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Abstract

Molecular docking computationally screens thousands to millions of organic molecules against
protein structures, looking for those with complementary fits. Many approximations are made, often
resulting in low “hit rates.” A strategy to overcome these approximations is to rescore top-ranked
docked molecules using a better but slower method. One such is afforded by molecular mechanics—
generalized Born surface area (MM- GBSA) techniques. These more physically realistic methods
have improved models for solvation and electrostatic interactions and conformational change
compared to most docking programs. To investigate MM-GBSA rescoring, we re-ranked docking
hit lists in three small buried sites: a hydrophobic cavity that binds apolar ligands, a slightly polar
cavity that binds aryl and hydrogen-bonding ligands, and an anionic cavity that binds cationic ligands.
These sites are simple; consequently, incorrect predictions can be attributed to particular errors in
the method, and many likely ligands may actually be tested. In retrospective calculations, MM—
GBSA techniques with binding-site minimization better distinguished the known ligands for each
cavity from the known decoys compared to the docking calculation alone. This encouraged us to test
rescoring prospectively on molecules that ranked poorly by docking but that ranked well when
rescored by MM—- GBSA. A total of 33 molecules highly ranked by MM-GBSA for the three cavities
were tested experimentally. Of these, 23 were observed to bind— these are docking false negatives
rescued by rescoring. The 10 remaining molecules are true negatives by docking and false positives
by MM-GBSA. X-ray crystal structures were determined for 21 of these 23 molecules. In many
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cases, the geometry prediction by MM-GBSA improved the initial docking pose and more closely
resembled the crystallographic result; yet in several cases, the rescored geometry failed to capture
large conformational changes in the protein. Intriguingly, rescoring not only rescued docking false
positives, but also introduced several new false positives into the top-ranking molecules. We consider
the origins of the successes and failures in MM—-GBSA rescoring in these model cavity sites and the
prospects for rescoring in biologically relevant targets.
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decoys; molecular docking; virtual screening; MM—-GBSA,; cavity

Introduction

Molecular docking computationally screens large databases of small molecules against a
macromolecular binding site of defined structure. The technique is often used to find novel
ligands for drug discovery. Notwithstanding important successes,1 8 docking continues to
struggle with many methodological deficits. Many approximations are made to screen many
molecules in a timely fashion. These include using only one conformation of the protein,
neglecting the internal energies of the docking molecules, using simplified models of ligand
solvation energies, typically ignoring protein desolvation, and ignoring most entropic terms
entirely. These and other shortcuts lead to the high false-positive and false-negative rates for
which docking screens are notorious. Docking methods are unreliable for affinity prediction
and, except in domains of highly related compounds, even for rank ordering the likely hits that
emerge from the virtual screens.

To overcome these deficits, several groups have combined disparate scoring functions in a
consensus fashion to capitalize on the strengths and overcome the deficiencies of individual
methods.?~12 This “consensus scoring” approach is attractive when it has worked, but its
theoretical underpinnings are slim.13 An alternative approach involves using a higher level of
theory to rescore the docking hit lists after the docking calculation has completed. The goal is
to reevaluate the top docking hits for energetic complementarity to the target after including
more terms and degrees of freedom than modeled by the docking program. Because more terms
are considered, rescoring is typically much slower than docking, so much so that only the top-
scoring docking pose of the best scoring docked molecules are often considered. This approach
has been adopted by versions of the program GLIDE.14 Here ligands are first docked using
simplified and relaxed criteria and are then refined by more sophisticated and stringent
evaluation of the energies of binding. Similarly, Wang et al. used a hierarchical technique that
begins with initial database screening and progresses to molecular mechanics—Poisson—
Boltzmann surface area (MM—-PBSA) rescoring to find HIV-1 reverse transcriptase inhibitors.
15 The combination of an initial docking screen with subsequent rescoring by a molecular
mechanics—generalized Born surface area (MM-GBSA) method has been used to improve
enrichment of known ligands for several enzymes in retrospective studies and even to identify
substrates, 1620

Such MM-PBSA and MM-GBSA methods involve minimization and often dynamic sampling
of the protein—ligand complexes, and include ligand and receptor conformational energies and
strain. They evaluate the electrostatics and solvation components of the binding energy by PB
or GB methods, including both ligand and receptor desolvation. The MM-GBSA binding
energy is determined by Ecomplex — Ereceptor — Eligand Where E is an MM-GBSA estimate and
solute configurational entropy effects are ignored. In this article, we focus on relative binding
energies of different ligands to the same receptor, so the free receptor energy (Ereceptor) d0€s
not affect the results. Because the MM-GBSA function includes both internal energies and
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solvation free energies, and because we explicitly subtract complex (Egomplex) and ligand
(Ejigang) contributions, desolvation effects upon complex formation for both the ligand and the
receptor are included, at least in principle. There are three main limitations: (1) the force fields
and solvation energies are not uniformly accurate; (%) for reasons of computational efficiency,
only a small part of configuration space near the DOCK starting pose is really explored; and
(3) configurational entropy effects are ignored. Notwithstanding these limitations, the MM-—
GBSA methods represent a substantially higher level of theory than that encoded by most
docking programs and are attractive alternatives to a more complete treatment of the energies
of interaction by free-energy perturbation and thermodynamic integration,2! which remain the
gold standard but are very slow.

In this study, we set out to test MM—-GBSA rescoring of docking hit lists in simple model cavity
sites. These sites have been engineered into the buried cores of proteins and bind multiple small
organic molecules. In contrast to most drug targets, these cavities are small (150-180 A3),
buried from bulk solvent, and are dominated by a single interaction term. The L99A (Leu99
— Ala) cavity in T4 lysozyme?? is almost entirely apolar, the L99A/M102Q (Leu99 — Ala/
Met102 — GIn)23 cavity in the same protein has a single hydrogen-bond acceptor (the
introduced GIn102), whereas the W191G (Trp191 — Gly) cavity in cytochrome c peroxidase
(CCP)24:25 has a single anionic residue, Asp235 (Fig. 1). The ligands recognized by these sites
correspond to these features: the hydrophobic L99A binds small, typically aromatic nonpolar
molecules; the slightly polar L99A/M102Q binds not only both apolar molecules but also those
bearing one or two hydrogen-bond donors, whereas the anionic W191G cavity almost
exclusively binds small monocations. The simplicity of these sites is conducive to
disentangling the energetic terms of ligand binding, which are so often convoluted in drug
targets with their larger, more complex binding sites. It should be noted that previous work
with solvent-exposed sites has suggested that a major advantage of MM-GBSA scoring
functions is calculating partial receptor desolvation upon ligand binding.1” This benefit with
complex solvent-exposed binding sites may be less relevant in the buried cavity sites, especially
the hydrophobic L99A and polar L99A/M102Q sites, which are mostly desolvated. (It is our
experience that the cavity sites, in fact, impose a greater strain on the GBSA solvent models
to fully desolvate the pockets.)

