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ARTICLE INFO ABSTRACT

Handling editor: Dr A Wlodawer Anchoring of coagulation factors to anionic regions of the membrane involves the C2 domain as a key player. The

rate of enzymatic reactions of the coagulation factors is increased by several orders of magnitude upon mem-

Keywords: brane binding. However, the precise mechanisms behind the rate acceleration remain unclear, primarily because

c2 doma}n of a lack of understanding of the conformational dynamics of the C2-containing factors and corresponding

goaful‘:/“on factors complexes. We elucidate the membrane-bound form of the C2 domain from human coagulation factor V (FV-C2)
actor

by characterizing its membrane binding the specific lipid-protein interactions. Employing all-atom molecular
dynamics simulations and leveraging the highly mobile membrane-mimetic (HMMM) model, we observed
spontaneous binding of FV-C2 to a phosphatidylserine (PS)-containing membrane within 2-25 ns across twelve
independent simulations. FV-C2 interacted with the membrane through three loops (spikes 1-3), achieving a
converged, stable orientation. Multiple HMMM trajectories of the spontaneous membrane binding provided
extensive sampling and ample data to examine the membrane-induced effects on the conformational dynamics of
C2 as well as specific lipid-protein interactions. Despite existing crystal structures representing presumed “open”
and “closed” states of FV-C2, our results revealed a continuous distribution of structures between these states,
with the most populated structures differing from both “open” and “closed” states observed in crystal environ-
ments. Lastly, we characterized a putative PS-specific binding site formed by K23, Q48, and S78 located in the
groove enclosed by spikes 1-3 (PS-specificity pocket), suggesting a different orientation of a bound headgroup
moiety compared to previous proposals based upon analysis of static crystal structures.

Membrane anchoring
Lipid-protein interaction
Anionic lipids

HMMM model

Molecular dynamics simulation

1. Introduction discoidin domain family (Baumgartner et al., 1998; Stace and Ktistakis,

2006; Lemmon, 2008) and are also found in other membrane-binding

Coagulation factors employ two structurally distinct membrane
binding domains; the enzymes often feature GLA domains, while the
cofactors include the C2-like domains (Pellequer et al., 1998; Zwaal
et al., 1998; Pellequer et al., 2000; Lemmon, 2008). Factor V (FV) and
factor VIII (FVIII, denoted similarly for other factors in subsequent ac-
ronyms) use the C1 and C2 domains (both C2-like) to anchor themselves
to anionic membranes, notably those containing phosphatidylserine
lipids (Villoutreix et al., 1998; Macedo-Ribeiro et al., 1999; Pratt et al.,
1999; Adams et al., 2004; Stace and Ktistakis, 2006, Ngo et al., 2008;
Antila et al., 2019). The C1 and C2 domains are members of the

proteins such as lactadherin (Lin et al., 2007; Shao et al., 2008). It’s
important to note that these discoidin-type C2 domains are unrelated
(Nalefski and Falke, 1996; Rizo and Siidhof, 1998; Lemmon, 2008) to
the C2 domains of protein kinase Ca (Verdaguer et al., 1999) and
cytosolic phospholipase A2 (Perisic et al., 1998). Establishing structural
models of membrane-bound C2-domain-containing proteins is crucial
for understanding the molecular mechanisms underlying the enzymatic
activities of prothrombinase (PTase; a complex of FVa:FXa; “a" denoting
“activated”) and the intrinsic FXase (FVIIIa:FIXa) complexes on the
physiologically relevant membrane surfaces, including the activated
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platelets (Bos and Camire, 2010; Rietveld et al., 2018; Schreuder et al.,
2019; Ohkubo and Madsen, 2021).

The C2 domain is structurally very different from the GLA domains.
It contains an eight-stranded Greek-key motif §-barrel with three puta-
tive membrane-binding loops, termed Spikes 1, 2, and 3 (S1, S2, and S3)
(Macedo-Ribeiro et al., 1999) (Fig. 1). Furthermore, the C2 domain does
not include post-translationally modified y-carboxyglutamate residues
and thus lacks specific Ca>-binding sites crucial for the folding and
membrane binding observed in GLA domains interacting with anionic
lipids (Sunnerhagen et al., 1995; Ohkubo and Tajkhorshid, 2008). Two
distinct structures of the human FV-C2 domain (hFV-C2) have been
resolved with X-ray crystallography: the “open” (PDB entries 1CZS and
1CZT) and the “closed” forms (1CZV) (Macedo-Ribeiro et al., 1999).
Their main distinction is the conformation of S1 and the orientations of
two potential membrane-binding residues, W26 and W27, in S1 (Fig. 1).
Although it has been proposed that the “closed” and “open” forms may
represent solution and membrane-bound states, respectively, with their
interconversion being a crucial step in the C2 domain anchoring process
(Macedo-Ribeiro et al., 1999), there is currently no empirical evidence
supporting this hypothesis aside from simulation studies (Mollica et al.,
2006; Wu et al., 2009). Wu et al. used implicit membrane models to
identify a barrier between the “open” and “closed” forms that is easily
crossable (~1.5 kcal/mol) (Wu et al., 2009). Mollica et al. conducted
relatively brief simulations in water and while bound to a membrane
patch of 1-palmitoyl-2-oleyl-phosphatidylethanolamine (POPE) to
investigate the transition from “open” to “closed” C2 (Mollica et al.,
2006). However, the existence of the two conformational states of C2
and their potential relevance to membrane binding and lipid interaction
remain open questions. Furthermore, the selection of lipid conformation
can also come into play (Bacle et al., 2021), adding a potential layer of
complexity.

