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ABSTRACT Tissue factor (TF) is a transmembrane glycoprotein that plays distinct roles in the initiation of extrinsic coagulation
cascade and thrombosis. TF contains two disulfide bonds, one each in the N-terminal and C-terminal extracellular domains. The
C-domain disulfide, Cys186-Cys209, has a �RHStaple configuration in crystal structures, suggesting that this disulfide carries
high pre-stress. The redox state of this disulfide has been proposed to regulate TF encryption/decryption. Ablating the N-domain
Cys49-Cys57 disulfide bond was found to increase the redox potential of the Cys186-Cys209 bond, implying an allosteric
communication between the domains. Using molecular dynamics simulations, we observed that the Cys186-Cys209 disulfide
bond retained the �RHStaple configuration, whereas the Cys49-Cys57 disulfide bond fluctuated widely. The Cys186-Cys209
bond featured the typical �RHStaple disulfide properties, such as a longer S-S bond length, larger C-S-S angles, and higher
bonded prestress, in comparison to the Cys49-Cys57 bond. Force distribution analysis was used to sense the subtle structural
changes upon ablating the disulfide bonds, and allowed us to identify a one-way allosteric communication mechanism from the
N-terminal to the C-terminal domain. We propose a force propagation pathway using a shortest-pathway algorithm, which we
suggest is a useful method for searching allosteric signal transduction pathways in proteins. As a possible explanation for
the pathway being one-way, we identified a pronounced lower degree of conformational fluctuation, or effectively higher stiff-
ness, in the N-terminal domain. Thus, the changes of the rigid domain (N-terminal domain) can induce mechanical force prop-
agation to the soft domain (C-terminal domain), but not vice versa.

INTRODUCTION
Tissue factor (TF) is the plasma membrane cofactor for
coagulation factor VIIa. Binding of VIIa to TF leads to acti-
vation of factor X by discrete proteolysis to initiate blood
coagulation, which stabilizes the developing thrombus. TF
is present on circulating monocytes and neutrophils in a
mostly non-coagulant or cryptic form bound non-produc-
tively to VIIa, and acute events lead to local decryption of
TF and productive binding of VIIa (1). The mechanism of
decryption of TF remains controversial, but it appears to
involve both exposure of phosphatidylserine on the cell sur-
face and formation of a disulfide bond between unpaired
Cys186 and Cys209 in TF.

The current evidence implies that cryptic TF is main-
tained by a neutral phospholipid environment and by
factors that keep TF cysteine residues 186 and 209 in the
reduced free-thiol form. Both the thioredoxin/thioredoxin
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reductase/NADPH system (2) and S-glutathionylation (3)
or S-nitrosylation (4,5) of the Cys209 thiol have been impli-
cated in maintaining TF in a reduced form. TF is decrypted
by activation of a purinergic receptor (P2X7) or complement
(C5b-7) on myeloid cells, and protein disulfide isomerase
(PDI) has been implicated in both systems (6). PDI can
oxidize the Cys186/Cys209 dithiol directly (7), but may
also be involved in removing glutathione and/or NO from
Cys209 (1).

Full-length TF consists of extracellular (residues 1–219),
transmembrane (residues 220–242), and cytoplasmic (resi-
dues 243–263) domains (8). The crystal structure of the
extracellular region of human TF has been resolved (PDB:
1boy and residues 3–213) (9). There are two disulfide
bonds: the N-terminal Cys49-Cys57 and the C-terminal
Cys186-Cys209 (10) (Fig. 1 A). The Cys186-Cys209 bond
has the typical feature of a �RHStaple disulfide bond,
linking adjacent antiparallel b-strands (11–15), which
suggests that the Cys186-Cys209 bond is an allosteric
disulfide bond (16). The classification of disulfide bonds
is based on the signs of the five ci dihedral angles, and
the �RHStaple type of disulfide bonds are defined by the
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FIGURE 1 Structural and mechanical properties

of disulfide bonds in TF. (A) Structure of TF, with

the N-terminal Cys49-Cys57 and the C-terminal

Cys186-Cys209 bonds shown as sticks and the sul-

fur atoms shown as spheres. (B and C) Distribu-

tions of the five dihedral angles c1, c2, c3, c
0
2,

and c0
1 of the Cys49-Cys57 and Cys186-Cys209 di-

sulfides, respectively. (D) S-S bond lengths in

Cys49-Cys57 (red) and Cys186-Cys209 (blue).

