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Comparison Between OPLS 2005 and OPLS 2.0 Force Fields for Ligands
CDA and CDB. Charge distributions on the pyridine ring. The charge
distributions on atoms of the P3 pyridine ring for ligand 2-(6-
chloro-3-{[2,2-difluoro-2(2-pyridinyl)ethyl]amino}-2-oxo-1(2H)-
pyrazinyl)-N-[(2-fluoro-6-pyridinyl)methyl]acetamide (CDA) from
the two force fields with the atom numbers labeled as in Fig. S1 are
given in Table. S1. It is clear that in the Optimized Potentials for
Liquid Simulations (OPLS) 2005 force field, the magnitude of the
charges on the atoms of the P3 pyridine ring are very large, making
it very polar and favoring its pointing into a polar solvent like
water, whereas the OPLS 2.0 force field correctly assigns the
charges on these atoms and the correct binding pose was sampled.
Similar differences of charge distributions on the P1 pyridine ring
and on ligand 2-(6-Chloro-3-{[2,2-difluoro-2(2-pyridinyl)ethyl]
amino}-2-oxo-1(2H)-pyrazinyl)-N-[(2-fluoro-3-methyl-6-pyridinyl)
methyl]acetamide (CDB) were found for these two force fields.

The distribution of dihedral angle involved in the flipping of the P1
pyridine ring. The distribution of the dihedral angle involved in
the flipping of the P1 pyridine ring (N-C-C-C labeled in Fig. 1 in
main text) determined from a replica exchange with solute tem-
pering (REST) simulation of the thrombin/CDA complex using
the OPLS 2005 force field for the CDA where the “hot region” is
taken to include the ligand and the 10 residues surrounding the
binding pocket is given in Fig. S2 (Upper). Two conformations
corresponding to the crystal structure are found and an erroneous
additional state with even larger probability was observed in the
simulation. This erroneous state might be due to deficiencies in
the force field for the ligand. This is validated from the distribu-
tion of the dihedral angle for ligand CDA in gas phase simula-
tions using OPLS 2005 force field [See Fig. S2 (Lower)],
where the intrinsic potential energy of the ligand favors the er-
roneous state. This erroneous state does not appear in the simu-
lation using the OPLS 2.0 force field for the ligand, and then the
correct binding pose was sampled.

Distribution of the Dihedral Angle Sampled by the Middle Lambda
Window Using Free Energy Perturbation/Replica Exchange with Solute
Tempering (FEP/REST) for the Thrombin System. The dihedral angle
involved in the flipping of the P1 pyridine ring sampled by the
middle lambda window using FEP/RESTas a function of simula-
tion time is given in Fig. S3. It is clear that in FEP/REST the
middle lambda window quickly samples transitions between the
two conformations of the ligand. As discussed in the paper, as
long as there are a sufficient number of transitions in the middle
lambda window, the generalized ensemble equilibrates quickly
and the final free energy difference will not be dependent on
the starting conformation to do the simulation.

Distribution of “F-in”/“F-out” Conformations When Protein Heavy
Atoms Are Harmonically Restrained.The distribution of the dihedral
angle involved in the flipping of P1 pyridine ring determined from
a FEP/REST simulation with the protein heavy atoms harmoni-
cally restrained to the initial positions of the crystal structure and
starting from different conformations of the ligands for each
lambda window (denoted as F-in/out and F-out/in in Table 3 of
the main text) is given in Fig. S4. It is clear that the F-out con-
formation (χ ¼ −100) is the major conformation for the initial
state (binding complex of thrombin/CDA) and the F-in confor-
mation (χ ¼ 90) is the major conformation for the final state
(binding complex of thrombin/CDB), in agreement with experi-

mental crystal structures. So the different distributions of these
two conformations, one in solution, where the protein atoms
move freely, and the other in the crystal, where the atoms are
constrained, are due to the different physical conditions (in solu-
tion vs. in crystal). The different relative binding affinities from
FEP/REST, when the protein heavy atoms are allowed to move
freely or when they are harmonically restrained suggest that there
is a 0.8 kcal∕mol difference in protein strain free energy between
the two binding complexes.