Fig. 1. Structure of the C2 domain from factor V (FV-C2). The mainchain is
shown in blue cartoon representation, with the membrane binding loops, Spikes
1, 2, and 3 highlighted in red and labeled “S1”, “S2”, and “S3”, respectively.
The sidechains of W26 and W27 on S1 are drawn in licorice representation. The
sidechains of K23, Q48 and S78, which have been suggested to form the pu-
tative PS-specificity pocket (Macedo-Ribeiro et al., 1999), are also shown in
licorice. The atoms used for measuring the inter-spike distances and the
orientation of W26 sidechain (Co atoms of W26, R43 and, L79; Cy of W26) are
indicated by yellow spheres. To monitor the relative orientation of the C2
domain with respect to the membrane, the tilt angle of FV-C2, 0, is defined as
the angle between the membrane normal (red arrow mark with “n”) and the
first principal axis of the C2 domain (blue arrow labeled “p™).
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In addition to hFV-C2, several structures of the C2 domain of hFVIII
(FVIII-C2) have also been solved (PDB entries 1D7P (Pratt et al., 1999),
11QD (Spiegel et al., 2001), 3CDZ (Ngo et al., 2008), 2R7E (Shen et al.,
2008)). In contrast to FV-C2, the structures available for FVIII-C2 do not
support the existence of two distinct (“open” and “closed”) conforma-
tions. The C1 domain, situated on the N-terminal side of the C2 domain
in the light chain of both FV and FVIII, is highly homologous to and
shares a common topology with the C2 domain (Fig. 2). Structural in-
sights into the C1 domains are derived from hFVa (PDB entry 1FV4
(Pellequer et al., 2000)), protein C-inactivated bovine FVa (bFVai; PDB
1SDD (Adams et al., 2004)), and hFVIII (3CDZ (Ngo et al., 2008); 2R7E
(Shen et al., 2008); 4BDV (Svensson et al., 2013)). More recently,
structures have appeared even of complexes containing the full coagu-
lation factors (Lechtenberg et al., 2013; Ruben et al., 2021; Di Cera et al.,
2022; Ruben et al., 2022; Mohammed et al., 2023).

There is accumulating evidence supporting the involvement of the
C1 and C2 domains in membrane binding of FV and FVIII (Macedo-R-
ibeiro et al., 1999; Srivastava et al., 2001; Spiegel et al., 2004; Segers
et al., 2007). It was shown that the C1 and C2 domains include PS
binding sites that are important for membrane binding of FVa
(Majumder et al., 2005; Majumder et al., 2008) and that the C1 domain
also regulates assembly of the FVa:FXa complex (Majumder et al., 2008).
In another study, deletion of the C2 domain from FV was reported to
result in complete loss of PS-specific binding (Ortel et al., 1992a).
Moreover, immunoglobulins, known to bind FV-C2, have an inhibitory
effect on the PTase activity, probably by diminishing the binding of FVa
to PS-containing membranes (Ortel et al., 1992b). Furthermore, muta-
genesis studies imply a direct role of S1 of FV-C2 in binding to
PS-containing membranes (Nicolaes et al., 2000).

We use MD simulations to elucidate membrane binding and the
membrane-bound forms of the FV-C2 domain to anionic membranes.
This methodology facilitates a detailed investigation on the atomic level
into the orientation and insertion depth of membrane-bound C2 as well
as identification of the specific sidechain-PS headgroup interactions.
Because of its augmented lipid mobility, the HMMM model (Ohkubo
etal., 2012; Vermaas et al., 2015; Baylon et al., 2016) is an ideal tool for
this purpose.

2. Methods
2.1. Structures of the C2 domain from human FV

The X-ray structures of the C2 domain from the PDB entries 1CZS
(“open” form) and the chain A of 1CZV (“closed”) (Macedo-Ribeiro
et al.,, 1999) were used for the initial conformations of the systems
simulated in this study, to investigate whether the X-ray “open” and
“closed” structures represent either membrane-bound or solution forms
of the C2 domain. Hydrogen atoms were added and the N- and C-termini
were patched with charged amino and carboxy groups, respectively.

2.2. HMMM model

The highly mobile membrane-mimetic (HMMM) model (Ohkubo
et al., 2012) was employed to expedite the formation and convergence of
lipid-protein interactions. The HMMM-based membrane used was
composed of 1,1-dichloroethane (DCE) molecules, representing the hy-
drophobic core, and short-tailed lipid (divalerylphosphatidylserine,
DVPS) molecules for phosphatidylserine (PS) lipids (Arcario et al., 2011;
Ohkubo et al., 2012; Vermaas et al., 2017). The HMIYIZM patch size (i.e.,
the x-y dimensions of the unit cell) was 90 x 90 A~ with 128 DVPS
molecules (64 lipids in each leaflet) included. The resulting area per

lipid is 127 ;\2, which is about twice as large as an experimentally ob-
tained number (Petrache et al., 2004), allowing for nearly two orders of
magnitude enhancement in lateral diffusion of DVPS while the mem-
brane profile remains fairly unchanged with minimal occurrence and
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Fig. 2. Sequence alignment of the C1 and C2 domains. The sequences of the C1 and C2 domains from human or bovine FV and FVIII are aligned using Clustalw2
(Larkin et al., 2007). The positions of S1, S2, and S3 of hFV-C2 are indicated by red bars.

