first binding site (DPPS1 headgroup)
showed very small deviations with a rmsd of 0.70 + 0.16 A
throughout the MD simulation, while the DPPS2 headgroup
in the second binding site explored a substantial configura-
tional space as indicated by a rmsd of 4 A with respect to
its initial structure (see Figure 4SB of the Supporting
Information). The relaxation of the position of the DPPS2
headgroup in the second binding site suggests reasonably
good sampling of the orientations, which may not be strongly
dependent on initial conditions.

All the interactions in the first binding site that character-
ized the (PT1—Ca**/1PS)pc system were maintained during
the additional 10 ns of dynamics of the (PT1—Ca>*"/2PS)pc
system. The new DPPS binding site shows three main
interactions: (1) the terminal phosphate oxygen, OP3, of the
second DPPS interacts with Cal, (2) the amino serine group
forms a salt bridge with the carboxyl oxygen (OE2) of Gla30,
and (3) the carboxyl oxygens of the second DPPS form a
salt bridge with the N atom of Lysll. The initially
intermittent Lys11—DPPS interaction finally settles into a
stable salt bridge and is maintained until the end of the 10
ns simulations (see Figure 5S of the Supporting Information).
Clearly, two of the three residues that were emphasized by
MacDonald et al. (/4) form the potential second phosphati-
dylserine headgroup binding site of the PT1—Ca®" protein.
Ion Cal is coordinated by the carboxyl oxygens of Gla26
(OE2) and Gla30 (OEl), the terminal phosphate oxygen
(OP3) of DPPS, and water molecules. One of the acyl chains
of DPPS forms a hydrophobic interaction with Val9. The
main interactions for the second phosphatidylserine binding
site are shown in Figure 5.
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FIGURE 4: Main interactions for the first phosphatidylserine binding site. Hydrogen bonds and salt bridges between atoms of DPPS, the
PT1—Ca?" complex, and terminal phosphate oxygens of DPPC. Hydrogen bonds and salt bridges between Argl6 (NHI) and terminal

phosphate oxygens of DPPC.

FIGURE 5: Model of the PT1—Ca?" complex interacting with two phosphatidylserines (PS). (A) PT1 is depicted bound to one leaflet of a
mixed bilayer compound of phosphatidylcholines (gray) and two PSs (pink). PT1 is shown as ribbons (blue); the Gla residues are colored
orange, and the Ca?" ions are colored yellow. The PS1 bound to the first binding site is on the left side, and the PS2 bound to the second
binding site is on the right side of the picture. The w-loop is shown in a solvent accessible surface area model (green), with the Phe5
residue from this loop buried ~7 A inside the membrane. The water molecules are shown as blue dots. (B) Main interactions for the second
phosphatidylserine binding site. Hydrogen bonds and salt bridges between atoms in DPPS and the PT1—Ca?* complex. Panels A and B are
rotated 180° with respect to each other to better represent the orientation of the two PS binding sites.

There are clear similarities between the two binding sites,
which are characterized by the interaction of the serine
carboxylate with Ca?>" ions and the interaction of the
phosphate group with a positively charged side chain of PT1.
However, there are some differences, which are worth noting.
The serine amino terminus in the first site interacts with

another lipid, whereas in the second site, it interacts with
Gla30. Furthermore, there are two positively charged groups
(Argl0 and Lys3) in the first site, but only Lys11 is available
in the second site. It appears that the second site may bind
DPPS less strongly than the first site. The electrostatics
potentials in both sites (Figure 6) illustrate the essential
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FIGURE 6: Surface electrostatic potential representation of the PT1—Ca?*/2PS complex. (A) First phosphatidylserine binding site. (B) Second
phosphatidylserine binding site. The electrostatic potential range used in the figures was £10kg7/e, where kg, T, and e represent the Boltzmann’s
constant, the absolute temperature, and the electron charge, respectively. The two phospholipid headgroup binding sites are opposite each

other.
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FIGURE 7: Free energy calculations for the first phosphatidylserine binding site. (A) TI integrand for the (PT1—Ca?*/PS)pc — (PT1—Ca?*/
PC)pc transition. First phosphatidylserine binding site. Eleven points (4 = 0.02, 0.1—0.9, and 0.98) were used to calculate the free energy
differences. The values at the end points were obtained by extrapolation (see the text): run 1 (M, bound system) and run 2 (@, unbound

system). (B) Free energy differences.

difference between them. To explore this hypothesis, we
conducted free energy perturbation simulations to evaluate
the relative free energy of binding of DPPS to PT1 at each
of the putative binding sites.