How the Hot region and the Effective Temperature Profile Were De-
termined for FEP/REST. In FEP/REST, in addition to the different
energy terms introduced in the alchemical transformation found
in normal FEP, the different effective temperatures of the hot
region in REST will make the free energy difference between
neighboring lambda windows larger, and the precision of the
free energy results might be reduced. This is the price paid to
get enhanced sampling. The larger the hot region, and the higher
the effective temperature of the hot region, the stronger the en-
hanced sampling effect, but the error bars in the resulting calcu-
lated free energy energies between neighboring lambda windows
are also increased. So a proper choice of the hot region and
effective temperature profile reflects a trade off between the pre-
cision of free energy results and the efficiency of the enhanced
sampling; consequently the hot region should be as small as pos-
sible but still be able to sample structural reorganization effects.
In the two systems studied in this article, we know the slow de-
grees of freedom, so only the residue Val111 or the P1 pyridine
ring was included in the hot region. In general, if there is no prior
knowledge about the slow degrees of freedom, a proper choice of
hot region would include the ligand and the protein residues sur-
rounding the ligand because usually the structural reorganization
involves the ligand and the protein residues surrounding the bind-
ing pocket.

The free energy difference, ΔF, between neighboring lambda
windows depends on the distribution functions P0ðΔEÞ and
P1ðΔEÞ of energy differences (ΔE) in forward and backward sam-
pling, respectively (S1), through

P1ðΔEÞ ¼ P0ðΔEÞ exp−βðΔE−ΔFÞ : [S1]

The two distributions are equal for the specific energy difference
ΔE ¼ ΔF, and the accuracy of the free energy ΔF depends on the
overlap of the two distributions (S1). At the same time, it is easy
to show by imposing detailed balance condition that the accep-
tance ratio for attempted replica exchanges between neighboring
lambda windows also depends on the energy difference from for-
ward and backward sampling: (S2)

Δ01 ¼ βðE1ðX0Þ þ E0ðX1Þ − E1ðX1Þ − E0ðX0ÞÞ [S2]

¼ βðΔEðX0Þ − ΔEðX1ÞÞ: [S3]

Here, X0 and X1 are the configurations sampled in the forward
and backward directions, and E0 and E1 are the potential energy
functions for the two states. So both the accuracy of the free
energy result and the efficiency of the enhanced sampling are
maximized when neighboring lambda windows have regions of
overlap in potential energy distribution, and an optimal alchem-
ical lambda schedule and effective temperature schedule will
generate equal acceptance ratios for all neighboring lambda win-
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dows. In the two systems we studied, with a total number of 16
lambda windows and highest effective temperature of 1,200 K for
the T4L/L99A system, and a total number of 23 lambda windows
and highest effective temperature of 1,784 K for thethrombin sys-
tem, and a time interval of 1 ps between attempted exchanges
among neighboring replicas, we obtained an average acceptance
ratio of 0.54 for T4L/L99A system and 0.59 for the thrombin
system.

Details of the FEP/REST Mutation Path. A dual topology ideal gas
molecule end state method was used to define the mutation
path, which facilitates the sampling through the double tunneling
mechanism (S3). The electrostatic interactions unique to the in-
itial ligand were turned off before the Lennard Jones (LJ) inter-
actions, and the LJ interactions unique to the final ligand were
turned on followed by the electrostatic interactions. The core of
the LJ interactions is made softer to avoid the singularities and
instabilities in the simulation (S4). The mutation path is sym-
metric, so mutation from either direction will give identical free
energy result. To get more efficient enhanced sampling, the fluor-
ine atom on the P1 pyridine ring was mutated to an identical atom
so that the effective volume of P1 pyridine ring was made smaller
in the middle lambda window and the transition between the two
conformations was faster. The lambda values, the scaling factors
for the hot region, and the free energy differences between neigh-
boring lambda windows for the two systems are given in Tables S2
and S3.

Treatment of Bonded Interactions in the Mutation Path. The bonded
interactions connecting the dummy atoms were treated differ-
ently from the default method in Desmond (S5). In this section,
we give the details about how the bonded interactions involving
the dummy atoms are treated in FEP/REST to avoid singularities
and instabilities. As mentioned in the paper, this is a problem
often not appreciated in the literature on FEP.

