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Table S1: Structural comparison of initial docked structures with the crystal
structures

F. Neg. (25) (Core) T. Pos. (28) (Core) F. Neg. (25) (Complete) T. Pos. (28) (Complete)
7 bad (28 %) 11 bad (39.3 %) 19 bad (76 %) 16 bad (57.1 %)
18 good (72 %) 17 good (60.7 %) 6 good (24 %) 12 good(42.9 %)

Structural analysis for all ligands based on their core scaffolds (the benzoic acid or benzodiox-
ole/dioxine carboxylate core of the ligands) and based on their complete structures are compared
to their corresponding initial crystal structures. 7 out of 25 false negatives and 11 out of 28 true
positives have initial docked structures with RMSD of larger than 2 Å when only the core of the
ligands are considered. This number changes when all ligand atoms considered, so that 19 out of
25 for false negatives and 16 out of 28 true positives have initial docked structures with RMSD of
larger than 2 Å. We have compared structurally core scaffold vs. all ligand atoms because of the
understanding of how ligand structures differ from their crystal structures when ligand functional
groups are considered.
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Figure S1: Schematic representation of relation between binding parameter λb and torsional
flattening parameter λD.
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Table S2: Comparision of binding free energies of crystal structure vs docked
structure

False Negatives (25) True Positives (28)
22 ∆ G (crystal) < ∆ G (docked) 21 ∆ G (crystal) < ∆ G (docked)
3 ∆ G (crystal) > ∆ G (docked) 7 ∆ G (crystal) > ∆ G (docked)

Binding free energy estimates from simulations starting from docked structures are compared to
their corresponding initial crystal structures. For false negatives, 22 out of 25 (88 %) binding free
energy estimates starting from crystal structures have more favorable binding free energy (∆ G)
value than the corresponding results starting from docked structures. Only 3 ∆ G starting from
crystal structures have more positive than when starting from the docked structures. For true
positives, 21 out of 28 (75 %) ∆ G’s starting from crystal structures have more favorable binding free
energy (∆ G) value than the corresponding results obtained when starting from docked structures.
7 ∆ G’s starting from crystal structures have more positive value than the results starting from
docked structures. However, 4 out of 7 true positives are still more favorable than -4 kcal/mol. e.g.
∆ G (crystal) = -6.57 vs ∆ G (docked) = -7.36 kcal/mol. In total, 43 out of 53 (81 %) free energy
estimates based on choosing crystal structure as the initial pose are more favorable than the free
energy estimates starting from docked structures, and also 47 out of 53 (88.7 %) ∆ G’s of crystal
structures have binding free energy estimation better -3.0 kcal/mol (in Table S3).

Table S3: Classification of binding free energy of crystal structures

False Negatives (25) True Positives (28)
∆ G < -3 kcal/mol 22 (88 %) 25 (89.3 %)
∆ G > -3 kcal/mol 3 (12 %) 3 (10.7 %)
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Figure S2: Funnel type binding energy landscapes of 16 false negatives from BEDAM
simulations at λb=1; green: starting conformation is docked structure without torsional
flattening,red: starting conformation is crystal structure without torsional flattening.
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Figure S3: Funnel type binding energy landscapes of 10 true positives from BEDAM simula-
tions at λb=1; green: starting conformation is docked structure without torsional flattening,
red: starting conformation is crystal structure without torsional flattening.
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Figure S4: Funnel type binding energy landscapes from BEDAM simulations with and
without flattening at λb=1; green: starting conformation is docked structure without torsional
flattening, red: starting conformation is crystal structure without torsional flattening and
blue: starting conformation is docked structure with torsional flattening.
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Advantages of BEDAM sampling (translational and ro-

tational) of ligand with respect to receptor

As mentioned in the main text, the BEDAM method samples efficiently the rotational and

translational coordinates of the ligand with respect to the receptor in the binding site. In

order to represent the rotational and translational sampling of the ligand with respect to

the receptor, two angles (the pitch and in-plane rotational angles pairs (Θn,Θp)) are defined

in the original BEDAM paper1 in which the atoms of aromatic ring of ligand scaffold are

used to compute these angles. The pitch angle (Θn) is an angle between normal vectors to

the planes of the aromatic ring of reference ligand scaffold and of ligand scaffold from the

simulations. The in-plane rotational angle (Θp) is defined as the angle between vector “OC"

and the projection of “OC ′" segment on the the plane of the ring of the reference ligand pose.