In the cavity sites, as in other simplified sites,2” an incorrect prediction is often informative,
identifying a single problematic term in a scoring function; we have used these cavities as
model binding sites to identify problems in molecular docking?3:28-30 and, more recently,
thermodynamic integration.2!

Others have found them attractive test systems for method development studies.31=34 An
important advantage of these cavity sites is that they are experimentally tractable for detailed,
prospective testing of ligand predictions. Because the ligands they bind are small—in the 70-
to 150-amu range—many possible ligands are readily available commercially, which is rarely
true of drug targets.3> The binding of these predicted ligands may be tested by direct binding
assays, and the structures of the ligand— protein complexes may be routinely determined by X-
ray crystallography to resolutions better than 2 A. Extensive study in the Matthews, Goodin,
and our own laboratories has resulted in many tens of diverse ligands for each cavity, as well
as tens of “decoys,” which are molecules that were predicted to bind to the sites but for which

no binding was observed at concentrations as high as 10 mM on experimental testing.21:23:
28-30

We thus used these three simple model cavity sites, L99A, L99A/M102Q, and W191G, as
templates to measure the strengths and weaknesses of MM— GBSA rescoring of docking hit
lists. We used two rescoring programs: Protein Local Optimization Program (PLOP),36:37 with
binding-site side-chain rotamer search and minimization, and AMBER-DOCK, using short
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molecular dynamics (MD) steps and minimization of binding-site residues (Materials and
Methods). Molecular docking was used to screen compound libraries that contained between
5000 and 60,231 fragment-like molecules from the Available Chemicals Directory (ACD); the
library size was chosen to partly mitigate issues of size and charge bias from the library alone
and to be consistent with earlier studies in these sites (Results). 28:29 The single best pose for
each compound that ranked among the top 5000 or 10,000 compounds by docking was then
rescored by both MM- GBSA programs. Multiple known ligands and decoys were among the
molecules rescored for all three sites’ rescored sets. In retrospective calculations, MM-GBSA
rescoring improved the separation of ligands from decoys in each of the cavities. We then tested
33 new ligands that were predicted to bind by the MM-GBSA methods that docking alone
ranked poorly, generally much worse than the top 500. To investigate the detailed basis of the
MM-GBSA predictions, we determined crystal structures for 21 of these new ligands and
compared them to the geometries predicted by theory. These studies suggest areas where MM-
GBSA methods can contribute to the success of virtual screening and areas where this method
faces important challenges.

Retrospective docking and rescoring in the hydrophobic cavity

Approximately 60,000 small molecules were docked into the hydrophobic cavity L99A using
DOCK3.5.54 23:38 (Fig. 1a). The compounds in this set were selected from a much larger library
so as not to exceed 25 non-hydrogen atoms, as previously described.?? This reduced the
enrichment-factor bias that would have otherwise occurred by the trivial ability of the docking
program to remove compounds that were simply too large to fit in the cavities. We note that
reducing the number of molecules to 60,000 from the several million that are in the ACD or
ZINC39 databases has the effect of reducing our enrichment factors. Among the top-scoring
10,000 molecules were 39 known ligands and 40 experimentally tested decoys. DOCK found
44% (17 molecules) of these ligands and 43% (17 molecules) of these decoys among the top
500 molecules (Fig. 2a). Ligands such as toluene (DOCK rank 32), benzene (DOCK rank 151),
and ethylbenzene (DOCK rank 301) are small, aromatic, and hydrophobic compared to known
decoys such as nitrosobenzene (DOCK rank 125), phenol (DOCK rank 234), and 3-methyl-
pyrrole (DOCK rank 435). Like the ligands, these decoys are also small and aromatic, but are
presumably too polar for the hydrophobic cavity to overcome their desolvation penalty (Fig.
1a).

The top-ranking 10,000 docking hits for the hydrophobic cavity were re-ranked by PLOP and
the top-ranking 5000 docking hits were re-ranked by AMBERDOCK; fewer molecules were
treated by AMBERDOCK simply because it was much more computationally intensive than
PLOP. For both methods, the enrichment of the ligands actually decreased slightly relative to
that achieved by docking alone; that is to say, fewer ligands were found among the very best
scoring molecules (Fig. 2a). Rescored by PLOP, 41% (16 molecules) of the known ligands
were found among the top 500 molecules, whereas 28% (11 molecules) were found by
AMBERDOCK. Both enrichment factors were lower than those found by docking alone. On
the other hand, the enrichment of the known decoys was lower still (Fig. 2a). Only 5% of the
decoys (2 molecules) were ranked among the top 500 molecules by PLOP and only 13% (5
molecules) were so ranked by AMBERDOCK. This represents a substantial improvement on
docking alone, one that reflects a significant change in the relative energies of the ligands and
decoys. For instance, in the L99A cavity the average differential energy between the first 10
ligands and the first 10 decoys was only 0.7 kcal/mol by docking. Meanwhile, the average total
energy for the top 10 docked ligands was —15.8 kcal/mol and the difference between the 1st
and the 10th ranked ligand is 2.9 kcal/ mol; the ligands and decoys were essentially
indistinguishable by docking energy. For the PLOP rescored molecules, conversely, the
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average difference in energies for the top 10 ligands and decoys was 4.0 kcal/mol. Meanwhile,
average energy for the top 10 ligands was —21.7 kcal/mol and the difference between top ranked
ligand and the 10th was 5.5 kcal/mol; the best ligands and decoys are separated significantly
by rescored energy. We should note that both the ligand enrichment and the decoy enrichment
are strongly biased for docking—many of the ligands and almost all of the decoys were
originally tested based on docking predictions23:29:30_sg it is reasonable to expect that the
enrichment of ligands will be higher by docking, as will the decoys. Perhaps more informative
then is the separation of the ligands from the decoys, as measured by the ratios of their
enrichment factors. These were improved eightfold by PLOP and twofold for AMBERDOCK,
relative to that of DOCK in this hydrophobic cavity.

Retrospective docking and rescoring in the polar cavity

The same 60,000 molecules were docked into the polar cavity L99A/M102Q (Fig. 1b). Among
the top-scoring 10,000 molecules were 58 ligands and 17 experimentally tested decoys. DOCK
found 45% (26 molecules) of these ligands and 35% (6 molecules) of these decoys among the
top 500 molecules (Fig. 2b). The increased polarity from O¢ of the GIn102 side chain in the
cavity accommodates the binding of phenol (DOCK rank 354) and 3-methylpyrrole (DOCK
rank 307), which are decoys for the L99A cavity, as well as hydrophobic ligands such as toluene
(DOCK rank 16) and benzene (DOCK rank 78). The increased polarity of the site only goes
so far, however, and it cannot accommodate decoys such as 1-vinylimidazole (DOCK rank
136) or 2-aminophenol (DOCK rank 208), whose polarity is presumably still too great for the
single carbonyl oxygen of the site to overcome the attendant desolvation terms.