influence of water penetration into the membrane or DCE solvent ejec- thickness, measured by the phosphate—phosphate distance (Dp_p), was
tion (Ohkubo et al.,, 2012; Vermaas et al., 2017). Lipid-protein in- set at ~40 A (Fig. 3). Improved methodology for the HMMM membrane
teractions are expected to be rather independent to the lipid density of patch such as the extended HMMM (extHMMM) recently proposed
the HMMM because the headgroup-involved interactions are mostly (Ohkubo and Madsen, 2023) was found unnecessary due to the rela-
long-range electrostatic (Antila et al., 2019; Kiirikki et al., 2024), and tively small size of a system containing the C2 domain.

therefore the lipids move around and can gather around FV-C2. For

hydrophobic interactions, not only the acyl tails of the lipids but also the

bulk DCE molecules, are expected to be involved. The membrane

Tilt angle, © /°

Fig. 3. A converged membrane binding of FV-C2 depicted by the height of S1-3 and the tilt angle, 6. The left side panels show the twelve membrane simulations, the
height of the tips of S1, S2, and S3 from the membrane center as well as # are plotted in black lines (except for one shown in red, highlighted for more detailed
exploration on the right) as a function of MD simulation time (left side panels). The spike tips are defined as the midpoint of Ca atoms of W26 and W27 (S1), Ca atom
of R43 (S2), and the midpoint of Ca atoms of L79 and S80 (S3). The membrane center is defined as the center of mass of DCE molecules. The average heights for the
membrane components shown in the panels are from a single set for clarity; the means and deviations of the heights are very close from set to set. The gray zones in
the top three panels represent the membrane layer, and three horizontal lines in the zone indicate the average heights of the carboxy carbons, phosphorus atoms, and
the carbons at the acyl tail ends (labeled <COO—>, <PO4—>, and <C5>, respectively). A typical trajectory is highlighted in red lines with its closed-up snapshots of
the C2 domain on the right side. The instantaneous times are labeled on the snapshots and are also indicated as blue arrows in the S1 plot. The initial (0 ns)
configuration is in an inset and is aligned to the S1 panel with the matching scale.
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2.3. Simulation procedures

All-atom MD simulations were performed using NAMD2 (Phillips
et al., 2005), with the CHARMMZ27 force field parameters (MacKerell
et al., 1998) in conjunction with the CMAP corrections (Mackerell et al.,
2004) for proteins and the CHARMMS36 force field parameters
(Vanommeslaeghe et al., 2010) for lipids. The membrane-binding sys-
tems were simulated in the NP,AT ensemble, and the solution systems in
the NPT ensemble. Explicit TIP3P water molecules (Jorgensen et al.,
1983) were used for all simulations. The target temperature was set at
310 K and maintained by using Langevin dynamics with a damping
coefficient of 0.5 ps~1. The pressure was maintained at 1 atm by Lan-
gevin piston Nosé-Hoover method (Martyna et al., 1994; Feller et al.,
1995). The long-range electrostatic forces were computed without
truncation using the particle mesh Ewald (PME) method (Darden et al.,

1993; Essmann et al., 1995) with a grid density of ~ 1 A Integration
time steps for bonded, nonbonded, and PME calculation were set to 2, 2,
and 4 fs, respectively. The cut-off for the van der Waals interaction was
set at 12.0 A.

2.4. Membrane binding simulations of the C2 domain

Simulations for membrane binding of FV-C2 were performed to
obtain the membrane-bound form of FV-C2 and specific lipid-protein
interactions. A 90 x 90 x 30 (along the x, y and z axis, respectively)
A3 volume of DCE was prepared and then padded with 65 A- and 35 A-
thick water slabs on positive and negative z side. Subsequently, 64 DVPS
lipids were added with the phosphorus atoms at around the DCE-water
interface and acyl tails in DCE region for each interface. The “closed”

(1CZV) structure was placed in the thicker water layer ~ 10 A above the
membrane surface with the membrane-binding spikes facing the mem-
brane (Fig. 3, inset “0 ns”). Water and DCE molecules that overlapped
with the lipids or the protein were removed, and the system was then
neutralized with Na " ions. The monovalent cation was chosen as
counterions instead of Ca?" to minimize cation-mediated lipid-lipid
interactions (Boettcher et al., 2011), which gives larger lateral mobility
to the lipids (Ohkubo et al., 2012) and increases chances of lipid-protein
interactions. The neutralized systems were then energy-minimized by
1000 steps of a conjugate gradient method (Hestenes and Stiefel, 1952),
heated to 310 K in 500 steps, relaxed for 3000 steps at 310 K, while
fixing the position of the Ca atoms of the C2 domain in order to sustain
the C2-membrane distance. Subsequently, the system was relaxed for
another 3000 steps without any restraint on the C2 domain. The
50-ns-long NP,AT simulations were performed twelve times, ensuring
good sampling and convergence of computed properties (Table 1).