(E) C-S-S angles in Cys49-Cys57 (red) and

Cys186-Cys209 (blue). (F) Prestress of the disul-

fide bonds between two cysteine residues in

TF, for Cys49-Cys57 (red) and Cys186-Cys209

(blue), showing the force for all interactions

(left), bonded interactions (middle), and non-

bonded interactions (right). To see this figure in

color, go online.
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signs �, �, þ, �, � (11,16). Prestress represents the inter-
nal mechanical balance between tension and compression of
the residue-residue interactions in a protein at equilibrium
condition, and it can be related to the intrinsic mechanical
properties of a protein (17). The particular geometry of
the �RHStaple disulfide bond was observed to store high
prestress due to stretched bonds and angles around the S-S
bond, which is considered to increase reactivity (16).

Liang et al. (18) discovered that ablation of the Cys49-
Cys57 disulfide in the N-terminal domain increased the
redox potential of the Cys186-Cys209 disulfide by 36 mV,
which hints at an allosteric communication between the
two disulfide bonds in TF activation. Although the Cys49-
Cys57 disulfide is buried and not known to be reduced
in vivo, this long-range communication is an intriguing
case of protein allostery that merits further examination.
Long-range allostery forms the basis of many cases of
protein regulation, but the underlying mechanisms often
cannot be inferred from static protein structures (19).
Molecular dynamics (MD) simulations have become a
highly valuable tool for understanding protein allostery
(20). In contrast to analysis methods based on changes in
protein conformation and dynamics, the MD-based method
recently devised by us, termed force distribution analysis
(FDA), monitors changes in protein molecular forces to
examine allostery (21). FDA profits from the high sensitivity
of forces to even minor conformational changes, and has
proved valuable to study allosteric pathways in diverse
proteins, such as gene expression factors or chaperones
(22,23).

To understand the allosteric mechanism connecting the
two disulfide bonds in TF, we performed all-atom equi-
librium MD simulations and FDA on the fully oxidized
form, TFðSS j SSÞ, and on molecules where the N- or C-ter-
minal disulfides were ablated by mutating both Cys residues
to Ala, TFðAA j SSÞ or TFðSS jAAÞ, respectively. We first
analyzed the configuration and prestress properties of the
two disulfide bonds in the oxidized wild-type TFðSS j SSÞ.
We also confirmed dynamically, using MD simulations,
that Cys186-Cys209 prefers a �RHStaple disulfide with
the signs of the five dihedral angles �, �, þ, �, �
(Fig. 1 C). Using FDA (21,24–26), we show that the
Cys186-Cys209 bond is highly stressed as expected (16).
Indeed, the mutation of the N-terminal Cys49-Cys57 bond
gives rise to a change in inter-residue forces all the way
up to the C-terminal Cys186-Cys209 bond. However, the
mutation of the C-terminal Cys186-Cys209 bond caused
comparably local force changes. When examining the flex-
ibility of the two domains, we found that the N-terminal
domain is more rigid than the C-terminal domain, which
is a possible explanation for the one-way force propagation
from the N-terminal Cys49-Cys57 bond to the C-terminal
Cys186-Cys209 bond.
MATERIALS AND METHODS

MD simulations

All simulations were performed with Gromacs 4.5.x (27), the OPLS-AA

force field (28,29), the tip4p water model (30), and 150 mM NaCl. We

used three protein systems: TFðSS jSSÞ in the oxidized state (PDB:

1boy), TFðAA j SSÞ, where Cys49 and Cys57 are mutated to alanines,

and TFðSS jAAÞ where Cys186 and Cys209 are mutated to alanines.

