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Abstract. (long)

Molecular Docking is a prevalent tool in drug discovery campaigns. DOCK 6'’s extensible design
lends itself to implementing and testing new methods in molecular docking. Development in
DOCK 3 has enabled the screening of large databases of now billions of small molecules,
allowing us access to unprecedented chemical space. To allow DOCK 6 to access this scale,
we have implemented into DOCK 6 a search routine that traverses precomputed ligand
conformations stored in a hierarchical database format, as is done in DOCK 3.7, and we have
updated the ChemGrid scoring function to mirror the one in DOCK 3.7. Features are tested on
the DUDE-Z and SB2012 test sets. We also modified DOCK 6 to be used as a conformation
generation tool. The hierarchical database search routine is 16 times faster than DOCK 6’s
default sampling routine, anchor-and-grow, docking molecules in seconds compared to minutes.
Pose reproduction docking success rate (defined as the percentage of systems in which the
best energy pose has an RMSD <= 2.0 A from the crystal pose) over the SB2012 test set is
76% for anchor-and-grow, and 60% for the hierarchical database search routine. When we seed
the hierarchy with the crystallographic conformation, we obtain a 91.5% success rate. In
comparing DOCK 3.7 with DOCK 6, the enrichment performance, quantified using the area
under the curve (AUC) of the receiver operating characteristic (ROC) curves, tested on the
DUDE-Z benchmark, is on average similar, but DOCK 3 gives overall better enrichments (AAUC
= 0.92, AlogAUC = 1.14). However, with post-docking torsion minimization, DOCK 6 surpasses
DOCK 3.7. Over the DUDE-Z test set, DOCK 6 is on average 1.7 times slower than DOCK 3. A
proof-of-concept large-scale virtual screen is carried out with DOCK 6, demonstrating its ability
to perform docking of 23 million fragment molecules. We use current features in DOCK 6 to
complement hierarchical database calculations, including best first clustering and torsion
minimization, both of which are not available in DOCK 3.



Abstract. (150 words)

To allow DOCK 6 access to unprecedented chemical space for screening billions of small
molecules, we have implemented features from DOCK 3.7 into DOCK 6, including a search
routine that traverses precomputed ligand conformations stored in a hierarchical database. We
tested them on the DUDE-Z and SB2012 test sets. The hierarchical database search routine is
16 times faster than anchor-and-grow. However, the ability of hierarchical database search to
reproduce the experimental pose is 16% worse than that of anchor-and-grow. The enrichment
performance is on average similar, but DOCK 3.7 has better enrichment than DOCK 6, and
DOCK 6 is on average 1.7 times slower. However, with post-docking torsion minimization,
DOCK 6 surpasses DOCK 3.7. A large-scale virtual screen is performed with DOCK 6 on 23
million fragment molecules. We use current features in DOCK 6 to complement hierarchical
database calculations, including torsion minimization, which is not available in DOCK 3.7.
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Calculations for EGFR-erlotinib complex (PDB code: 1M17). Erlotinib chemical structure
and two conformational expansions about the central quinazoline ring (rigid seg 1) and the
phenylacetylene ring (rigid seg 2). Docking setup of the receptor (EGFR kinase domain) with
ligand atom spheres and grid box shown. Experimental pose with the best RMSD docked pose
(the best score pose does not reproduce the experimental pose for this system).

Summary (75 words)

Molecular Docking is a prevalent tool in drug discovery. DOCK 6’s extensible design enables
implementing and testing new methods in molecular docking. Development in DOCK 3 enabled



screening of large databases of billions of small molecules. To allow access to this
unprecedented chemical space, we have implemented features from DOCK 3.7 into DOCK 6,
including traversal of precomputed ligand conformations stored in a hierarchical database. We
test these new features retrospectively.

Keywords. Molecular Docking, Large-scale virtual screening, Flexibase search, drug-lead
discovery method.

1. Introduction.

Molecular docking methods are computational techniques for predicting the binding mode of a
ligand, a small organic molecule, in a pocket on a receptor, most often a protein drug target.
One of the most useful applications of docking is virtual screening, where a computational
database of small molecules is screened against a pocket of interest, i.e., each molecule is
placed into a pocket on a protein in a compatible pose, assigned a score, and rank ordered.
Molecules at the top of the list are investigated experimentally.

In docking, two principal tasks are performed: sampling and scoring. To ensure that calculations
can be performed rapidly, exhaustive sampling is impractical, and approximations are made
during scoring (e.g., pre-computing energies on a grid and using tri-linear interpolation).
Because shortcuts are deployed, docking methods are evaluated retrospectively to determine
their performance. Crucial to docking success is the ability for experimental tests to verify that
the predicted ligand binds, and because of the low success rate, an adequate number of
predictions must be tested. Despite its limitations, there are many successes of docking
software that have been published in the literature.’ Indeed, these methods have been tested
and have resulted in the discovery of ligands that bind potently to a protein, as verified through
experimental assays and structural predictions.*®