“O" is the centroid of the heavy atoms of the ring and “C" and “C ′" are coordinates of atom

in the reference ligand pose and poses from the simulations, respectively (for the detailed

description of the pitch and in-plane rotational angles, see the Figure S11 and the reference1).

In order to show the rotational and translational sampling of the ligand with respect to

the receptor when the protein and ligand is fully coupled, weakly coupled and uncoupled,

we have computed the pitch and in-plane rotational angles pairs (Θn,Θp) for the scaffold of

ligand AVX38783-1-1 bound to the binding site of HIV-1 Integrase from different BEDAM

simulations. In Figure S7, we showed the sampling of pitch and in-plane rotational angles pairs

(Θn,Θp), a) at λb = 1 (receptor and ligand are fully coupled), b) at λb = 0.5 (weakly coupled),

c) at λb = 0 (receptor and ligand are uncoupled) starting from docked structure without

torsional flattening (green), starting from crystal structure without torsional flattening (red),

and starting from docked structure with torsional flattening (blue). In Figure S7-a, closer

view of sampling of pitch and in-plane rotational angles are shown as inset figures. For the

sampling of the angles at weakly coupled and uncoupled λb values, only data from BEDAM
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simulations with torsional flattening has been showed because it is previously reported that

the BEDAM is good at sampling intermolecular degrees of freedom when flattening was not

considered.1

Two conformational macrostates are identified, corresponding to the crystal structure

(red) with Θp = 0o±30o and Θn between 0o and 45o, and another one corresponds to the

docked structure (green) with Θp = 0o±40o and Θn between 40o and 80o using the standard

BEDAM calculations with no torsional flattening. Indeed, theses two macrostates belong

to one macrostate (blue) with Θp = 0o±50o and Θn between 0o and 85o as shown from the

calculations with torsional flattening and in the BEDAM simulations with torsional flattening,

it was possible to sample these two conformational states because slow conformational degrees

of freedom relevant to the binding were accelerated by flattening torsional barriers.

In Figure S8, we have also showed the sampling of translational degrees of freedom of

ligand AVX38783-1-1 bound to the binding site of HIV-1 Integrase from BEDAM simulation

at λb = 1 (receptor-ligand are fully coupled) and at λb = 0 (receptor-ligand are not coupled)

using distance between center of mass of ligand and center of mass of receptor. It indicates

that BEDAM method is able to sample translational degrees of freedom of ligand with respect

to the receptor in the binding volume Vsite defined by flat-harmonic potential using center of

masses of two species (receptor and ligand).
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Figure S7: Sampling of pitch and in-plane rotational angles pairs (Θn,Θp) for the scaffold of
ligand AVX38783-1-1 bound to the binding site of HIV-1 Integrase from BEDAM simulations.
a) at λb = 1 (receptor-ligand are fully coupled), b) at λb = 0.5, c) at λb = 0 (receptor-ligand
are uncoupled); green: starting conformation is docked structure without torsional flattening,
red: starting conformation is crystal structure without torsional flattening, blue: starting
conformation is docked structure with torsional flattening. In a, inset figures are closer view
of sampling of pitch and in-plane rotational angles.
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Figure S8: Sampling of translational degrees of freedom of ligand AVX38783-1-1 bound to
the binding site of HIV-1 Integrase from BEDAM simulation at λb = 1 (receptor-ligand are
fully coupled) and at λb = 0 (receptor-ligand are not coupled) using distance between center
of mass of ligand and center of mass of receptor
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Figure S9: Time evolution of λb for each of the HREM replicas with 18 replicas. Each color
corresponds to a different replica.

Figure S10: Binding energy distribution at λb = 0.37, 0.5, 0.7, 0.9, and 1. The amount
of overlap between these distributions, which is important for accurate binding free energy
estimation, is reasonably good with the distribution at the critical value λb = 0.5 acting as a
bridge between the other distributions.
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used a range of 30° on either side of a central value of the
in-plane θp rotation angle identified similarly as for phenol
above. For molecules possessing C2 symmetry, the ranges
of the pitch angle θn included the intervals θn < 30° and θn

> 150°. For other molecules the range for θn includes only
one of the two intervals depending on the macrostate.