Simulation systems comprised dodecahedron boxes with ~150,000,

~130,000, and ~130,000 atoms, respectively. Periodic boundary con-

ditions were used to remove artificial boundary effects. A cutoff of

1 nm was applied for Lennard-Jones interactions. Electrostatic interac-

tions were calculated at a distance of <1 nm. Particle-mesh Ewald
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summation was performed for long-range electrostatic interactions

(31,32). The temperature was kept at 300 K with coupling to a Nosé-

Hoover thermostat (33,34), and the coupling time was tt ¼ 0.4 ps.

The pressure was kept at 1 bar using isotropic coupling to a Parri-

nello-Rahman barostat (35), with tp ¼ 4.0 ps and a compressibility of

4.5 � 10�5 bar–1. Bonds including hydrogen atoms were constrained us-

ing the LINCS algorithm (36). An energy minimization using the steep-

est-descent algorithm was performed first; then, equilibration of the

solvent with position restraints of 1.66 N/m on all protein heavy atoms

was carried out. Finally, 100 ns simulations for each system (5000

frames for each simulation) were obtained. We then clustered conforma-

tions along the trajectories with a root mean-square distance (RMSD)

cutoff of 1 Å. The top 10 most representative structures were selected

for each system as new starting structures. Then, 10 independent

100 ns simulations were performed for each system, which resulted in

3.3 ms of trajectories in total.
FDA

FDA is a tool that is highly sensitive to changes in structures (21). For each

frame, the pairwise forces, ~Fi;j, between two atoms i and j were calculated

according to the type of interaction between these two atoms in the force

field. The cutoff was 1 nm. Non-bonded forces (Lennard Jones and electro-

static potentials) and bonded forces involving only two atoms were

computed directly from the potential. Bonded forces involving more than

two atoms (angles and proper and improper dihedral angles) were decom-

posed into pairwise atoms (21).

Pairwise forces between two residues,~Fri;rj, can be obtained by summing

up atomic forces between these two residues:

~Fri;rj ¼
X

~Fi;j: (1)

To measure the impact of ablation of disulfide bonds, subtraction of the

pairwise forces between the oxidized state and the double-alanine mutants

was calculated:

DFri;rj ¼
��~Freri;rj �~Foxri;rj

�� : (2)

By summing up all the residue-based pairwise forces as scalars, the punc-

tual stress of each residue was obtained:

DFri ¼
Xn

rj¼ 1

DFri;rj: (3)

Punctual stress has been used in several studies, and it measures the accu-

mulation of forces at particles (residues/atoms) (21,37). It thus inherits the

unit of force, pN. Visualizing stresses by color coding of protein structures

allows us to identify mechanical hot spots.

To assess the influence of the mutations in the upper and lower disulfides,

respectively, two force matrices,DFri;rj ðAA j SSÞ ¼ ��~FAA j SSri;rj �~FSS j SSri;rj
��

and DFri;rj ðSS jAAÞ ¼ ��~FSS jAAri;rj
�~FSS j SSri;rj

�� , were obtained from

averaging >10 simulations. For each simulation, forces were calculated

by averaging over the 5000 frames corresponding to 100 ns of simulated

protein dynamics. The matrices were converted into networks. To this end,

a vertex-count algorithm was employed to search for the largest connected

network with a certain force cutoff. More specifically, we only kept

edges with absolute force differences larger than the cutoff, and then

searched for connected networks, i.e., groups of nodes connected by at

least one edge (Fig. S1 in the SupportingMaterial). From these networks, the

largest was chosen and visualized. For comparison, we chose cutoffs of

30, 50, 60, and 90 pN, and repeated the network analysis. This method

has previously been successfully used to trace signal transduction in

Hsp90 (23).
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Shortest pathways

The vertex-count method gives an overview of all connected pairs with a

significant response to perturbation. However, to identify residues in

the allosteric pathways between the two disulfide bond positions, only

DFri;rj ðAA jSSÞ matrices significantly larger than DFri;rj ðSS jAAÞ
(p < 0.05 by the Wilcoxon rank-sum test (38)) were considered. A non-