The top 10,000 docking hits for the polar cavity were re-ranked by PLOP and the top 5000 re-
ranked by AMBERDOCK. For both methods, the enrichment of the ligands again decreased
slightly relative to the docking enrichment factor (Fig. 2b). Rescored by PLOP, 22% (13
molecules) of the known ligands were found among the top 500 molecules, whereas 34% (20
molecules) were found by AMBERDOCK. However, the enrichment of the known decoys was
lower still. None of the decoys were ranked among the top 500 molecules by PLOP or
AMBERDOCK, in contrast to DOCK where 35% (6 molecules) of the known decoys were
scored among the top 500 molecules. As in the hydrophobic site, despite the decrease in overall
ligand enrichment, the separation of the ligands from the decoys was improved substantially
for the polar cavity: by 20-fold for PLOP and 35-fold for AMBERDOCK.

Retrospective docking and rescoring in the anionic cavity

Approximately 5400 molecules were docked in the charged cavity of CCP (Fig. 1c). This
library was also selected from a much larger set to reduce enrichment-factor bias from trivial
physical noncomplementarity between library molecules and the CCP cavity.?8 Thus, any
molecules from the larger ACD that had unfavorable van der Waals scores (i.e., simply did not
fit), or that bore an anionic charge, were removed from the larger library. As with the lysozyme
cavities, this smaller library of more physically plausible ligands reduces the enrichment factors
we would otherwise achieve with docking. Within this database were 40 known ligands and
20 experimentally tested decoys. DOCK found 78% (31 molecules) of these ligands and 20%
(4 molecules) of these decoys among the top 500 molecules (Fig. 2b). The anionic cavity
typically binds cationic ligands such as 2-amino-pyridine (DOCK rank 6) and imidazole
(DOCK rank 227). Most neutral polar compounds, such as 3,5-difluoroaniline (DOCK rank
148), and apolar compounds, such as toluene (DOCK rank 411), are decoys for this cavity, as
are anionic compounds or those bearing a formal charge greater than +1.

All of the 5400 docking hits for the anionic cavity were re-ranked by PLOP and
AMBERDOCK. Rescored by PLOP, 83% (33 molecules) of the known ligands were found
among the top 500 molecules, and 80% (32 molecules) were found by AMBER-DOCK (Fig.
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2c). Both enrichment factors are comparable to those found by docking alone, which found
83% (33 molecules) of the known ligands among the top 500 molecules. On the other hand,
fewer of the known decoys were enriched by the MM—-GBSA methods. None of the known
decoys were ranked among the top 500 molecules by PLOP or AMBERDOCK, and the best
scoring decoy ranked 655 for PLOP and 785 for AMBERDOCK compared to 145 for docking.
Thus, whereas the overall enrichment of the ligands relative to the rest of the database
molecules remained unchanged, the separation of the ligands from the decoys was improved
by fourfold for PLOP and AMBERDOCK.

Prediction and experimental testing of new ligands

A more robust test, one less biased by previous knowledge, involves prospective prediction of
new ligands. For each of the three cavities, we looked for molecules that had been poorly ranked
by docking but that ranked well by either PLOP or AMBERDOCK or both. We note that our
use of “well” and “poorly” ranked is inexact because there is no fully reliable way to separate
molecules based on docking energies alone. We therefore looked for molecules where the
rankings changed substantially—typically rising from ranks lower than 1500 to ranks in the
top 200. Of the 33 molecules selected, 24 were ranked worse than 1500th by docking, 7 were
ranked between 500 and 1500, and 2 were ranked between 300 and 500. The rankings of all
33 rose to be among the top 200 on rescoring. Our choice of 200 was purely pragmatic, as it
is a reasonable number of top-ranking hits to visualize and consider for testing, which is often
done when picking docking hits; another reasonable cutoff would have been top 500. Nine
compounds were picked and tested for the hydrophobic L99A cavity, 10 were tested for the
polar L99A/M102Q cavity, and 14 were tested for the anionic W191G cavity. Structures for
21 of these 33 molecules in complex with the cavities were determined by protein
crystallography, allowing us to compare the predicted and experimental geometries in detail.
In the following discussion, we report whether binding was detected at a single concentration
tested. The actual affinities were not measured but will often be substantially better than the
concentration reported.

New L99A ligands predicted by rescoring

All of the nine ligands predicted by PLOP and AMBERDOCK were relatively large
compounds that do not easily fit into the unminimized cavity into which they were docked,
explaining their poor docking ranks, but they fit well upon receptor relaxation by MM-GBSA.
Binding was detected at millimolar concentrations by temperature of melting (Tr,) upshift
experiments for seven of these nine compounds; however, for two no binding was detected
(Table 1). AMBERDOCK correctly predicted binding for five ligands and incorrectly predicted
binding for 1-phenylsemicarbazide (%) and 2-phenoxyethanol (°) (two of the prospectively
tested molecules were not rescored by AMBERDOCK because docking ranked them worse
than 5000). PLOP correctly predicted binding for five ligands, while incorrectly predicting
binding for 2-phenoxyethanol (°). PLOP agreed with docking on the remaining three molecules
that had been prioritized by AMBER-DOCK, ranking them worse than 1000. Two of these, 4-
(methylthio)nitrobenzene () and 2-ethoxyphenol (®), were true ligands and so are false
negatives for PLOP.

Five high-resolution (better than 2 A) protein— ligand crystal structures were obtained for these
new L99A ligands to compare experimental to predicted poses (Fig. 3). In each case, electron
density for the ligands was unambiguous, allowing us to model their positions in the site.
Docking and MM-GBSA methods predicted the binding geometry for three of the five ligands
to within 0.3 to 0.8 A RMSD (Table 2). Conversely, the docked pose of 3-methylbenzylazide
(6) was 1.4 A RMSD from the crystallographic pose. The PLOP minimized prediction had a
slightly improved RMSD of 1.1 A, but the refined ligand also had a nonlinear azide group,
highlighting a failure in ligand parameterization. In addition, docking and MM— GBSA
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methods predicted poses that were approximately 1.5 A RMSD from the crystallographic pose
of 4-(methylthio)nitrobenzene (2). The crystallographic poses of these two ligands would have
been within 2 A of the Val111 side chain in the conformation of the cavity used for the docking
calculation, a steric conflict that is relieved by conformational expansion of the cavity in the
experimental structures. Indeed, for all complexes, with the exception of B-chlorophenetole
(1), the F-helix of lysozyme (residues 108-113) that forms one wall of the cavity reorients by
about 2 A and swings Val111 further out of the cavity to accommodate the ligands.*? The
protein conformations seen in these structures more closely resemble the larger
isobutylbenzene-bound cavity site [Protein Data Bank (PDB) ID 184L] than the smaller
benzene-bound cavity site (PDB ID 181L) used for docking and rescoring. Whereas the MM-
GBSA methods do not capture this helix motion, receptor and ligand minimization reduces the
steric clash sufficiently to improve the ranks of what were docking false negatives. Higher
level calculations using free-energy methods and MD have captured the F-helix motion and
explained discrepancies in free energies upon ligand binding due to its displacement.21:31