In the dual topology FEP method, depending on whether the
bonded interactions between the dummy atoms and the rest of
the mixed molecule are scaled or not, there are two different
methods: “the ideal gas atom end state” method (scaled) and
“the ideal gas molecule end state” method (nonscaled). In the
ideal gas atom end state method, the dummy atom does not have
any bonded interactions with the rest of the molecule and would
move freely in the whole simulation volume, making the sampling
very difficult. Thus most programs, including Desmond, use the
ideal gas molecule end state method, in which the dummy atoms
are bonded with the rest of the molecule. However, if there are
more than one bonded stretch or bonded angle or bonded dihe-
dral angle interactions between a dummy atom and the rest of
the molecule, the distributions sampled for the mixed molecule
(molecule with the dummy atoms) will be different from the mo-
lecule without the dummy atoms (S5). So in Desmond, only one
bonded stretch, bonded angle, and bonded dihedral angle inter-
actions involving a dummy atom are kept whereas all the other
bonded interactions are scaled to 0 at the end state (S5). In this
way, the contributions of the dummy atoms to the free energies in
the binding complex and in pure solvent will be identical and con-
sequently the relative binding affinity will be independent of the
dummy atoms. This follows because the relative binding affinity is
equal to the difference of these two free energies. For most sys-
tems, this method works well, but for some systems, like the sets
of ligands studied in this article, it will cause serious problems in
the FEP simulation, which is explained in what follows.

Fig. S5A displays how the structure of the mixed molecule is
mutated from a benzene molecule to a p-xylene molecule. The
two dummy hydrogen atoms that are mutated to the methyl
groups all have two bonded angle and bonded dihedral angle in-

teractions with the rest of the molecule. Take the dummy hydro-
gen atom numbered 6 in Fig. S5A as an example. It has two
bonded angle and bonded dihedral angle interactions with the
rest of the molecule (θ1;θ2;ϕ1;ϕ2 labeled in Fig. S5A). If all these
bonded interactions are kept in the end state, the distribution of
the angle formed by atoms numbered 2, 3, and 4 for the mixed
molecule with the dummy atom will be different from the distri-
bution of the real molecule without the dummy atom. So in the
default setup of Desmond, only one bonded angle and one
bonded dihedral angle interaction involving the dummy hydrogen
atom (θ1;ϕ1) is kept in the end state, and the others (θ2;ϕ2) are
scaled to zero. The energy difference ðU1 − U0Þ (where U1 is the
potential energy in the previous lambda window and U0 is the
potential energy in the end state lambda window) sampled in
the end state lambda window using Desmond’s default setting
is given in Fig. S6. Clearly, the energy difference fluctuate about
three different values (approximately −0.5, 21, and 40 kal∕mol,
respectively).

From the simulated trajectories, we observed that the two
dummy hydrogen atoms were located at the correct positions
in the initial stage (Fig. S5A), then one of them moved to the
position that almost overlapped with a carbon atom on the ring
(Fig. S5B), and at the end the other hydrogen atom moved to the
position that almost overlapped with another carbon atom on the
ring (Fig. S5C). These three configurations for the mixed mole-
cule are located in the potential energy minima for the end state
where only one bonded angle and one bonded dihedral angle in-
teraction are kept (θ1;ϕ1) for the dummy hydrogen atoms (the
default setup of Desmond). In the previous lambda window, how-
ever, when all the bonded interactions involving the dummy
atoms (including θ2;ϕ2) are slowly turned on, the last two config-
urations (b and c) have large bonded angle interactions (also 1–4
pair interactions ) leading to instabilities for the free energy cal-
culation. This is the reason for large jumps in the energy differ-
ence profile displayed in Fig. S6 and the three distinct values of
energy difference correspond to these three configurations. (In
extreme cases, when either dummy atom is located at the same
position as the carbon atom on the ring, the 1–4 pair interaction
will cause a singularity in the free energy calculation).