UCSF DOCK, developed by Kuntz and colleagues, is the first molecular docking program', and
has been used to conduct some of the earliest docking screens for inhibitor discovery'"1?,
spurring the subsequent development of many other docking programs over the last four
decades. Examples of such programs from the literature include DiffDock'3, DPL'#, GNINA'S,
AutoDock'®'7/AutoDock Vina'®, Glide'®, RosettaLigand?®, FlexX?'!, ICM??, Gold?3, MCDock?*,
PLANTS?®, rDock?® and many others?’. These programs deploy an array of sampling methods,
including incremental construction (as is done in DOCK 6), diffusion-based generative docking
models powered by machine learning (DiffDock and DPL), stochastic methods like Genetic
algorithms (AutoDOCK) and Monte Carlo (MCDock), controlled random walks, swarm-
intelligence methods (PLANTS), and traversal through precomputed conformations (as is done
in DOCK 3.7). Sampling methods mostly focus on ligand flexibility but may also explore local
movements in the receptor pocket (like in ICM). The concept of pre-computing molecular
conformations to account for ligand flexibility has been recognized and implemented in docking
programs since the early 1990s.282° The programs also deploy many different scoring functions.
These scoring functions are generally grouped into three classes: physics-based (used in both
DOCK 3 and 6), knowledge-based, and empirical.>* Most docking software are developed with
proteins as the macromolecule of interest, but a subset of software also focuses on other
biomolecules, like RNA and DNA (e.g., rDOCK).



Recent advances in docking and chemistry have given us unprecedented access to chemical
space, culminating in large-scale docking successes.>®%° To keep up with the growth of
chemical space, our docking methods need to be fast (and ever faster). DOCK 3.7 has been
used for large-scale docking, and spends on average less than one second per molecule,
allowing us to dock hundreds of millions*'— now billions**—of molecules.** DOCK 6.9, using
anchor-and-grow, spends on average one minute per molecule, making it difficult to dock at this
scale. Here, we have ported features from DOCK 3.7 to DOCK 6.9. By implementing a
hierarchal database search routine in DOCK 6 (see methods), which traverses through DB2
files in a similar way to that in DOCK 3, we enable DOCK 6 to perform larger screens—as in
DOCK 3—and leverage all the useful features that are in DOCK 6. These new features will be
released in a future version of DOCK 6.

In this paper, we present the following work. 1. We enabled and used DOCK 6 as a
conformation generation tool. 2. We implemented a hierarchical database search routine in
DOCK 6. 3. We updated ChemGrid score (DOCK3.5 score) to match the DOCK 3.7 scoring
function. 4. We performed retrospective testing on the DUDE-Z and SB2012 test sets to
evaluate the new features and compare DOCK 6 to DOCK 3. 5. Finally, we performed a proof-
of-principle virtual screen to a pocket on the important cancer drug target KRAS.

2. Methods.

For the hierarchical database (HDB) search routine, we precompute molecule conformations,
store the conformations in a flexibase DB2 file** with a defined format (described below), read
these DB2 files in DOCK, and orient and search through these conformations to find the best
scoring poses. In the next two sections, we describe the HDB search implementation in detail.

DB2 file format.

The DB2 database file format is highly compressed (Figure 1 A-D). In the DB2 format, one
molecule will have one or more hierarchies. All conformations are generated with a rigid position
defined; all movement of the molecule is relative to this rigid segment (Figure 1B). Consider a
molecule with multiple rings. Each ring will be treated as a rigid segment, and a hierarchy will be
generated for each ring. If a molecule has three rings, then three hierarchies, or databases, will
be generated.

The database is a tree, where the root represents the rigid segment, each node is a segment of
the molecule in a specific conformation, and a branch of the tree is a completely grown
conformation of the molecule (Figure 1 B, D). The root node, a rigid segment, is shared among
all branch conformations. When visualizing the database, this rigid segment is the focus: all
other atoms have more movement (Figure 1B).

The DB2 files are divided into sections: Header information (M), atom information (A),
coordinate information (X, coord), segment information (C, conf), branch or conformer
information (S, Set), and clusters (D, clust; currently the cluster information is not being used).®
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Figure 1. An image highlighting the database format for storing conformations of a
molecule. A. Chemical structure. B. Image of all the conformations of the molecule. C. The first
branch is shown as a representative to illustrate the correspondence between nodes and sets of
atoms. (Node one is in every branch and is the rigid segment used for orienting). There are 81
branches and 411 nodes for this molecule. The conformational expansion is generated with
DOCK 6. When generated with OMEGA, there are 16 branches and 46 nodes. D. Network
depiction of the database, where the columns show a branch. The nodes are a set of atoms in a
defined position (a node can be one atom or a set of atoms). The first 10 branches are shown.
The black boxes indicate the first occurrence of the node, and grey boxes indicate repeats of
the node.



The database file stores multiple conformations of a ligand in a compressed manner and allows
for efficient search.

Unlike the earlier DB format®¢ in DOCK 3.5 and DOCK 3.6, the DB2 format, introduced by
Coleman et al.**, does not define any part of the molecule as independent from another part of
the molecule (Figure 2).