Free Energy Simulations: First Phosphatidylserine Bind-
ing Site. To assess the difference in the strength of binding of
PT1 to a pure DPPC membrane and to a mixed membrane with
one DPPS, we conducted four different free energy simulations.
In two simulations, we convert PS — PCF and PC — PSP in
the presence of PT1 [AGE§“$c<(PC—PSP)], and in the other
two, the conversion is done in the absence of the protein
[AGPa(PC—PSP)]. The values of the free energy derivatives
with respect to 4 are depicted in Figure 7A, and the cumulative
free energy changes for the bound [AGE§“$-+(PC—PSP)] and
unbound [AGHEe(PC—PSB)] systems as a function of A for
run 1 are shown in Figure 7B. The potential energy derivatives,
oU(r;A)/0A, for each A in run 1 (PS — PCF for the unbound
and bound systems) as a function of simulation time (Figure
S6A,B of the Supporting Information) show that after the
equilibration of 50 ps, the energy relaxes to the new A value
and is stabilized at the appropriate value of the integrand. Similar
behavior was observed in run 2.

The free energy difference resulting from the different
schemes of TI and FEP varies between 14.5 and 13.0 kcal/
mol for run 1 and between —8.9 and —9.4 kcal/mol for run
2, which is a reverse mapping. These two mean value
extremes correspond to Scheme 3 of the TI and of the FEP,
respectively. The mean value of the total free energy
difference obtained from FEP is also included in the interval
of TI, i.e., —11.7 kcal/mol < AAG < —11.2 kcal/mol. The
end point contribution to the free energy is small for all runs
(see Table S1 of the Supporting Information for end point
contributions to the free energy difference at A = 0 — 0.02
and 4 = 0.98 — 1.0). The results are summarized in Table
4 (see also Table S1 of the Supporting Information).

Runs 1 and 2 represent independent free energy evalua-
tions in the forward PS — PCF and backward PC — PSB
directions for the bound and unbound systems. The TI and
the FEP methods yield essentially the same results; they show
that the binding of the PT1—Ca*" complex to the mixed
membrane that contains one PS is favorable compared to
the binding to a membrane that contains only PC (Table 4
and Table S1). There is clear hysteresis between run 1 and
run 2, which amounts to ~5 kcal/mol. We estimate that
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Table 4: Free Energy Differences of PS — PC (and vice versa) in the
Absence and Presence of Protein (PT1—Ca%") in a DPPC Lipid
Membrane Using FEP and TI¢

Table 5: Free Energy Differences of PS — PC (and vice versa) in the
Absence and Presence of Protein (PT1—Ca%") in a DPPC Lipid
Membrane Using FEP and TI¢

AG (kcal/mol) AG (kcal/mol)
run® TI (Scheme 1) FEP run® TI (Scheme 1) FEP

1 (PS—PC) unbound 55.8 56.0 1 (PS—PC) unbound 55.8 56.0
bound 69.8 69.1 bound 67.3 65.4
AAGBinding 14.0 13.1 AAGBinding 11.5 9.4

2 (PC—PS) unbound —46.5 —45.7 2 (PC—PS) unbound —46.5 —45.7
bound —55.5 —=55.1 bound —53.3 —53.2
AAGBinding ¢ -9.0 —9.4 AAGBinding ¢ —6.8 -7.5
AAGBinding (SpD)© —11.5 (3.5) —11.3 (2.6) AAGBinding (SpD)© -9.1(3.3) —8.5(1.3)

“ First phosphatidylserine binding site. ® Runs 1 and 2 correspond to
the calculation of the free energy of the alchemical interconversion
between one PS and one PC in the absence and presence of protein
(PT1—Ca”") in a DPPC lipid membrane and vice versa, respectively.
¢ AAGBinding ig the free energy difference between the bound and
unbound systems, and SD is the standard deviation.

“Second phosphatidylserine binding site. ” Runs 1 and 2 correspond
to the calculation of the free energy of the alchemical interconversion
between one PS and one PC in the absence and presence of protein
(PT1—Ca”") in a DPPC lipid membrane and vice versa, respectively.
¢ AAGBinding ig the free energy difference between the bound and
unbound systems, and SD is the standard deviation.

configurational contributions from changes in binding of the
PT1—Ca?* complex to the different membranes are small
with the main contribution to the hysteresis coming from
the electrostatic term due to the formation and/or elimination
of a charge along the perturbation scheme. In the PS — PCF
simulation, the negative charge of PS is eliminated when it
is converted to PC, while in the opposite direction, PC —
PSB, the charge is created. The free energy of eliminating
the charge makes a positive contribution to the energy and
vice versa. Considering that the hysteresis due to configu-
rational changes is minor, the cost of the electrostatic free
energy is relatively small compared to the total difference
in the free energy of binding. Assuming that the binding of
the PT1—Ca*" complex to the pure PC membrane is
negligible, we can consider AAG the free energy of binding
to a membrane with only one PS. This is in very good
agreement with experimental results that estimate the binding
energy to be —9.6 kcal/mol (14).