directed graph was built, and the reciprocals of the residue-based pairwise

forces were used as weights for each pair. Dijkstra’s algorithm (39) was em-

ployed to search for the shortest pathway with maximal likelihood from one

residue to another residue. Yen’s algorithm (40) then was applied to obtain

the top 100 shortest pathways.
Force constant

To rationalize the asymmetric force distribution in TF, we estimated the

flexibility of the two TF domains by Boltzmann inversion. Commonly,

the distribution of the conformational ensemble for an equilibrium system

follows the Boltzmann distribution,

PðxÞf e
� E
kBT ; (4)

where PðxÞ is the probability of the ensemble being situated along a coor-

dinate x (here, the radius of gyration), kB is the Boltzmann constant, T is the

temperature of the system (300 K), and E is the energy as a function of the

radius gyration. We assume that E follows a harmonic function,

EðxÞ ¼ 1

2
kðx � x0Þ2; (5)

where x0 is the equilibrium radius of the gyration and k is the force constant

acting along the radius of gyration, which indicates the rigidity of the

domain. According to Eqs. 4 and 5, the distribution of the radius of gyration

can be fitted with a Gaussian distribution,

f ðxÞ ¼ 1ffiffiffiffiffiffi
2p

p
si

e�
ðx�x0Þ2
2s2 ; (6)

from which the force constant, k, can be estimated as

k ¼ kBT

s2
; (7)

where s can be obtained by fitting the distribution of the radius of gyration

of the two TF domains obtained from MD simulations according to Eq. 6.

The distribution of the radii of gyration were calculated by counting the 10

simulations of the wild-type TF together (10 � 5000 frames).
RESULTS AND DISCUSSION

Structures and dynamics of the two disulfide
bonds in TF

To examine the properties of the two disulfide bonds in
oxidized TF (Fig. 1 A), we first analyzed the five dihedral
angles of each disulfide bond to classify the bonds into geo-
metric classes based on their signs. The distributions of five
dihedral angles, c1, c2, c3, c

0
2, and c0

1 over 50,000 frames
shows that the configuration of the Cys49-Cys57 bond fluc-
tuates widely (57.3% �RHSpiral, 13.7% 5RHSpiral, and
9.3% �LHSpiral in Fig. 1 B and Fig. S2 A). Conversely,
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the distributions of the five dihedral angles of the Cys186-
Cys209 disulfide are narrow and steadily remain within
the signs of �, �, þ, �, � (Fig. 1 C), which suggests that
the Cys186-Cys209 disulfide remains a �RHStaple disul-
fide bond in equilibrium simulations (100% �RHStaple
(Fig. S2 B)). The distributions of S-S lengths of the
Cys186-Cys209 bond shifted toward longer lengths
compared to the Cys49-Cys57 bond (Fig. 1 D). In addition,
the C-S-S angles of the Cys186-Cys209 bond are signifi-
cantly larger than those of the Cys49-Cys57 bond
(Fig. 1 E). The total prestress (16,17) between two cysteine
residues, including all interactions, does not show large dif-
ferences between the Cys49-Cys57 bond and the Cys186-
Cys209 bond, which both lie in the range from þ100 pN
to �100 pN. However, the bonded force of the Cys186-
Cys209 bond is larger than that of the Cys49-Cys57 bond,
with a force magnitude of ~�300 pN, whereas the non-
bonded force is ~400 pN (Fig. 1 F). The same trend was
observed previously for other �RHStaple disulfide bonds
(16). Our results on the structural and dynamic properties
of the Cys186-Cys209 bond thus confirm that the Cys186-
Cys209 disulfide has a �RHStaple configuration, whereas
the Cys49-Cys57 bond resembles a disulfide that is often
of a structural nature.
Disulfide ablation causes minor structural
changes

We next examined the effect of ablating the disulfide bonds
in TF on its structure and dynamics. To this end, analogous
to the experiments of Liang et al. (18), we introduced point
mutations SS / AA one by one. We here denote the three
systems as TFðSS j SSÞ (oxidized TF), TFðAA j SSÞ (N-ter-
minal S-S-bond-reduced TF), and TFðSS jAAÞ (C-terminal
S-S-bond-reduced TF).