2.5. Solution simulation of the C2 domain

Simulations for the C2 domain in solution were performed to
investigate whether either the “open” (PDB 1CZS) or “closed” (1CZV)
form represents the solution structure of the C2 domain. A system

Table 1

Systems simulated in the present study. Both the membrane and solution sys-
tems contain a copy of the C2 domain of human factor V (FV-C2), whose initial
structure is either from PDB 1CZS (“open™) or 1CZV (“closed™).

System Unit cell size Init. Structure Number of Simulation
xxXyx z/ of C2 domain simulations length/ns
i

Membrane 90 x 90 x “closed” 12 50
~ 128

Solution ~67 X ~ “closed” 1 100
76 x ~ 87

Solution ~ 67 X ~ “open” 2 100
76 x ~ 87
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including a single FV-C2 molecule was prepared for each form using the
same following procedures. The proteins were solvated in a water box
that provided a minimum pacciging of 12 A on each side, resulting in
approximately 67 x 67 x 87 A" unit cells. The systems were then
neutralized by randomly replacing water molecules in the bulk with
Ca®* and Cl™ ions (the net ion concentration is 0.19 M). While mono-
valent cations were used as counterions in the membrane-binding
simulation to sustain high lateral mobility of HMMM-forming lipids,
divalent Ca®" ions were used here to minimize the number of counter-
ions in the system. Influence of different cation types over the structure
and dynamics of FV-C2 are negligible. The solvated and neutralized
systems were then energy-minimized by 1000 steps of the conjugate
gradient method (Hestenes and Stiefel, 1952), while weakly restraining
the Ca atoms of the C2 domain to the original positions with the spring
constant of 29 kJ mol~! A1 (7.0 kcal/mol 10\’1) in order to sustain the
orientation of the domain in the system. Subsequently, the production
MD simulations were performed in NPT ensemble for 100 ns? Systems
with C2 in water only are substantially easier to converge, and thus more
replicas were performed for the membrane-containing systems
(Table 1).

2.6. AlphaFold2 predictions

Prediction of a structural ensemble for hFV-C2 was performed with
AlphaFold2 (Jumper et al., 2021) using ColabFold (Mirdita et al., 2022)
and MMseqs2 (Steinegger and Soding, 2017). 16 different seeds were
used to make 5 models each, giving 80 models in total.

3. Results & discussion

A summary of the findings is as follows, with further elaboration and
specific information provided in subsequent sections. Employing the
HMMM model of anionic membranes allowed for determining the
membrane-bound form of FV-C2. Multiple, relatively short molecular
dynamics (MD) simulations of a system that include a HMMM-based
pure-PS membrane captured the spontaneous membrane binding of
FV-C2 repeatedly, providing enhanced statistics on specific lipid-protein
interactions. FV-C2 bound to the PS membrane at S1, S2 and S3 with its
p-barrel nearly aligned with the membrane normal as previously
postulated (Macedo-Ribeiro et al., 1999; Adams et al., 2004; Peng et al.,
2005; Mollica et al., 2006; Stoilova-Mcphie et al., 2008). Spikes S1 and
S3 did not exhibit significant backbone perturbations upon membrane
binding, while the sidechain of W26 in S1 changed its orientation. A PS
lipid bound to the PS-specificity pocket (Macedo-Ribeiro et al., 1999)
consistently. Simulations conducted in bulk water for FV-C2, initiated
from either the “open” or “closed” forms, sampled overlapping confor-
mational ensembles, i.e., there was no observed dependence on the
choice of the initial structure.

3.1. Converged membrane-binding orientation of the C2 domain

To explore the membrane-bound form of the C2 domain of human FV
(hFV-C2), twelve sets of 50-ns-long MD simulations were performed.
The system simulated consisted of a pure divalerylphosphatidylserine
(DVPS) HMMM-based membrane and a single FV-C2 (from PDB 1CZV)
initially placed in the bulk water (Fig. 1).

In all cases, FV-C2 spontaneously bound to the membrane at putative
membrane-binding regions, namely Spikes 1, 2 and 3 (S1, S2 and S3)
(Macedo-Ribeiro et al., 1999). The three spikes were inserted into the
membrane within 2-25ns, after which the spike tips reached asymptotic
heights from the membrane center (Fig. 3). The tips of S1 and S3 reached
the acyl tail region (Fig. 3), i.e., the layer between the average height
from the membrane center for phosphorus atoms (<PO4—>) and that
for the carbons at the acyl tail end (<C5>). The tip of S2, which is
shorter than S1 and S3, on the other hand, fluctuates around the head-
group layer (between <COO—> and <PO4—> in Fig. 3). The p-barrel of
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FV-C2 is almost perpendicular to the membrane surface when all spikes
are inserted in the membrane (Fig. 3, “9.5 ns” when all spikes were first
inserted, and “43 ns” after well-equilibrated).