Free Energy Simulations: Second Phosphatidylserine
Binding Site. The approach of a DPPC to the suggested
second binding site on the PT1—Ca?t site during MD
simulations offered an opportunity to explore the importance
of such a site in anchoring the protein to the membrane. In
addition to equilibrating the position of DPPS in the second
binding site (see above), we also estimated the relative
binding free energy of the second site in the presence of a
DPPS in the first site. Such a calculation is consistent with
the experimental structure that shows the binding of DPPS
in the first binding site and with experimental suggestions
that a potential second binding site exists (/4). The binding
to the second site presents an additional consideration that
did not play an important role in the first set of simulations.
The binding of the PT1—Ca* complex to a single DPPS in
a DPPC membrane can be treated as a simple association
process. However, the binding of an additional DPPS to PT1
requires a relocation of the DPPS in the membrane to the
site of binding. Thus, the demixing entropy will have to be
considered in the final evaluation of the relative free energy
of binding. We divide the evaluation of the free energy into
two steps. In the first, we evaluate the free energy using the
perturbation from PC headgroup to PS using the same
protocol that was used for the calculation of the free energy
difference for the first phospholipid binding site. In the
second stage, we estimate the entropy associated with the
localization of the second DPPS near the binding site.

The values of the free energy difference for both FEP and
TI are summarized in Table 5 (see also Table S2 of the
Supporting Information). The values of the free energy
derivatives with respect to 4 are depicted in Figure 8A. The
convergence of the calculations shows similar characteristics
as in the simulations at site 1. Although there are some
fluctuations in the energy at the equilibration period, the
system relaxes to the new A value and is stabilized at the
appropriate value of the integrand. As discussed above, runs
1 and 2 represent independent free energy evaluations in the
forward PS — PCF and backward PC — PSE directions for
the bound and unbound systems. They show a similar
hysteresis as in the simulations at the first site, and we think
they originate from a similar imbalance in the electrostatic
term. The PS — PCF step creates an unbalanced positive
charge, which results in an overestimated free energy change,
whereas the PC — PSPB step underestimates this term because
of the neutralization of the additional charge. As in site 1
simulations, here too the difference between runs 1 and 2
amounts to approximately 5 kcal/mol.

The cumulative free energy changes for the bound
[AGBS“8-+(PC—PSEB)] and unbound [AGFLSA(PC—PSB)]
systems as a function of A for run 1 are shown in Figure 8B.
The free energy resulting from the different schemes of TI
and FEP varies between 11.6 and 9.4 kcal/mol for run 1 and
between —6.6 and —7.5 kcal/mol for run 2. These two mean
value extremes, as in the first binding site, correspond to
Scheme 3 of the TI method and FEP method, respectively.
The mean value of the total free energy difference obtained
from FEP is also included in the interval where the values
of the free energy using TI are found, that is, —9.1 kcal/mol
< AG = —8.5 kcal/mol. The end point contributions to the
free energy difference at A = 0 — 0.02 and A = 0.98 — 1.0
are small (see Table S2). The potential energy derivatives,
oU(r,A)/9A, for each A in run 1 (PS — PCF for the unbound
and bound systems) as a function of simulation time behave
in a manner similar to that described above (see Figure S7
of the Supporting Information).

A comparison of the results in Tables 4 and 5 clearly
shows that the free energy of binding in the second site is
lower by approximately 2.3 kcal/mol than in the first site.
This result is consistent regardless of the particular com-
parison of the energies, i.e., whether we compare the
individual runs in the two systems or the average energy of
runs 1 and 2. Clearly, the origin of this difference is in the
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different set of interactions between the PS headgroup and
the binding sites (see Phosphatidylserine Binding to the Gla
Domain: First Binding Site or Phosphatidylserine Binding
to the Gla Domain: Second Binding Site). Since the main
change was characterized by a different set of electrostatic
interactions, we decomposed the free energy change into the
electrostatic and van der Waals components. While such
decomposition may be path-dependent, in our particular
system the similarity of the simulations suggests that the
decomposition may provide an explanation of the origin of
the difference between binding to the two sites. Almost all
the change in the free energy between sites 1 and 2 comes
from a change in the electrostatic energy (~4.8 kcal/mol),
and a smaller fraction with an opposite sign comes from van
der Waals interactions and internal energy.