New L99A/M102Q ligands predicted by rescoring

Ten representative compounds that scored well by the MM-GBSA methods were
experimentally tested for binding to the polar cavity (Table 3). These compounds were ranked
poorly by docking, again typically because they were too large for the conformation of the
cavity targeted by docking. Binding was detected at millimolar concentrations by T, upshift
for 6 of these 10 compounds; for the remaining 4, binding was not observed (Table 3). We
note, however, that for 1 of these 4, 2-(n-propylthio) ethanol (12), we were able to determine
a crystal structure in complex with the ligand by soaking a crystal of L99A/M102Q with 100
mM of compound, suggesting that it is a weak ligand for this cavity. AMBERDOCK correctly
predicted binding for 4 of the 6 ligands that it suggested should bind, while incorrectly predicted
binding for o-benzylhydroxylamine (1) and 1-phenylsemicarbazide (3). Of the remaining two
hits tested, prioritized by a high PLOP ranking, AMBERDOCK missed 1 real ligand but
correctly distinguished 1 real decoy, ranking both compounds worse than 500. Two of the
prospectively tested molecules were not rescored by AMBERDOCK because docking ranked
them worse than 5000. PLOP correctly predicted binding for 5 of the 6 ligands that it suggested
should bind but incorrectly predicted binding for cis-2-hexenol (16). Of the remaining hits
tested, prioritized for testing by AMBERDOCK, PLOP missed 2 true ligands but correctly
distinguished 2 decoys by ranking them worse than 1000.

Crystal structures of six L99A/M102Q ligand complexes were determined to compare
predicted and experimental poses of these new ligands (Fig. 4). Electron density for each ligand
was unambiguous and was detailed enough to suggest two binding modes for 2-nitrothiophene
(1) and 3-chloro-1- phenyl-1-propanol (}3). Docking predicted the pose of one ligand, 2-(n-
propylthio)ethanol (12), to within 1 A RMSD, while AMBERDOCK further minimized five
of its six ligands and PLOP minimized three of its six ligands to within 1 A RMSD (Table 2).
Although the MM-GBSA methods collectively improved the binding mode predictions of all
but one ligand, the key hydrogen bond interaction was missed in three of these structures (Fig.
4a, e, and f). In addition, the azide group of 3-methylbenzylazide (°) was incorrectly
parameterized by both AMBER-DOCK and PLOP, as was also observed in the L99A cavity.
Neither DOCK nor the MM-GBSA rescoring correctly predicted the binding mode for 3-
chloro-1-phenyl-1-propanol (}3), with RMSD values of 1.9 and 1.7 A, respectively. In three
structures—2-nitrothiophene (1), 3-methylbenzylazide (6), and 3-chloro-1-phenyl-1-propanol
(13)—the F-helix of the cavity moves to accommodate the ligands while keeping the cavity
still buried from solvent. In the complexes with 2-(n-propylthio)ethanol (12) and 2-
phenoxyethanol (%), there is evidence of a second conformation of residue Phe114 within the
cavity that rotates and opens a water channel to the surface of the protein. Neither the helix
movement nor the Phel114 rotation was sampled by the MM-GBSA methods.
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New W191G ligands predicted by rescoring

Fourteen representative compounds reprioritized to score well by the MM-GBSA methods but
scored poorly by docking were experimentally tested for binding by measuring perturbation
of the heme Soret band in CCP (Table 4).2% Binding was detected for 10 of these compounds
at concentrations ranging from 50 pM to 10 mM. Of the 11 compounds that AMBERDOCK
predicted to bind with ranks better than 500, binding was detected for 8. Of the remaining
prospective hits tested, AMBER-DOCK correctly distinguished 1 compound as a decoy but
missed 2 ligands by ranking them worse than 500. Of the 9 compounds that PLOP predicted
to bind with ranks better than 500, binding was detected for 8. Of the remaining prospective
hits tested, PLOP missed 2 ligands but correctly distinguished 3 decoys, ranking them worse
than 500.

Crystal structures of CCP in complex with the 10 new ligands were obtained (Fig. 5). The
electron density for the ligands was unambiguous. Docking predicted three structures to within
1 A of the crystallographic result, whereas the MM-GBSA methods did so for 7 structures,
typically with improved hydrogen-bonding interactions (Table 5). For 3 ligands, the docking
poses were over 1.9 A away from the crystallographic results, and MM-GBSA refinement did
little to improve these structures. In 4 of the complex structures—cyclopentane
carboximidamide (19), 1,2-dimethyl-1H—pyridine-5-amine (22), pyrimidine-2,4,6-triamine
(%%, and 1-methyl-2-vinylpyridinium (3%)—the loop composed of residues 190-195 flips out
by nearly 12 A, opening the cavity to bulk solvent. This large loop motion was not sampled
by MM-GBSA.

Overall performance in predicting top 100 hits

The simplicity of these model cavity sites, the number of known ligands and decoys, and our
experience with their ligands?1:23:28=30 often allow us to predict what turn out to be true ligands
and true decoys from among top-scoring molecules, based on their physical properties. We
examined the top 100 hits predicted to bind by docking and MM-GBSA, compared property
distributions, and made educated guesses as to whether or not they will bind. The 100 top-
ranking MM-GBSA rescored compounds for the L99A and L99A/M102Q cavities were larger,
more flexible, and more polar, with more hydrogen-bond acceptors and lower ClogP values
per heavy atom compared to the top 100 hits from docking. For the anionic W191G cavity
there was a similar trend towards larger molecules and also a drift away from the singly charged
cations favored by DOCK, with more dications and neutral molecules prioritized among the
top-ranking 100 molecules by the MM— GBSA methods. The increased size and greater
differences in polarity of the molecules in the MM— GBSA hit lists resulted in lower mean
pairwise similarities among the molecules and, consequently, an increase in the diversity of
the rescored hit lists relative to the docking hit lists. Thus, using ECFP_4 fingerprints (SciTegic,
Inc.), we found the average pairwise Tanimoto coefficient among the 100 top-docking
molecules for the L99A cavity with DOCK, AMBERDOCK, and PLOP to be 0.17, 0.12, and
0.10, respectively (full distributions of pairwise similarities are given in Supplementary Fig.
S1). Similar trends were observed in the other two cavities. The same tendencies that led to
greater diversity in ligands and their properties, however, reduced the raw hit rates we anticipate
from among the top 100 ranking MM-GBSA ligands compared to those predicted by docking
(Table 6). For example, among the top 100 docking hits for the CCP cavity there were 29 true
ligands and no experimentally determined decoys. Of the remaining molecules—all untested
— were what we predict to be 79 likely ligands and 7 likely decoys, based on their similarity
to known ligands and decoys and their physical properties such as size and charge
complementarity. Conversely, among the top 100 PLOP hits for the anionic cavity were only
15 experimentally tested ligands and 1 experimental decoy. Among the untested molecules
were what we suspect are 53 further ligands and 22 further decoys. Among the top
AMBERDOCK hits for this cavity were 19 true ligands and 3 experimental decoys. Among

J Mol Biol. Author manuscript; available in PMC 2009 September 28.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Graves et al.