Upon mutation of an allosteric disulfide bond to two ala-
nines, one could expect structural rearrangements of the pro-
tein. We calculated the RMSD from the wild-type upon
mutation, but observed RMSDs of only ~0.3 nm for the mu-
tants, values highly similar to those of the wild-type (Fig. S3
A). Also, the RMS fluctuation (RMSF) did not differ be-
tween open and closed disulfides, suggesting that large-scale
conformational changes, at least on the sub-microsecond
timescale, are largely absent in TF (Fig. S3 B). Furthermore,
the classifications of the disulfide bonds remain the same as
in the wild-type, with the dominant �RHStaple of Cys186-
Cys209 (Figs. S2 D and S3 C) and the wide distribution of
dihedrals for Cys49-Cys57 being unaffected (Figs. S2 C
and S3 D). Also, the S-S bond lengths (Fig. S3, E and F)
and C-S-S angles (Fig. S3, G and H) displayed similar dis-
tributions after ablating the other disulfide bond.

Given that the global structural changes, as well as the ge-
ometry changes of the distant disulfide, are not significant
between the wild-type TFðSS j SSÞ and the mutants, we
analyzed changes right in the vicinity of the respective
mutation. To this end, we applied the DSSP algorithm
(41,42) to analyze differences in the secondary structures
of TFðSS j SSÞ, TFðAA j SSÞ, and TFðSS jAAÞ. The main
changes of secondary structures after mutating one disulfide
bond are found for residues 48–51 in TFðAA j SSÞ
(Fig. 2 A). In TFðSS j SSÞ and TFðSS jAAÞ, the main sec-
ondary structure of this short sequence is b-sheet. Interest-
ingly, residues 48–51 in TFðAA j SSÞ changed to a loop
configuration (Fig. 2, A and B). Thus, the Cys49-Cys57
bond assists the adjacent residues in forming the secondary
structure, a b-strand, whereas the mutation Cys49Ala
caused the adjacent residues to form a loop. Overall, the
structural adaption was minor and was only detected locally
around Cys49-Cys57 upon mutation.
N-terminal disulfide ablation stresses TF more
widely

Monitoring the propagation of forces, a measure for pertur-
bations more sensitive than coordinates, allows the detection
of long-range allosteric communication. We here compared
stresses in TF wild-type and mutants to reveal allo-
steric pathways upon removal of one of the disulfides.
Using Eqs. 1, 2, and 3, we calculated punctual stresses of
TFðAA j SSÞ and TFðSS jAAÞ relative to TFðSS jSSÞ.
Remarkably, ablation of the disulfide bond Cys49-Cys57
induced mechanical changes in the C-terminal domain.
Instead, punctual stresses in the N-terminal domain are
low in both TFðAA j SSÞ and TFðSS jAAÞ (Fig. 3 A). Spe-
cifically, the punctual stress in the Cys186-Cys209 bond
upon ablating the N-terminal disulfide, i.e., when subtract-
ing the stresses of TFðAA j SSÞ from those of TFðSS j SSÞ,
was in the range 200–300 pN, whereas the punctual stress
in Cys49-Cys57, when subtracting TFðSS jAAÞ stresses
from those of TFðSS j SSÞ, was in the range 80–150 pN
(Fig. 3 C). This demonstrates that the mechanical
impact of the N-terminal mutation, Cys49Ala-Cys57Ala,
on the C-terminal disulfide bond, Cys186-Cys209, is
twice as high as the impact of the C-terminal mutation,
Cys186Ala-Cys209Ala, on the Cys49-Cys57 bond.

To quantify the stress changes more globally throughout
TF, we averaged stress over the secondary structure blocks
of TFðSS j SSÞ as a reference (the assignment of the second-
ary structure is shown in Table S1) (43). The sites featuring
main changes in both TFðAA j SSÞ and TFðSS jAAÞ in com-
parison to TFðSS jSSÞ are 1) the loop between b9B and b10

near the intermediate interface, through which the signal is
transduced between the two domains; 2) the a3 helix, also
located at the interface, a change that is also confirmed by
our force network and pathway analyses in the next sec-
tions; and 3) the two b-strands where the Cys186-Cys209
bond is located, b15F and b16G (Fig. 3). As already
noted, most of the changes occurred in the C-terminal
domain instead of the N-terminal domain. Remarkably, in
TFðAA j SSÞ, there was a large change in b5E around
Biophysical Journal 112, 78–86, January 10, 2017 81
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FIGURE 2 Secondary-structure analysis upon