The orientation of FV-C2, represented by the tilt angle of the first
principal axis of the protein from the membrane normal (Fig. 1),
converged into a narrower range of 10-30°, after S1-S3 were fully
buried into the membrane (Fig. 3). For comparison, the tilt angle varied
from 0° to 80° beforehand, due to free rotation of the protein in the bulk

Current Research in Structural Biology 7 (2024) 100149

water. The tilt angle of 10-30° means that the p-barrel is nearly vertical
to the membrane in the obtained membrane-bound form of FV-C2
(Fig. 3), which is similar to the PS-containing lipid tube-bound model
for the entire FVa based on electron microscopy data (“FVaEM” model)
(Stoilova-Mcphie et al., 2008). In the FVaEM model, however, the
insertion depth of C2 domain is around 20 A, while in our HMMM-bound
model, S1 and S3 are inserted into the membrane around 10 A below the
membrane surface represented by <COO-> (Fig. 3). We have
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Fig. 4. Distances between S1, S2, and S3 during the membrane-binding (left panels) and solution (right) simulation of the C2 domain. (A) The distances between the
tips of S1, S2, and S3 (see Fig. 3 legend) measured every 0.1 ns are plotted as a function of time. The horizontal lines indicate the tip-tip distances in two X-ray
structures, 1CZV “closed” (in blue) and 1CZS “open” (green) (Macedo-Ribeiro et al., 1999), respectively. Note the different time scales for the membrane and solution
simulations. Data from solutions simulations are colored as differently for the three simulations (“closed” in black and the two “open” trajectories in red and blue).
(B) Fluctuation of tips of S1-3 during the membrane-binding and solution simulation. The (x, y) coordinates of the tips of S1, S2, and S3 (represented by the Cax atoms
of W26, R43, and L79, respectively) are depicted for superimposed structures from every 0.1 ns of the last 20 ns (membrane-binding) or 50 ns (solution) of sim-
ulations. The reference for the superimposition is the chain A of PDB 1CZV (Macedo-Ribeiro et al., 1999), with its center of mass was matched to the origin and the
first, second, and third principal axes aligned with the z, x, and y axes, respectively (note that the z axis is the membrane normal in all simulations). Subsequently, the
superimposition was performed by aligning the instantaneous structures onto the reference, using the Ca carbons in relatively stable f strands (i.e., residues 13-20,
32-36, 57-61, 70-75, 85-93, 113-117, 123-127, 135-139 and 150-154). The 1CZS “open” structure is also superimposed in the same manner. The tip positions of
the two X-ray structures are indicated by large blue (for 1CZV) or green (1CZS) spheres connected by lines in the same colors. Data from solutions simulations are
colored as differently for the three simulations (“closed” in black and the two “open” trajectories in red and blue).
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previously speculated that this difference can be attributed to the rela-
tively high curvature of the lipid nanotubes employed to secure FVa in
the FVaEM structure (Ohkubo and Madsen, 2021), and this remains our
interpretation.

3.2. Interplay between the X-ray, membrane-bound, and solution
structures of FV-C2

There are two X-ray solved, distinguishable structures for FV-C2:
1CZS and 1CZV, referred to as “open” and “closed” forms, respec-
tively, due to the differences in the conformation of S1 (Macedo-Ribeiro
et al., 1999) and the orientation of the sidechains of the S1 sidechain
W26 and W27 conformations (Fig. 1). It has been suggested that the
X-ray “open” and “closed” forms might represent membrane-free and
membrane-bound forms (Macedo-Ribeiro et al., 1999), which is sup-
ported in part by MD simulations of FV-C2 binding to neutral POPE
membranes (Mollica et al., 2006). Through, it cannot be ruled out that
the differences arise from varying crystallization conditions.

The two structures were, however, not observed as clearly distinct
forms during the membrane-binding or solution simulations of FV-C2, as
found by monitoring the distance between the S1 Ca atom of W26 and
that of L79 on S3 (Fig. 4). In all except one case (which will be
mentioned later) of the membrane-binding simulations, the S1-S3 dis-
tance (distance between S1 and S3) converged to a value between those
for the X-ray “open” (18.6 A, shown as green horizontal lines) and
“closed” (10.2 A, blue lines) structures, ranging mostly from 11 to 16 A
(Fig. 4A). In the case of solution simulations, the S1-S3 distance
exhibited a similar behavior to the membrane-binding simulations, i.e.,
mostly ranging from 9 to 15 A and seldom exceeding 16 A, regardless of
the initial structure (Fig. 4A).

Similar trends were observed for two other inter-spike distances in
the membrane-binding simulation. The S1-S2 distance fluctuated
mostly between the “closed” distance (9.5 10\) and the “open” (14.3 A)
before and after membrane binding. The S2-S3 distance increased
slightly over time and then fluctuated around or above the “open” dis-
tance (11.8 A) after membrane binding, yet it occasionally visited the
neighborhood of the “closed” distance (9.1 10\) (Fig. 4A). As for the so-
lution simulations, on the other hand, the S2-S3 distance exceeded the
“open” distance (14.3 f\) in two trajectories and remained around the
“closed” (9.5 A) in the rest, implying that the conformation of S2 is
different from that in the membrane-bound form. One contributing
factor may be the comparatively shorter length of S2 compared to S1 and
S3, a characteristic that aligns with its smaller insertion depth.

Therefore, no clear transition from the “closed” to the “open” upon
the membrane binding was observed. Both X-ray “closed” and “open”
structures were visited as membrane-bound states occasionally, but not
well populated. In solution, S2 seems to exhibit two conformations that
are different from the X-ray structures.