To avoid instabilities and singularities in the free energy calcu-
lations caused by the bonded interactions involving dummy
atoms, we treated these bonded interactions in the end state
differently in this article. We choose to keep all of the bonded
stretch and bonded angle interactions involving the dummy atoms
in the end state. For the dihedral angle interactions, only one
bonded dihedral angle interaction involving a dummy atom is
kept whereas the other dihedral angle interactions are scaled
to zero in the end state. Take the dummy hydrogen atom num-
bered 6 in Fig. S5, for example. We include two bonded angle
terms (θ1;θ2) and one bonded dihedral angle term (ϕ1) in the
end state, whereas the other bonded dihedral angle term (ϕ2)
is scaled to 0 in the end state. Thus in the end state configurations
b and c in Fig. S5 are located in the high energy region in phase
space and thus will not be sampled. In this way, the instability and
singularity problems encountered for the bonded interactions in
FEP are eliminated. Although the distributions sampled for the
“mixed molecule” (molecule including the dummy atoms) might
be a bit different from the distributions for the molecule without
the dummy atoms, the error introduced in this treatment is neg-
ligible because the fluctuations of bond angle are very small for
the two sets of ligands studied in this article. In addition, the error
in the relative binding affinity, which is the difference between the
free energies in the binding complex and in free solvent, will be
very small because there is an excellent cancellation of errors in
these two free energies.
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Fig. S1. The atom numbering on the P3 pyridine ring for ligand CDA.
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Fig. S2. The distribution of the dihedral angle involved in the flipping of P1 pyridine ring (N-C-C-C labeled in Fig. 1 in main text) for thrombin/CDA complex
using OPLS 2005 force field for the ligand (Upper), and the same angle distribution for the ligand in gas phase (Lower).
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Fig. S3. The dihedral angle involved in the flipping of the P1 pyridine ring (N-C-C-C labeled in Fig. 1 in main text) of the ligands as a function of simulation time
sampled in the middle lambda window using FEP/REST.
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Fig. S4. The distribution of the dihedral involved in the flipping of P1 pyridine ring from a FEP/REST simulation with the protein heavy atoms harmonically
restrained to the initial position.

Fig. S5. The structure of the mixed molecule to mutate from benzene to p-xylene. Three different configurations are sampled in the end state when only one
bonded angle and bonded dihedral angle interactions are kept for the dummy hydrogen atoms.
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Fig. S6. The energy difference between the previous lambda window and the end state lambda window sampled by the end state lambda window for
mutation from benzene to p-xylene when only one bonded angle and bonded dihedral angle interactions involving the dummy hydrogen atoms are kept
in the end state.

Table S1. Charge distributions on atoms of the P3 pyridine ring for
ligand CDA for two force fields

Atom number OPLS 2.0 OPLS 2005

N1 −0.431 −0.678
C2 0.045 0.370
C3 −0.138 −0.447
C4 −0.091 0.227
C5 −0.164 −0.447
C6 0.089 0.473

Table S2. Lambda values, scaling factors, and free energy differences between neighboring lambda windows for
the T4L/L99A system

λ 0 1 2 3 4 5 6 7

bondedA 1.0 0.933 0.867 0.8 0.733 0.667 0.6 0.533
bondedB 0.0 0.067 0.133 0.2 0.267 0.333 0.4 0.467
chargeA 1.0 0.75 0.5 0.25 0.0 0.0 0.0 0.0
chargeB 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
vdwA 1.0 1.0 1.0 1.0 1.0 0.857 0.714 0.571
vdwB 0.0 0.0 0.0 0.0 0.0 0.143 0.286 0.429
scaling 1.00 0.8464 0.7056 0.5776 0.4624 0.3721 0.3025 0.25
ΔGFEP −2.4997 −2.5577 −2.6721 −2.7345 −0.7043 0.3626 0.8722 0.2075
ΔGFEP∕REST 1.6669 1.6307 1.5967 1.5675 3.0860 3.6672 3.4928 −0.0463
λ 8 9 10 11 12 13 14 15
bondedA 0.467 0.4 0.333 0.267 0.2 0.133 0.067 0.0
bondedB 0.533 0.6 0.667 0.733 0.8 0.867 0.933 1.0
chargeA 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
chargeB 0.0 0.0 0.0 0.0 0.25 0.5 0.75 1.0
vdwA 0.429 0.286 0.143 0.0 0.0 0.0 0.0 0.0
vdwB 0.571 0.714 0.857 1.0 1.0 1.0 1.0 1.0
scaling 0.25 0.3025 0.3721 0.4624 0.5776 0.7056 0.8464 1.00
ΔGFEP −0.5328 −0.9243 −1.1963 2.4196 2.3307 2.2174 2.0848
ΔGFEP∕REST −3.3633 −4.2287 −4.9902 −1.9003 −1.9433 −1.9780 −2.0394

Note: vdwA and vdwB are the lambda values of the van der Waals interaction to mutate from molecule A to molecule B.
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