disulfide ablation. For each amino acid from the

N-terminus to the C-terminus of TF, the dominant

secondary structure is given. Eight types of second-

ary structure were assigned: the coil ð�Þ, the

b-sheet (E), the b-bridge (B), the bend (S), the

turn (T), the a-helix (C), the 5-helix (I), and the

3-helix (H). If one type of secondary-structure

element is sampled by a particular amino acid in

>50% of all frames, that secondary-structure

type is assigned to that amino acid. If no second-

ary-structure elements have a high ratio, the coil

structure ð�Þ will be assigned. (A) The differences
between TFðAA jSSÞ and TFðSS jSSÞ are high-

lighted in red and the differences between

TFðSS jAAÞ and TFðSS j SSÞ in blue. The disulfide
bonded cysteines are yellow. (B) Cartoon represen-

tation of wild-type TF and the mutants, with resi-

dues 46–58, 186, and 209 highlighted in green.

To see this figure in color, go online.
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Cys57 relative to TFðSS j SSÞ (Fig. 3 B, left, and Fig. 3 D).
Although the punctual stress of b4C0 is not in the top 10 high
punctual stresses for the TFðAA j SSÞ, it still showed a punc-
tual stress as high as ~300 pN (Fig. 3 D). The high punctual
stresses near Cys49-Cys57 agree with the secondary struc-
tural changes (Fig. 2). Thr101, located right behind the
Cys49-Cys57 bond, stored high punctual stress upon muta-
tion of the distant Cys186Ala-Cys209Ala (Fig. 3 B, right,
and Fig. 3 E).
Force network connects disulfides

Having established that there is a larger response to the abol-
ishment of the N-terminal disulfide bond than to the abolish-
ment of the C-terminal bond, we next investigated how the
perturbation upon mutation is transduced through the two-
domain TF. The punctual stress indicated the influence of
the mutations on specific residues and secondary-structure
elements. The connected pairwise force network allows us
to compare the paths of force propagation in TFðAA j SSÞ
and TFðSS jAAÞ. The force network propagated from the
Cys49-Cys57 disulfide to the Cys186-Cys209 disulfide
with a cutoff of 50 pN, and to the N-terminal loop with a cut-
off of 30 pN (Fig. 4 A) after mutating the Cys49-Cys57 disul-
fide to alanines. Conversely, the force network did not spread
82 Biophysical Journal 112, 78–86, January 10, 2017
from the Cys186-Cys209 disulfide to the Cys49-Cys57 disul-
fide with either cutoff, 30 or 50 pN (Fig. 4 B). However, the
force propagated from the Cys186-Cys209 disulfide to re-
gions in the N-terminal domain distant from the Cys49-
Cys57 bond in TFðSS jAAÞ (cutoffs of 30, 50, and 60 pN
in Fig. 4 B). This observation confirmed the accumulation
of high punctual stress at Thr101 (Fig. 3, B, right, and E).

This result, together with the punctual stress analysis, is
in accordance with the experimental observation that the
ablation of the Cys49-Cys57 disulfide changes the redox po-
tential of the Cys186-Cys209 bond, but not vice versa (18).
Here, we propose that this redox communication between
the two disulfide bonds in TF is the consequence of a one-
way force propagation mechanism. Interestingly, no matter
which disulfide bond was mutated, the force propagation
always involved the a-helix a3 at the interface between
the N-terminal and C-terminal domains, even for a high cut-
off of 90 pN (Fig. 4, A and B). One explanation is that the
a3 helix establishes an indispensable link between the
N-terminal and C-terminal domains.
One-way force propagation pathway

We further characterized the one-way propagation by calcu-
lating the shortest pathway from the Cys49-Cys57 bond to



FIGURE 3 Punctual stresses upon disulfide

ablation. (A) Stress distribution (DFri) upon muta-

tion in the N-terminal domain (TFðAA jSSÞ, left)
and in the C-terminal domain (TFðSS jAAÞ, right).
(B) Similar to (A), but with secondary-structure el-

ements (Table S1) with particular stress levels

labeled according to the system in (D) and (E).