Page 9

the untested molecules prioritized by this program, we suspect that there are 67 further ligands
and 14 more decoys. Similar trends were observed in the other two cavities (Table 6).
Admittedly, these numbers reflect guesses only, but we suspect that the overall trends would
be born out by experiment (the interested reader may draw their own conclusions from the full
lists in Supplementary Table 1-Supplementary Table 9) Thus, whereas the MM-GBSA
methods rescued many docking false negatives and sampled a more diverse chemical space
among the top hits, they also suggested more false positives among the very top scoring
molecules and, we suspect, have a lower overall hit rate in this segment of the molecules
prioritized for testing.

Origins of false-positive hits suggested by MM—-GBSA rescoring

In these simple cavities, false-positive hits often identify specific pathologies in a scoring
function. For example, the MM-GBSA methods seemed distracted by compounds bearing
what is almost certainly the wrong net charge for the W191G cavity, which extensive testing
has shown preferentially binds monocations over neutral molecules (few of which have been
observed to bind, and then only weakly) and dications (none of which have been observed to
bind). For instance, among the top 100 ranking molecules predicted by PLOP, there were 13
dications. Whereas AMBERDOCK predicted only one dication, it prioritized five neutral
molecules among the top 100 hits. The dications will pay too high a desolvation penalty to be
compensated for by the interaction with the single anion in the site (Asp235), and the neutral
compounds desolvate the same aspartate without recouping enough in interaction energy.
Balancing polar and ionic interactions with concomitant solvation penalties is a challenge for
the field, one clearly faced by these methods as well. On the other hand, many of the top-ranked
PLOP ligands for L99A (47 out of the top 50) and L99A/M102Q contained one or more nitriles.
While some of these compounds may well be ligands, as in the case of n-phenylglycinonitrile
(10 for L99A/ M102Q (Table 3), we suspect that this represents a ligand parameterization
problem as opposed to a genuinely meaningful enrichment. Indeed, the PLOP solvation
energies for the top 47 nitriles actually rewarded desolvation, rather than penalizing it as is
almost always the case otherwise, suggesting that there is an issue with determining the correct
self-energy for this functional group. Not wishing this term to dominate our analysis, we
excluded these compounds from the PLOP rescored hit lists for L99A and L99A/M102Q); they
do not contribute to the accounting described in this work. This highlights the importance of
good ligand parameterization for database screening—which is a considerable challenge for
hundreds of thousands of molecules typically screened by docking—the lack of which can
undermine any improvement in theory.

Discussion

In principle, the most important improvements of MM—-GBSA over docking, certainly over
the program used in this study, DOCK3.5.54, are the better representation of electrostatic
interactions, ligand and protein desolvation energies, and relaxation of the ligand—protein
complex. The simplicity of the model cavity sites allows us to explore how these terms
influence docking results in detail and to make prospective predictions for ligands that we can,
in fact, acquire and test. Many investigators will be unsurprised to see that the MM-GBSA
methods can rescue molecules that rank poorly in the docking calculation owing to the rigid-
receptor approximation used in docking. Ligands that were too big to be accommodated well
in the original docking are well fit by a binding site that has been allowed to relax by energy
minimization and, in the case of AMBER-DOCK, short MD simulations. This was true both
in retrospective calculations as well as in prospective predictions. The ability to relax the site
also resulted in rescored hit lists that were more diverse with a wider range of likely ligands.
Perhaps less anticipated was the cost of allowing such conformational change—some of the
rescued, high-scoring molecules by MM-GBSA do not, in fact, bind to the cavity sites. These
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molecules are new false positives introduced by the higher level of theory. Indeed, the overall
hit rates at the very top of the ranked lists are arguably better by simple docking than by MM-
GBSA rescoring, at least when evaluated simplistically by the raw number of hits and likely
hits (this is arguably offset by the greater diversity of the MM- GBSA hit lists). Partly this
reflects problems in ligand parameterization, and partly difficulties in the treatment of the
electrostatics in the binding sites. The most important challenge for MM-GBSA and for
flexible receptor models in general is balancing the opportunities to find new ligands as receptor
geometries are relaxed with the introduction of new false positives as the need to consider large
receptor internal energies is introduced. Specific examples of these opportunities and problems
are apparent in the three cavity sites studied here.

The principal improvement conferred by MM— GBSA rescoring in the model cavity sites over
docking was the inclusion of receptor binding site relaxation, which improved the ranks of
larger ligands that rigid receptor docking missed. AMBER-DOCK, for example, correctly
predicted 2-ethoxyphenol (°) to bind to L99A (Table 1: Fig. 3d). This compound is too large
for the unrelaxed conformation of this cavity targeted by docking, but minimization and MD
simulations allow the ligand to be well accommodated by effectively expanding the site. Often,
this relaxation led not only to improved rankings but also improved geometries. For many
ligands, RMSD values between the MM-GBSA predictions and the crystallographic results
declined relative to those of the docking predictions and, especially in the W191G anionic
cavity, many ligands refined by MM-GBSA had improved hydrogen bonding to the site.
Examples of this include the new W191G cavity ligands n-methylbenzylamine (18) and
cyclopentane carboximidamide (1°) (Table 4, Fig. 5a and b, respectively).

The structural relaxation with MM-GBSA performed well when the initial docking geometry
resembled the crystallographic pose, but did little when large protein conformational changes
were provoked by ligand binding. For instance, F-helix unwinding and rotamer change by
Vallll in L99A and L99A/M102Q were never captured by the method, nor was the extensive
loop flipping observed in several of the W191G-ligand complexes. When such movements
occurred, MM-GBSA rescoring could not rescue substantially incorrect docking poses, such
as that adopted by 3-chloro-1-phenyl-propanol (13) for L99A/M102Q (Table 3 Fig. 4f) and
pyrimidine-2,4,6-triamine (24) predicted for CCP (Table 4+ Fig. 5e), notwithstanding the large
improvement in their rankings conferred by the rescoring. These large movements are outside
the radius of convergence of the local relaxation undertaken by the MM-GBSA methods.
Indeed, even more time-consuming thermodynamic integration methods are hard put to sample
such changes without explicit “confine-and-release” strategies, which depend on a
foreknowledge that such movements are likely.*! And whereas loop sampling methods have
had encouraging successes in predicting such large movements,*2 this remains a frontier
challenge for ligand and structure prediction methods.