3. Results

The computed binding energy distributions obtained from
the BEDAM calculations are shown in Figures 1, 8, and 9.
The corresponding standard binding free energies from eq
12 for the L99A and L99A/M102Q mutants of T4 lysozyme
are presented in Table 1 for the ligands listed in Figure 5.
We see that the ligand rankings based on the computed
binding free energies distinguish without errors the binders
from the nonbinders as determined experimentally. For
example, the model correctly predicts that toluene binds to
both the L99A and the L99A/M102Q receptors while phenol
binds only to the L99A/M102Q receptor. More subtle trends
are also reproduced. Iso-butylbenzene is correctly predicted
as the best binder to the L99A receptor, while the binding
of the relatively similar tert-butylbenzene is correctly
predicted to be much weaker. Cyclohexane is correctly
predicted as a nonbinder of the L99A receptor, distinguishing
it from benzene, which is a binder. The related catechol and
2-aminophenol are correctly differentiated as a binder and
nonbinder, respectively, to the L99A/M102Q receptor.

The method correctly reproduced the ranking of the best
binder (iso-butylbenzene) and the weakest binder (indole)
of the L99A receptor, whereas the rankings of the two
intermediate binders, benzene and toluene, are reversed
relative to the experiments. The order of the rankings of the
binders to the L99A/M102Q receptor are not as accurate
relative to the experiments. Toluene is predicted to be the
best binder for the L99A/M102Q receptor, whereas 3-chlo-
rophenol is known to be the best binder in this set.

The computed standard binding free energies all under-
estimate the experimental binding affinities. For the L99A
receptor the amount of underestimation is approximately 1.2
kcal/mol for most of the binders. Relative binding free
energies are in good agreement with the experiments. Larger
variations in accuracy are observed for the L99A/M102Q
receptor binders with toluene having the smallest discrepancy
(approximately 0.7 kcal/mol), while larger discrepancies are
observed for the polar compounds (up to approximately 2
kcal/mol for 3-chlorophenol).

The binding energy distributions provide insights into the
binding thermodynamics of these complexes. Figures 8 and
9 show, in logarithmic scale, the details of the low binding
energy tails of the computed binding energy distributions
for the L99A and L99A/M102Q complexes, respectively. As
discussed above, this region of the distributions provides
nearly all of the contribution to the binding affinity. It can
be clearly seen from these results that the p0(u) distributions
decay with decreasing binding energy faster than exponential
(that is faster than linear in the log scale) as required by the
theory. The ligands for each receptor can be roughly divided
in two groups based on the shape of the tails of the
distributions. The first group (Figures 8A and 9A) is
composed of relatively larger and multiply substituted ligands
characterized by slower-varying tails with larger probabilities
at low binding energies (u < -15 kcal/mol). The second
group of complexes (Figures 8B and 9B) is composed of
more compact ligands characterized by higher probabilities
at intermediate binding energies (-15 < u < 0 kcal/mol)
which decay rapidly with decreasing binding energy.

Figure 6. Diagram depicting the definition of the pitch angle
θn and in-plane rotation angle θp used in the conformational
decomposition analysis. The hexagon in thick lines represents
the aromatic ring of the reference pose, C1 and C3 are two
atoms of the ring, O is the centroid of the heavy atoms of the
ring, and n is the normal to the plane of the ring (the plane
defined by O, C1, and C3). C′1, C′3, and n′ are the corre-
sponding quantities for the ring of the given pose. θn is defined
as the angle between n and n′, and θp is defined as the angle
between the OC1 segment and the projection of the OC′1
segment onto the plane of the ring of the reference pose.

Figure 7. Samples of pitch and in-plane rotational angles
pairs (θn, θp) for phenol bound to the L99A/M102Q T4
lysozyme receptor.

Figure 8. Favorable binding energy tails of the binding energy
distributions of the L99A T4 lysozyme complexes.

2970 J. Chem. Theory Comput., Vol. 6, No. 9, 2010 Gallicchio et al.

Figure S11: Diagram depicting the definition of the pitch angle Θn and in-plane rotation angle
Θp used in the conformational decomposition analysis (adapted from ref.1 with permission).
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