The recruitment of another DPPS to interact with the
PT1—Ca?* complex is clearly driven by electrostatic interac-
tions, which provides the necessary entropic cost due to lipid
demixing and charge conservation. As demonstrated by May
et al. (40), the entropic cost due to these effects can be
computed from the following equation:

Ps 1
AS=—kzN qoflna-l—(l — @) In (6)

Pr
1 =g
where kg is Boltzmann’s constant, N is the total number of
lipids in the system, and ¢ and ¢; are the final and initial
density of the DPPS, respectively. Considering that we start
with one DPPS out of 22 lipids and increase the number to
two, we estimate the entropic cost to be 0.82 entropy unit,
which results in a free energy increase of ~0.3 kcal/mol.
Thus, the final estimate of the binding free energy of DPPS
in the second site of the PT1—Ca?t complex is —8.8 kcal/
mol, almost 3 kcal/mol lower than in site 1. This weaker
binding may be related to the fact that it has been difficult
to observe it in crystallographic studies.

CONCLUSIONS

We have simulated the PT1—Ca?t system with one and
two DPPSs in a DPPC bilayer membrane with the aim of
investigating the molecular basis for binding of the Gla
domain to phosphatidylserine-containing membranes. Specif-
ically, we tried to predict the existence of a second
phosphatidylserine binding site, which was suggested to
consist of Gla30, Gla8, and Lys11 that form a surface cavity
(14).

The well-defined phosphatidylserine binding site charac-
terized in the crystal structure of PT1—Ca?" protein in
complex with lysoPS (5) is maintained in our simulations.
However, some of the interactions change in the course of
the simulation. For example, the interaction of Argl6 with
the terminal phosphate of DPPS as well as the acyl chain of
DPPS with Phe5 of the w-loop is replaced with the equivalent
groups of a proximal DPPC. This could be related to the
presence of the lipid membrane, which is missing in the
crystal structure. Our results also predict the existence of a
second phospholipid headgroup binding site on the opposite
face with respect to the well-defined phosphatidylserine
binding site. This is in general agreement with a site proposed
by MacDonald et al. (/4).

From the FEP calculations, we can estimate the energy of
binding of the PT1—Ca’" complex to DPPS to be around
—11.5 kcal/mol. Most of the binding energy comes from
electrostatic interactions between the positively charged
protein and the negative phospholipids. Site 2 clearly shows
fewer potential electrostatic interactions, which results in a
lower binding energy. Since the binding of a second DPPS
requires a rearrangement of the charged lipids, the entropic
cost associated with this is on the order of 0.3 kcal/mol.
Taken together, the binding free energy for the second site
is estimated to be around —8.8 kcal/mol.

Considering that most of the interactions between PT1 and
the lipid involve highly charged Ca?* ions and polarizable
phospholipid headgroups, it seems relevant to mention that
polarization effects have not been included in the FEP
calculations presented here. Considerable effort has been
invested in recent years to reparametrize the force fields to
include a polarization effect, but the effect of such a term
on the thermodynamics and on sampling is not yet available.
A recent review (41) predicts the usefulness of such force
fields in simulations while noting that such an approach
breaks the assumption of simple additivity. There is clear
evidence (42) that polarization affects the dynamics and
distribution of configurational properties, but the effect on
thermodynamic properties is currently not well documented.

Anchoring blood-borne proteins important in blood co-
agulation to cell membranes in the vicinity of blood vessel
damage is of major importance. It not only localizes these
essential proteins to the point of damage but also enhances
the catalytic activity of the enzymes that are anchored to a
surface by increasing their effective concentration. The
regulation of the anchoring to the negatively charged
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phosphatidylserines on the outer leaf of the cell is controlled
by the electrostatic interactions and by the entropic effects
of localizing the lipids in the vicinity of the protein. We show
here that the interactions with the lipid are quite substantial
and that the entropic cost is rather small. Prothrombin has
two potential sites for such an interaction. While the
contributions from each of the sites are different, they
effectively anchor prothrombin by electrostatic interactions.
Other Gla-containing proteins may be anchored in a similar
way, enhancing the catalytic events essential for blood
coagulation.
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Local dual topology of the PS/PC hybrid residue (Figure
S1), rmsd as a function of time (Figures S2 and S4), distances
of different reference atoms as a function of time (Figures
S3 and S5), TI integrand as a function of time (Figures S6
and S7), and free energy differences (Tables S1 and S2).
This material is available free of charge via the Internet at
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