Pragmatically, the inability to predict the structural accommodations provoked by some large
ligands is offset by the correct reprioritization of what were docking false negatives as ligands.
The same comfort is not afforded by the 10 false negatives introduced by the MM-GBSA
methods, nor by the lower overall hit rates compared to docking among the very top scoring
ligands (Table 6). By allowing the receptor to respond to ligand binding, one allows for new
and potentially unfavorable receptor conformations. These must be distinguished by the MM-
GBSA energy functions from the true low-energy conformations that may be sampled in
solution. This is challenging, as the receptor con-formational energies are large, and the errors
in these calculations are typically on the same order of the net interaction energy of the protein—
ligand complex. Although some of the errors are cancelled by subtraction of the internal
energies before and after ligand binding, one is still subtracting two large numbers with
relatively large errors to find a small one, the net binding free energy. Consistent with this
view, ligands achieved their maximal advantage over decoys on rescoring when we allowed
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only a 5 A region around the binding site to relax. Allowing the full protein to relax, or even
an 8 A region around the binding site, diminished the discrimination of known ligands from
decoys. Of course, relaxing the entire system is the more physically correct way to calculate
these energies. Falling back on limited relaxation speaks of a larger methodological issue.

The three cavity sites targeted here are contrivances of human design, and ligands discovered
for them have no intrinsic value other than for testing methods. Indeed, in these simple model
systems the failures are often more interesting than the successes, as they can illuminate a
specific methodological problem.21:23:28-30 Examples are the 10 false positives predicted for
the cavity sites by MM-GBSA rescoring. Some of these reflect ligand parameterization
problems. For instance, we suspect that the many nitrile-containing decoys predicted by PLOP
for L99A and L99A/M102Q reflect failures in ligand parameterization. Such mechanical
failures may be addressed by close attention to particular ligand groups and improved partial
atomic charge models; admittedly, this can be a daunting task for screening databases
containing hundreds of thousands of disparate molecules. More interesting are the 8 false
positives that are true energy function decoys. Several of these highlight difficulties in the
treatment of electrostatics and solvation in the binding sites. 2-Phenyoxyethanol (°), for
example, was predicted to bind by both PLOP and AMBERDOCK to L99A (Table 1). This
decoy has a similar topology to 2-phenylpropanol, a known ligand?2 (Fig. 6a); however, the
ether of 2-phenoxyethanol (°) increases its polarity and presumably its solvation energy, which
is not fully captured by the MM-GBSA implicit solvent model (another possibility would be
that the 2-phenoxyethanol is docked in a high-energy conformation, one that is not recognized
by the rescoring methods, but this turns out not to be the case, with both the decoy and the
ligand 2-phenylpropanol adopting similar and low-energy conformations). Similarly, o-
benzylhydroxylamine (14) was the top-ranking AMBERDOCK hit for L99A/ M102Q, but is
a decoy (Table 3). The terminal -ONH,, of this compound is too polar for the site, stranding
one unpaired polar hydrogen from the NH, group in this largely hydrophobic site. Interestingly,
the polar cavity does bind n-phenylhydroxylamine (unpublished data), which has the same
hydrogen bond accounting as o-benzylhydroxylamine (14) and topologically resembles it
closely (Fig. 6b). The difference between these nearly identical molecules is that in the former
the two hydrogenbond donors from the ligand can both be accommodated by the carbonyl of
the receptor glutamine, whereas in the decoy both hydrogen-bond donors originate from the
same atom—the nitrogen of the o-benzylhydroxylamine (4)—and only one can be
accommodated by the carbonyl oxygen.

The challenges of balancing ligand electrostatic interaction energies and desolvation penalties
were also apparent in the anionic W191G cavity. Most obvious were those molecules that did
not bear the correct monocationic charge state. The 13 molecules that were doubly charged
among the top-scoring PLOP hits are almost certainly decoys, and this is also the case for the
AMBERDOCK false-positive 5-nitro-6-aminouracil (1), which is neutral and cannot make
the ion—pair interaction with Asp235 (Table 4). More subtly, whereas 1,3-dimethyl-2-0x0-2,3-
dihydropyrimidin-1-ium (2°) is charged, this charge is shared between the two cyclic nitrogen
atoms and results in a compound with reduced electrophilicity compared to a compound with
a localized charge. The AMBERDOCK false positives n-methyl-1,2-phenylene-diamine (17)
and 2-amino-benzylamine (23) (Table 4) most likely do not bind because of steric clashes that
inhibit optimal positioning of the charge—charge interaction. These failures point to specific
directions for improved treatment of the balance between electrostatic interaction and
desolvation energies in the MM- GBSA methods.

Overall, the results of MM-GBSA rescoring of docking hit lists on the model binding sites

seem conflicted. On the one hand, rescoring rescued many docking false negatives, improved
the geometric fidelity of most of the predicted structures, and increased the diversity of the hit
lists. On the other hand, rescoring introduced more false positives, especially among the very
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top ranking ligands, compared to the simpler docking protocol. These observations may be
reconciled by recognizing that what is probably the greatest advantage of the MM-GBSA
methods over docking for the model sites, the relaxation of the protein—ligand complex, also
presents the greatest challenge to discrimination. To allow a flexible receptor, one must
consider the relative energies of the different protein conformations explored. This implicates
the pairwise interactions of thousands of protein atoms, as opposed to the tens of atoms involved
in the immediate protein-ligand complex. To properly rank the energies of the complexes, one
must also properly account for the larger uncertainties that accompany the much higher
magnitude energies of the overall system. Whereas this is the thermodynamically correct
approach, it introduces many interactions that have little bearing on the intimacies of the
protein—ligand complex itself. Rigid receptor docking, for all the calumny poured upon it, can
ignore these large-magnitude yet low-relevance interactions. Of course, this leads to many false
negatives, but it avoids many of the false positives to which the MM-GBSA methods are prone.
Pragmatically, this suggests that hits derived from docking to a rigid experimental receptor
conformation—and ideally more than one3%43—and hits prioritized by rescoring after MM
GBSA refinement with binding site minimization will provide good candidates for
experimental testing. Despite its greater sophistication, MM—-GBSA rescoring has a harder
task, and its predictions will not, by every criterion, be better than those of a modern docking
program; rather, our results suggest they will complement and add to them. Still, MM-GBSA
is a higher level of theory, and because it is grounded in physics, they can be built upon and
improved in a regular way. They are thus on a path to fundamental improvement in molecular
docking and structure-based screening, which is so actively sought.44