(C) Punctual stress of the cysteine residues

for the two disulfide bonds, Cys186 and Cys209

in TFðAA jSSÞ and Cys49 and Cys57 in

TFðSS jAAÞ. (D and E) Punctual stress averaged

over each secondary-structure element in

TFðAA jSSÞ and TFðSS jAAÞ, with green for

b-strands, red for helixes, and orange for sites of

cysteine residues. The TF sequence comprises res-

idues 3–213 from left (N-terminus) to right (C-ter-

minus). The upper domain (residues 3–107) and

the lower domain (residues 108–213) are separated

by the black line. To see this figure in color, go on-

line.
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the Cys186-Cys209 bond after ablating the disulfide bond
Cys49-Cys57 with Dijkstra’s algorithm (Fig. S4 A). The
pairwise force differences upon ablating the Cys49-Cys57
disulfide bond, DF ðAA j SSÞ ¼ FTFðAAjSSÞ � FTFðSSjSSÞ of
residues participating in the shortest path are compared to
the same differences upon ablating the Cys186-Cys209
bond, DF ðSS jAAÞ ¼ FTFðSS jAAÞ � FTFðSS j SSÞ in Fig. S4 B.
For most pairwise forces, DF ðAA j SSÞ is of larger magni-
tude than DF ðSS jAAÞ.

However, focusing on one single force-propagation path-
way may cause us to miss the possibility of alternative side
paths. We calculated the top 100 shortest pathways using
Yen’s algorithm (Fig. 5, A and B). The path spans
b4C0-b5E-a1-b2B-a2-loop-a3—loop-b9B-b12C-b15F-b16G
(Fig. 5 A). High forces DFri;rj ðAA j SSÞ, as expected,
include the pair between the Cys49Ala and the Cys57Ala,
a direct effect of the mutation, which suggests that Cys49-
Cys57 plays an important structural role in linking the two
b-strands b4C0 and b5E. This finding also agrees with the
secondary structure changes (residues 48–51 in Fig. 2) and
high punctual stresses at b4C0 and b5E (Fig. 3). High forces
are also observed, which was similarly emphasized by the
punctual stress (Fig. 3) and, remarkably, near the Cys186-
Cys209 disulfide bond. Even though DF186;209 between
TFðAA j SSÞ and TFðSS j SSÞ is low, pairwise interaction
of this disulfide bond with its environment resulted in a
high punctual stress at Cys186 and Cys209 (Fig. 3 C). Be-
tween the N-terminal domain and the C-terminal domain,
Biophysical Journal 112, 78–86, January 10, 2017 83
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FIGURE 4 Residue-based pairwise force network. Connected network

for (A) TFðAA jSSÞ and (B) TFðSS jAAÞ with different cutoffs: 30 pN,

50 pN, 60 pN, and 90 pN. To see this figure in color, go online.

A B

FIGURE 5 Top 100 shortest force-propagation pathways from Cys49-

Cys186 to Cys186-Cys209 after ablating the disulfide bond Cys49-

Cys57. (A) The pathways are visualized as magenta sticks within the TF

structure. Secondary-structure elements involved in force propagation are

indicated. The dashed line shows the domain interface. (B) Same as in

(A), but color coded by residue-pairwise force differences, DF ðAA j SSÞ.
To see this figure in color, go online.
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there are four residue pairs carrying high forces involving
Phe19, Thr132, Leu143, Tyr103, Val146, and Phe147
(Fig. 5 B). Therefore, we suggest these residues as mutation
candidates to test our proposed one-way force propagation.
FIGURE 6 Radius-of-gyration distribution for the two domains. Solid