The relative fluctuation of the tip positions of S1-S3 during the
simulations are depicted in Fig. 4B (see the legend for the details of
aligning instantaneous structures). In both the membrane-binding and
solution simulations, the tips of S1 and S3 reside mainly around or be-
tween the positions of the X-ray “open” and “closed” structures. The
“open” and “closed” structures share the tip position of S2, around which
the S2 positions of the membrane-bound FV-C2 are distributed (Fig. 4B,
left panel). The S2 positions of the solution FV-C2, on the other hand,
distribute off the X-ray position: the far side from both S1 and S3 in two
cases (red and black) and more closed positions to S3 (blue) in one of the
simulations started with “closed” structure (Fig. 4B, right panel). The
trend is attested by the Ca-RMSD of S1-S3 from the X-ray structures
(Table 2). In both membrane-binding and solution simulations of FV-C2,
the RMSDs of S1 and S3 from the X-ray structures are around 2-3 A, with
slightly larger values for $2. The RMSD difference of ~2-3 A for short
loops like S1-S3 (9, 7, and 8 residues were used for the calculation,
respectively) may result from visibly significant structural differences to
the X-ray models. One may wonder why MD-sampled structures are so
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Table 2

Structural deviation for membrane-bound and solution states from the X-ray
“open” and “closed” conformations. The averaged Ca RMSDs of membrane-
bound and solution structures from the reference structures of PDB 1CZS
(“open™) and 1CZV (“closed™) followed by the standard deviation in parentheses.
The instantaneous structures of every 0.1 ns of each simulation from the last 20
ns (membrane-bound) or 50 ns (solution) are superimposed to the reference
structure using the Ca atoms of relatively stable f§ strands (residues 13-20 32-36,
57-61, 70-75, 85-93,113-117, 123-127, 135-139, and 150-154). The RMSD is
then calculated for the superimposed f strands (B), the whole C2 domain (All),
S1 (residues 23-31), S2 (residues 40—-46), and S3 (residues 76-83).

System Membrane-bound Solution
Reference 1CzS 1Czv 1CzS 1CzZv
(“open”) (“closed”) (“open”) (“closed”)
RMSD i} 1.2 (1.0) 1.1 (1.0) 1.1 (0.5) 1.1 (0.5)
for/A All 2.0(1.1) 1.9(1.2) 2.2(0.4) 2.1(0.4)
S1 2.7 (1.2) 2.0@1.49) 3.2 (0.9) 2.1 (0.8)
S2 2.8(1.3) 2.8(1.3) 3.6 (0.8) 3.7 (0.8)
S3 2.0(1.2) 2.5(1.3) 2.2 (0.6) 2.7 (0.9)

different from the X-ray models? It is likely due to the difference in the
crystallization and solution conditions. FVIII-C2 domain, which has ~40
% sequence similarity to FV-C2, also exhibits structural differences be-
tween the X-ray (Pratt et al., 1999) and solution structures, mainly for
the regions corresponding to S1-S3 (Nuzzio et al., 2013).

3.3. Sidechain orientation of W26 shifts upon membrane binding

It has been suggested that the difference between the X-ray “open”
(1CZS) and “closed” (1CZV) forms were not only due to the conforma-
tion of S1 but also the sidechain orientation of W26 and W27 (Mace-
do-Ribeiro et al., 1999). The relative orientation of W26 sidechain with
respect to the groove enclosed by S1-S3 (the W26 opening angle) was
monitored as the angle between the two vectors, one linking Ca of W26
to Cy of W26 and the other linking Ca of W26 to Ca of L79, Fig. 5, with
corresponding free-energy estimates in Fig. 6.

The average W26 opening angle for the membrane-bound FV-C2 is
56.0 + 27.3°, which is significantly larger than that for the “closed”
form (37.3°), although it is not as wide as 93.4° for the “open” form
(Table 3). The W26 opening angle for FV-C2 in solution (38.7 + 24.2°)
remains close to that for the X-ray “closed”. Furthermore, there are two
peaks in the distribution of the W26 opening angle at around 30° and
65° (Figs. 5 and 6). In solution form of FV-C2, the former is far more
populated than the latter, while in the membrane-bound form, both are
equally populated. There exists, on the other hand, a single large peak in
the S1-S3 distance distribution at about 13 A (Fig. 5, left- and right-most
panels; also Fig. 4), and therefore a single state with regard to the
backbone of two spikes. Given that the p-barrel of FV-C2 is nearly
perpendicular to the membrane surface, the observations above support
that the apolar side chain of W26 in FV-C2 is kept near S1 and S3 to
cover the groove between the spikes (as in the X-ray “closed” structure)
in solution, and that, upon membrane binding, the sidechain changes its
orientation to be inserted into the hydrophobic environment in the
membrane (Fig. 3) without changing the backbone of S1 or S3.

For comparison using a complementary structural modeling
approach, we generated an ensemble of hFV-C2 using the AlphaFold2
deep neural network system. The corresponding values of the W26
opening angle can be seen in Fig. 7. Notably, the ensemble closely aligns
with the MD-sampled ensembles, particularly from the solution state
(refer to Figs. 5 and 6). However, AlphaFold2 exclusively samples within
the two distinct states defined by the boundary structures of the “closed”
and “open” conformations (Fig. 7). In contract, MD simulations explore
conformations mainly between these boundary states, but also extend
beyond the region restricted by them. Since AlphaFold2 ignores the
presence of the membrane, we suspect that the congruence between
AlphaFold2 and MD ensembles reflect general conformational landscape
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of FV-C2, whereas the membrane-bound ensemble from MD reveals the
adaptation upon binding the membrane.