Materials and Methods

Docking against cavity sites

DOCK3.5.5423:38 was used to dock a multiconformer database of small molecules into the
model cavity sites. The receptors, grids, spheres, and ligand databases were prepared as
described for the T4 Lysozyme?2 and CCP28 cavities, respectively. Briefly, to sample ligand
orientations, ligand, receptor, and overlap bins were set to 0.2 A; the distance tolerance for
matching ligand atoms to receptor was set to 0.75 A. Each docking pose was evaluated for
steric fit. Compounds passing this filter were scored for electrostatic and van der Waals
complementarity and assigned the full penalty for transfer from a dielectric of 80 to a dielectric
of 2, as calculated by AMSOL.4>:46 Sampling and scoring required less than a second per
ligand on a single 3.2-GHz Xeon processor. The best scoring conformation of each of the
10,000 top-scoring molecules against L99A and L99A/M102Q and the 5400 top-scoring
molecules against CCP were saved and rescored by the MM—-GBSA protocols.

Rescoring with PLOP

The rescoring procedure with PLOP36:37 was essentially as described.1’ Ligand parameters
were calculated with IMPACT.4’ The partial atomic charges of the ligands were replaced by
the AM1-CM2 charges calculated by AMSOL (v6.5.3) as these were the same charges used
during the initial docking.23 The same protein structure file used in docking was used for
rescoring. Protein parameters were defined by IMPACT with the exception of the partial
charges for the heme cofactor in CCP W191G, which were the same as used in the docking
method.28 All energy minimizations were performed using PLOP with the allatom OPLS force
field (OPLS-AA)*8 and the surface generalized Born (SGB) implicit solvent model.*? PLOP
implements a multiscale truncated-Newton minimization algorithm as described.>? For
receptor minimization and calculation of Ecompiex and Ereceptor, residues in a pre-specified list
within 5 A of the binding site were minimized after an initial side-chain rotamer search.
(Residues 78, 84, 85, 87, 88, 91, 98-100, 102, 103, 106, 111, 118, 121, 133, and 153 for L99A
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and L99A/M102Q and residues 174-180, 189-192, 202, 230-232, 235, and water 308 for
CCP). The rotamer search algorithm is as described in the Supplementary Material.

Preliminary PLOP calculations of the hydrophobic and polar cavities were performed with a
rigid receptor and resulted in very little separation of ligands and known decoys. On the other
hand, PLOP calculations in which a larger set of residues (those within 8 A of the binding site)
were minimized and resulted in worse overall enrichments of known ligands and a decreased
separation of known ligands and decoys relative to minimizing a smaller 5 A pocket. To
approximate a fully desolvated ligand and cavity for the hydrophobic L99A and polar L99A/
M102Q sites, only the SBG solvation term of the free ligand was included in the calculation
of the total PLOP binding energies. Initial PLOP calculations including the SGB solvation
terms for the calculation of the complex and free protein energies resulted in poor enrichments
of known ligands, decreased separation of ligands and known decoys, as well as an enrichment
of hits with increased polarity and electrostatic interactions. For the more solvated CCP cavity,
the SGB terms were included in the calculation of the complex, free protein, and free ligand
energies for the total binding energy.

Rescoring with AMBERDOCK

AMBERDOCK is based on the amber_score() scoring module in DOCKG6. The ligand
structures were modified using the antechamber suite of programs to create input files that
could be read by Leap to generate the parameter and topology files for AMBERDOCK.
Antechamber®! has been developed to be used with the general AMBER force field for small
molecules.52 Charges for the ligands were generated using three charge methods in
Antechamber-PEOE,>3 AM1-BCC,>* and HF/6-31G* RESP.%® The protonation states of the
ligands were kept the same as the previous docking run for consistency in rescoring. AMBER
ff94 parameters were assigned to all the protein atoms. The standard parameters for the heme
cofactor as implemented in the Amber 9 program was used for the CCP cavity.>® The
protonation states of histidine residues were predicted based on their close neighbors. The GB
model corresponding to igh=5 in the AMBER 9 program was used.®’ The surface area term
was calculated using the LCPO model.>8 A nonbonded cutoff of 18 A was used for the
calculations.

The starting structures were taken from the docked pose. The structures were subjected to 100
steps of conjugate gradient minimization, 3000 steps of MD simulation with a 1-fs time step
at a temperature of 300 K, followed by 100 steps of minimization. During the minimization
and MD, only the ligand and the protein residues within 5 A of the ligand were allowed to
move. To expedite the scoring process, we calculated the energy of the receptor (Rreceptor)
once, and used this energy as a constant term during the subsequent energy evaluations for the
rest of the ligands in the database. Binding-free-energy calculations with AMBERDOCK
follows a scheme as described in Supplementary Fig. S2. Several AMBERDOCK rescoring
protocols with slight variations were retrospectively tested and results are described in
Supplementary Fig. S3.

Protein preparation and expression

T4 lysozyme mutants L99A and L99A/M102Q and CCP mutant W191G were expressed and
purified as described.23:24

Binding detection of ligands to T4 lysozyme cavities by upshift of thermal denaturation

temperature

To detect binding, L99A and L99A/M102Q were denatured reversibly by temperature in the
presence and absence of the putative ligand. Molecules that bind preferentially to the folded
cavity-containing protein should stabilize it relative to the apo protein, raising its temperature

J Mol Biol. Author manuscript; available in PMC 2009 September 28.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Graves et al.

Page 14

of melting.22 All thermal melts were conducted in a Jasco J-715 spectropolarimeter as
described.?2 Each compound was screened in its neutral form. All compounds tested against
L99A and L99A/M102Q were assayed in a pH 3 buffer containing 25 mM KCI, 2.9 mM
phosphoric acid, and 17 mM KH,PO,4 with the exception of 1-phenylsemicarbazide (3) and
o-benzylhydroxylamine (14). To maintain compound neutrality, these two were assayed at pH
6.8 in a 50 mM potassium chloride and 38% (v/v) ethylene glycol buffer.22 Thermal melts
were monitored by far-UV circular dichroism, except for melts in the presence of 4-
(methylthio)nitrobenzene (2), 1-phenylsemicarbazide (3), and 2,6-difluorobenzylbromide (%),
which absorb strongly in the far-UV region. For these three, thermal denaturation was measured
by the intensity of the integrated fluorescence emission for all wavelengths above 300 nm,
exciting at 283 to 292 nm, using a fluorescence detector on the Jasco instrument. Thermal melts
were performed at a temperature ramp rate of 2 K/min. A least-squares fit of the two-state
transition model was performed with the program EXAM?®? to calculate Ty, and van't Hoff
AH V1a|UEi for the thermal denaturations. The AC, was set to 8 KJ mol™1 K1 (1.94 kcal
mol™ K™).