lines indicate data fromMD simulations of wild-type TF for the N-terminal

domain (green), the same domain without taking the loop 77–91 into ac-

count (red), and the C-terminal domain (blue). The Gaussian fits allow us

to estimate the domain rigidity (dashed lines). To see this figure in color,

go online.
Asymmetric allostery through different domain
stiffnesses

We here found evidence for one-way force propagation from
the N-terminal to the C-terminal domain by ablating the
N-terminal disulfide bond, and we pointed to the interdo-
main interface as playing a particular role as a force distri-
bution ‘‘hub’’. However, what drives the particular one-way
force propagation intrinsically? To answer this question, we
assessed the different flexibility of the domains in terms of
their radii of gyration. The radius of gyration for the C-ter-
minal domain can be fitted well with a Gaussian distribu-
tion, whereas for the N-terminal domain, the distribution
did not follow a Gaussian shape (Fig. 6). RMSD calcula-
tions suggested that the loop at the end of the C-terminus
is highly flexible, and its flexibility could dominate the
distribution of the radius of gyration. To remove the influ-
ence from loop dynamics, we calculated the radius of gyra-
tion without residues 77–91. We then obtained standard
deviations for the radius of gyration of 0.008 nm and
0.0145 nm for the N-terminal and C-terminal domains,
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respectively. Under the assumption of a harmonic potential
along the radius-of-gyration coordinate, and using Boltz-
mann inversion (Eq. 7), we obtained corresponding force
constants of 57 N/m and 20 N/m. This estimation suggests
that the N-terminal domain is more rigid than the C-terminal
domain, which explains the one-way force propagation
mechanism: when the disulfide bond Cys49-Cys57 in the
rigid N-terminal domain is mutated, the force is efficiently
propagated to the softer C-terminal domain; thus, the redox
potential of the Cys186-Cys209 bond is changed. However,
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the mutation of the disulfide bond Cys186-Cys209 in the
soft C-terminal domain only induces perturbations within
the floppy C-terminal domain (Fig. 3 A). The softer domain
shows a larger tendency to dissipate the perturbation, which
for this reason is rather short-range.
CONCLUSION

Our MD simulations confirmed the allosteric communica-
tion between the two disulfide bonds in TF. FDA, together
with the network and pathway methods, revealed a mechan-
ical pathway from the N-terminal to the C-terminal domain.
The estimation of the domain force constants provided an
explanation, namely a large difference in stiffness, which
might be a common mechanism of allostery of proteins.
However, the radius of gyration is only one of the parame-
ters that can indicate the stiffness of protein domains. Addi-
tionally, the extent of collective motions or conformational
entropies might serve as valuable alternative measures.

The biological relevance of our findings for TF function is
uncertain. Ablation of the N-terminal disulfide bond in
cellular TF by replacing both cysteines with serines does
not affect TF pro-coagulant activity (10). It is interesting
to note, however, that the N-terminal disulfide bond was
found to exist in oxidized and reduced forms in one of the
crystal structures (11,43). It is possible that the N-terminal
disulfide controls the redox state of the C-terminal bond
and thus TF bioactivity. Independent of these consider-
ations, our results propose differential domain stiffness for
one-way communication in proteins as a mechanism poten-
tially at play beyond TF.

In this study, we have confirmed the impact on the
C-terminal domain by ablating the N-terminal disulfide,
including local conformational changes in the N-terminal
domain. Instead, ablating the strainedC-terminal�RHStaple
disulfide bond shows no long-range allosteric effects either
experimentally or theoretically. Similarly, no obvious struc-
tural changes were observed upon reducing the �RHStaple
disulfide bonds in either CD4 and vWFC1 in our previous
study (16). Although longer-timescale MD simulations
may allow us to observe large conformational changes, the
stability of antiparallel b-strands near the �RHStaple disul-
fide suggests that this disulfide is a regulatory switch with
rather local consequences instead of a trigger for large
conformational changes. Coagulation activity of TF has
been shown to require the formation of the C-terminal
�RHStaple bond. Our data suggest that FVII binding to
TF, the first step of coagulation initiation, involves direct
detection of the disulfide instead of disulfide-dependent
structural changes elsewhere in TF.

We have proposed mutation candidates near the inter-
face between the two domains. Simulations with mutants
of these residues, or experiments to test redox potential
changes can further verify the asymmetric allosteric
communication. The highly sensitive FDA, combined with
network and pathway analyses, is a useful tool for redox-
mediated allostery in the systems increasingly revealed to
be regulated by functional disulfides (12–14,44,45).
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