3.4. A PS headgroup moiety binding to the PS-specificity pocket

A putative PS-specificity pocket composed of K23, Q48, and S78 of
FV-C2 was previously proposed, based on the crystal structure (Mace-
do-Ribeiro et al., 1999) (Fig. 1). A PS lipid may be tucked into the pocket
and its headgroup moieties would establish hydrogen bonds: the

carboxy moiety with Q48 carboxamide and S78 hydroxy groups, as well
as the phosphate moiety with K23 e-amino group. The
membrane-binding simulations captured binding of a PS headgroup to
the PS-specificity pocket of FV-C2 repeatedly. In 8 out of 9 simulations,
however, the pattern of the hydrogen bonds was different from that in
the originally proposed model (Macedo-Ribeiro et al., 1999), with the PS
phosphate moiety interacting with S78 and the carboxy with K23
(Fig. 8). The amino moiety occasionally interacts with Q48, but the
moiety is often pointing towards the membrane and away from S2.
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Table 3

Average Spike 1-Spike 3 distance and W26 opening angle. The averages of the
Spike 1 - Spike 3 distance (defined as the distance between W26_Ca and L79_Ca)
and of the opening angle of the W26 sidechain (defined as the angle between the
vectors W26_Ca to L79_Coa and W26_Ca to W26_Cy) for the systems listed in
Table 1, with the standard deviation in parentheses. The distances and angles for
the reference “closed” (PDB 1CZV) and “open” (1CZS) structures are also listed.

System Init. Conformation ~ S1-S3 distance/ W26 opening angle/°
A
Membrane “closed” 14.2 (2.6) 56.0 (27.3)
Solution All 12.4 (2.2) 38.7 (24.2)
“closed” 12.5(2.5) 51.7 (28.4)
“open” 12.3 (2.0) 32.2 (18.6)
1CZV (“closed™) - 10.2 37.3
1CZS (“open™) - 18.6 93.4
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Fig. 7. Distribution of the distance between S1-S3 and W26 opening angle of
AlphaFold2-predicted FV-C2 conformations. The large blue and green circles
are of the X-ray structures 1CZV (“closed”) and 1CZS (“open”), respectively.
The insert shows the X-ray structures 1CZV (“closed”, in blue) and 1CZS
(“open”, in green) in cartoon representation, respectively, with the AlphaFold2
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Fig. 8. Identifying the PS-specificity pocket. A snapshot of a PS lipid (depicted
in licorice representation) from one of the membrane-binding simulations is
shown. The lipid resides in the PS-specificity pocket, interacting with K23, Q48,
and S78. The backbone of the C2 domain is shown as blue tubes and the
sidechain of K23, Q48 and S78 are in licorice representation.

If this binding pattern of a single PS to the pocket is essential to the
membrane binding of FV-C2, a speculation could be made on a mem-
brane binding of FV-C2, just like the “Anything But Choline” (ABC)
hypothesis for GLA domain (Tavoosi et al., 2011; Tavoosi and Morrissey,
2013, Tavoosi et al., 2013). Since both phosphate and carboxy moieties
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from a single lipid need to interact with S78 and K23 of FV-C2,
respectively, lipids with a small headgroup such as phosphatidic acid
(PA) probably cannot bind to the pocket stably. On the other hand, a
lipid with a phosphatidylethanolamine (PE) headgroup may be able to
bind to the pocket at its phosphate interacting with S78 and at the amino
group with Q48 but without interacting with K23 (which was not
observed in membrane-binding simulation). In a similar manner, other
lipids like sphingomyelin or phosphatidylcholine might also be able to
bind the pocket weakly, and perhaps even cholesterol could play a role
(Banerjee and Sen, 2023, Javanainen et al., 2023). These speculations
would lead to a potential rule that “anything but PA” may be able to bind
the pocket, albeit with somewhat lower affinities.

FV-C2 contains both hydrophobic residues (e.g., W26 and W27 on
S1) and basic residues (e.g., K23, K24 on S1 and R43 on S2). It is thus
expected that membrane binding of FV-C2 is based on nonspecific hy-
drophobic contacts between the nonpolar residues, the acyl tails, and
more specific electrostatic contacts between the basic residues and
anionic headgroups (including the PS-specificity pocket). Average
numbers of lipid atoms in contact with individual residues are shown for
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Fig. 9. Interaction between PS lipids and FV-C2 sidechains. For each residue of
FV-C2, the expected numbers of interacting lipid moieties, defined as the
average numbers of moieties within 5 A are plotted for carboxy carbon (top
panel), phosphorus (second top), ester carboxy oxygen (second bottom), and
acyl tail carbon (bottom) atoms. 200 instantaneous structures from every 0.1ns
out of the last 20 ns (i.e., 30-50ns duration) of the twelve membrane-binding
simulations were used for the computation (see also Table 1). The sequence
of FV-C2 is shown in the middle along the residue number, with the regions of
S1-S3 indicated by red bars and labels. The bars exceeding 0.5 are also labeled
with the amino acid code.
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the membrane-bound FV-C2 in Fig. 9. All K and R residues near or on S1
and S3 and K120 are in contact with phosphosphate and/or carboxy
groups of PS headgroups with relatively larger (>0.6) counts, whereas
apolar residues (e.g., W26 and W27 on S1; L79 on S3) are mainly in
contact with the glycerol and acyl tail layer.