Binding detection of ligands to CCP W191G

Ligand binding was measured in 50 mM acetate buffer, pH 4.5. To avoid competition in ligand
binding with small cations such as potassium,2* the pH of the buffer was adjusted with Bis—
Tris propane. The compounds were dissolved in dimethyl sulfoxide. Binding of compounds
to CCP was monitored by the red shift and increase of absorbance of the heme Soret band2*
at 10 °C.

Structure determination

Crystals for L99A and L99A/M102Q were grown as described?® and the resulting crystals
belonged to space group P3,24. Crystals were soaked overnight to 1 week in crystallization
buffer containing as much as 100 mM compound. In addition to soaking, drops of neat
compound were added to the cover slip surrounding the drop containing the crystal. After
soaking, the crystals were cryoprotected with a 50:50 Paraton-N (Hampton Research, Aliso
Viejo, CA)/mineral oil mix. Crystals for CCP W191G were grown as described?® and the
resulting crystals belonged to space group P21212;. Crystals were soaked in 25% methyl-2,4-
pentanediol with 1 to 50 mM compound for 4 h or overnight with the exception of pyrimidine-
2,4,6-triamine (24), which was soaked for 15 min.

Diffraction data for the complexes of L99Awith B-chlorophenetole (1), 4-(methylthio)
nitrobenzene (%), and 2,6-difluorobenzylbromide (*) and the complex of L99A/M102Q with
3-methylbenzylazide (5) were collected using a Rigaku X-ray generator equipped with a
rotating copper anode and a Raxis IV image plate. Data for the complexes of L99A/ M102Q
with n-phenylglycinonitrile (1) and 2-nitrothiophene (11) and the complex of CCP with n-
methylbenzylamine (18) were collected on beamline 9-1 at the Stanford Synchrotron Radiation
Laboratory using an ADSC CCD detector. Data for all other complexes were collected on
beamline 8.3.1 of the Advanced Light Source at Lawrence Berkeley National Laboratory using
an ADSC CCD detector. All data sets were collected at 100 K. Reflections were indexed,
integrated, and scaled using HKL2000.%0 Parameters for ligands were generated with
PRODRG.51 Complexes were refined using the CCP4 software package.52 Interactive model
building was performed using Coot.53

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

L99A, Leu99, Ala mutant of T4 lysozyme; L99A/M102Q, Leu99, Ala and Met; 102, GIn
double mutant of T4 lysozyme; CCP, Trp191, Gly mutant of cytochrome ¢ peroxidase; MM-
GBSA, molecular mechanics with generalized Born surface area approximation; PLOP,

Pr

otein Local Optimization Program; ACD, Available Chemicals Directory; PDB, Protein

Data Bank; SGB, surface generalized Born.
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Fig. 1.

The model cavity sites. (a) Cavity binding site in T4 lysozyme L99A with benzene bound. (b)
Cavity binding site in T4 lysozyme L99A/M102Q with phenol bound; the hydrogen bond with
the O¢2 oxygen of GIn102 is represented by a dashed line. (c) Cavity binding site of cytochrome
¢ peroxidase W191G with aniline bound; the hydrogen bond with Asp235 is represented by a
dashed line. The heme and an ordered water molecule are also depicted. In (a), (b), and (c), the
cavities are represented by a tan molecular surface and the protein ribbons are green. Rendered
with the program PyMOL..26
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Fig. 2.

Retrospective enrichment of ligands and decoys for (a) the hydrophobic L99A cavity, (b) the
polar L99A/ M102Q cavity, and (c) the anionic W191G cavity. The plots depict the percentage
of known ligands (continuous lines) or decoys (dashed lines) found (y-axis) at each percentage
level of the ranked database using the top 10,000 best scoring docking hits (x-axis) for L99A
(a) and L99A/ M102Q (b) and the 5400 best scoring docking hits (x-axis) for CCP (c). Docking
enrichment of known ligands (continuous lines) and decoys (dashed lines) are represented by
the dark blue curves. PLOP enrichment of known ligands (continuous lines) and decoys (dashed
lines) are represented by the pink curves. AMBERDOCK enrichment of known ligands
(continuous lines) and decoys (dashed lines) are represented by green curves.
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(a)

(d)

Fig. 3.

Predicted and experimental ligand orientations for the hydrophobic L99A cavity. The carbon
atoms of the crystallographic pose, the DOCK predicted pose, the AMBERDOCK predicted
pose, and the PLOP predicted pose are colored gray, yellow, cyan, and magenta, respectively.
The Fo—F. omit electron density maps (green mesh) are contoured at 2.5-3.0c (a) B-
chlorophenetole (1), (b) 4-(methylthio)nitrobenzene (2), (c) 2,6-difluorobenzylbromide (4),
(d) 2-ethoxyphenol (5), and (e) 3-methylbenzylazide (6) bound to L99A. Rendered with the
program PyMOL .26
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(a) ;\‘/ ) (b)

(d)

U]

Fig. 4.

Predicted and experimental ligand orientations for the polar L99A/M102Q cavity site. The
carbon atoms of the crystallographic, DOCK, AMBERDOCK, and PLOP predicted poses are
colored gray, yellow, cyan, and magenta, respectively. Hydrogen bonds are depicted with
dashed lines. The Fo—F. electron density omit maps (green mesh) are contoured at 2.5-3.0c.
(a) n-Phenylglycinonitrile (10), (b) 2-nitrothiophene (11), (c) 2-(n-propylthio)ethanol (12), (d)
3-methylbenzylazide (6), (e) 2-phenoxyethanol (9), and (f) (R)-(+)-3-chloro-1-phenyl-1-
propanol (13) bound to L99A/ M102Q. Rendered with the program PyMOL..26
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Fig. 5.

Predicted and experimental ligand orientations for the anionic CCP cavity. The carbon atoms
of the crystallographic, DOCK, AMBERDOCK, and PLOP predicted poses are colored gray,
green, cyan, and orange, respectively. (a) n-Methylbenzylamine (18), (b) cyclopentane
carboximidamide (19), (c) (1-methyl-1H—pyrrol-2-yl)-methylamine (20), (d) 1,2-
dimethyl-1H—pyridin-5-amine (22), (e) pyrimidine-2,4,6-triamine (24), (f) 1-methyl-5-
imidazolecarboxaldehyde (26), (g) 3-methoxypyridine (27), (h) 2-imino-4-methylpiperdine
(28), (i) 2,4,5-trimethyl-3-oxazoline (29), and (j) 1-methyl-2-vinylpyridinium (30). Rendered
with the program PyMOL .26
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Fig. 6.

The topologically similar ligands and decoys of (a) 2-phenylpropanol and 2-phenoxyethanol
(9) for L99A and (b) n-phenylhydroxylamine and o0-benzylhydroxylamine (14) to L99A/
M102Q.
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