In the S1-S3 distance distribution for the membrane-bound FV-C2,
there is a hump centered around 20 A which is not observed the in the
solution form (Fig. 5). This is contributed from a single trajectory (the
outlier line in the top-left, “membrane S1-S3” plot of Fig. 4A). The
observed “open”-like state in the trajectory, however, is different from
the 1CZS structure (Macedo-Ribeiro et al., 1999). One of the noticeable
differences is the dislocation in the backbone segment of residues 44-56.
We note, however, such a structure was observed only in one out of
twelve trajectories, and that we currently cannot judge if the structure
could be an artifact.

3.5. Comparison with FVIII-C2

FV-C2 has high similarity to FVIII-C2 both in sequence (Fig. 2) and
structure (Ngo et al., 2008). It is hence expected that FVIII-C2 would
bind to anionic membranes with a similar insertion depth and orienta-
tion to FV-C2 as suggested previously (Pratt et al, 1999). The
membrane-bound form of the homologous FVIII-C2 has been proposed
implicitly in a study on the intrinsic factor Xase binary complex to be
positioned with the p-barrel of FVIII-C2 to be heavily inclined relative to
the membrane surface (so was the juxtaposed FVIII-C1) (Pratt et al.,
1999). Since FV-C2 and FVIII-C2 exhibit strong similarities in their
membrane-binding mode (Madsen et al., 2015), the suggestion would
follow what that the tilted or inclined orientation of FVIII (Wakabayashi
and Fay, 2013) likely stems from preferred orientation of C1 and not C2
because the latter prefers the upright orientation (see Fig. 3 above and
Fig. 4 of (Madsen et al., 2015)). In addition, the detailed lipid in-
teractions of FV-C2 and FVIII-C2 are not identical, which raises ques-
tions regarding different mechanisms for their membrane binding and
lipid specificities. In fact, our results are in excellent overall agreement
with recently published works using similar methodology on homolo-
gous C2 domains, including lactadherin-C2 and FVIII-C2 (Madsen et al.,
2015; De Lio et al., 2020; Li et al., 2022; Cheng et al., 2023; Ohkubo and
Madsen, 2023) but we note that it appears that the PS-specificity pockets
among these domains are not identical, nor do they appear to bind PS
moieties with the same interaction pattern.

For FV-C2, it was often observed in the membrane-binding simula-
tions that a PS headgroup interacts with K23 at the carboxy group, Q48
at the phosphate and carboxy, and S78 at the phosphate group. This
hydrogen bond pattern is different from the previously postulated based
on the X-ray “open” structure (Macedo-Ribeiro et al., 1999). In FVIII-C2,
F2196, R2220, and S2250 correspond to these K23, Q48, and S78 of
FV-C2 (Fig. 2). If FVIII-C2 binds to the membrane, exhibiting a similar
insertion depth and orientation to FV-C2, a PS headgroup may also bind
to the “pocket” among the spikes of FVIII-C2. The phosphate group of
the headgroup may interact with §2250, and the carboxy group can
contact R2220, which should be easier to reach than Q48 in FV-C2 due
to its longer side chain. However, our previous investigation showed
that not only R2220 but also R2320 is available to make contact with the
lipid carboxy group (Madsen et al., 2015). The more accessible and
multiple residues may be one of the reasons why FVIII-C2 has higher
binding affinity to PS-containing vesicles than FV-C2 (Gilbert et al.,
2012). The affinity measurement for the wild-type FV-C2 and FVIII-C2
and their point mutants on the “pocket”-forming residues under the
same condition would be able to substantiate our results and
speculations.

4. Conclusions

Establishing accurate membrane-bound models for the membrane-
binding domains (i.e., the C2 and GLA domains) of coagulation factors
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is crucial for elucidating the molecular mechanisms underlying these
components’ association and function on the membrane surface. We
have repeatedly and consistently observed spontaneous membrane
binding of FV-C2, facilitating the development of reliable membrane-
bound models of FV-C2, exploration of membrane-induced conforma-
tional dynamics and identification of specific lipid-protein interactions.
In its bound state, FV-C2 exhibits a configuration with spikes 1-3 about
10 A inserted below the membrane surface, and the p-barrel oriented
nearly normal to the membrane surface. Upon binding, the hydrophobic
residue W26 becomes more exposed to the acyl tails of the membrane
lipids, while the backbone structures of spikes 1 and 3 undergo minimal
changes. A PS headgroup was observed to interact with basic or polar
residues at the previously postulated PS-specificity pocket, but in a
different interaction pattern. Despite existing crystal structures repre-
senting presumed “open” and “closed” states of FV-C2, our results
revealed a continuous distribution of structures between these states,
with the most populated structures differing from both “open” and
“closed” states observed in crystal environments. Structural prediction
with AlphaFold2 is consistent with these observations. Our results form
a framework for refining putative models of FV and FVIII, and conse-
quently, membrane-bound PTase and intrinsic FXase complexes, sug-
gesting potential experiments such as mutagenesis studies to further
validate and enhance our understanding of these membrane-bound
proteins and complexes.
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