24 27
| ]
25 28
] |
26 29
340 343
| | | |
341 344
342 345
9 12 10 11

Figure 2. lllustration of 4 conformations stored in the hierarchy with overlapping
conformations. Green and purple are two different conformations of one part of the molecule,
and blue and red are two conformations of another part of the molecule. Although these
conformations appear to be independent, they are treated as dependent on one another.

HDB implementation.
DB2 reader. We implemented a DB2 reader and DB2 data structure into DOCK 6.

DB2 search routine. We implemented a HDB search routine into DOCK 6. When possible, we
leveraged existing code. The rigid segment is oriented to the spheres and scored (if the match
is incompatible, it is discarded, and the next match is scored). For each set (branch), each
segment conformation is evaluated one at a time. First, the segment is oriented, and then it is
scored. If the segment is incompatible, it is flagged (so when the segment is encountered in
another branch, it is not reevaluated), the search is stopped, and the routine proceeds to the
next branch. If segments are compatible, the routine proceeds to the next segment. Once all
segments have been evaluated, the routine moves to the next branch. By orienting each
segment one-by-one, time is saved. As soon as one segment is determined to clash, that
branch is no longer considered, and none of the following segments will need to be aligned into



the pocket. Minimization occurs at the end of the search and adjusts only the rigid 6 degrees of
freedom (3 translational and 3 rotational).

There are a few parameters that are worth mentioning. In Table 1, the HDB parameters are

shown.

Table 1. DOCK parameters that control HDB Search.

DOCK input (dock.in) Parameters

Description

Value *

conformer_search_type

DOCK 6 has a few different search types. We
have added HDB search.

HDB

num_per_search

Added. Number of poses kept for each
orientation. The HDB hierarchy is oriented, and
then the hierarchy is searched, and a user-
specified number of poses are kept (here 1 or
10). (If the minimizer is turned on, these poses
are all minimized.)

1 (enrichment)
10 (pose reproduction)

skip_broken

Added. If atoms within a conformation (a
branch in the hierarchy) are too close, the
conformation is flagged as broken in the DB2
file. If this parameter is “yes”, these
conformations are skipped.

yes

hdb_db2_input_file

Added. This parameter is for passing DB2 files.
It can take a split_database_index file (as in
DOCK 3), which contains a list of db2.gz files, or
it can take a single file db2.gz file.

sdi.txt

hdb_db2_search_score_threshold

Added. This is the score cutoff for each
segment of the branch. If the score-cutoff is
exceeded, then the segment is flagged and all
branches containing the segment are halted.

10.0

* These parameter values are used unless otherwise stated.

The orienting parameters and values are described in Table 2, which we used to closely match

DOCK 3.7 behavior.

Table 2. Parameters that control orienting for DOCK 6.

Parameter

Description

Value *

automated_matching

There is an automated procedure for matching.
If the parameter is set to “yes”, then default
parameters are used. We did not use the
default, to enable better agreement in orienting
behavior between DOCK 3 and DOCK 6.

no

automated_matching_iteration

Added. To better match DOCK 3.7 behavior.
We start with distance_tolerance and we then
multiply it by 1 up to 10, or until max orientations
are met.

yes

distance_tolerance

This parameter behaves differently between the
two codes. In DOCK 6, distance_tolerance is
compared to the sum of the residuals between
spheres and atoms. In DOCK 3.7,
distance_tolerance is compared to the
maximum residual (that is, each residual is
compared to the distance tolerance one at a

0.2




time; as soon as one is in violation, it is
discarded). The behavior of this parameter
between DOCK 6 and DOCK 3 seems to differ
by a factor of four (which corresponds to the
number of nodes).

distance_minimum

This parameter was ignored in earlier versions.
It is now used to skip matches containing
spheres that are too close. If set to 0.0, the
parameter is turned off.

0.0

nodes_minimum

Minimum number of sphere and ligand atoms to
match.

4

nodes_maximum

Maximum number of sphere and ligand atoms
to match.

4

receptor_site_file

Specifies the sphere file.

dockfiles/matching_sphe

res.sph
max_orientations The maximum number of orientations to pass to | 1200
the “search” step.
score_threshold Score threshold: only poses with values less 100.0
than this value will be written to the mol2 file.
* These parameter values are used unless otherwise stated.
The DOCK 3.7 orienting parameters are shown in Table 3.
Table 3. Parameters that control orienting for DOCK 3.7.
Parameter Description Value*
match_method There are two choices: “1” will use the number 2
of orientations generated for a single distance
tolerance. “2” will iterate until the distance
maximum is met, or the match goal is
exceeded.
distance_tolerance For match_method 1, this is the 0.05
distance_tolerance used. For match_method 2,
this is the starting point.
match_goal Match goal; this is a soft cutoff and is often 1000
exceeded.
distance_step Step size for iterations of distance tolerance. 0.05
distance_maximum This is the cutoff for permitted matches. 0.5
nodes_maximum Maximum number of sphere and ligand atoms 4
to match.
nodes_minimum Minimum number of sphere and ligand atoms to 4
match.
bump_maximum This is the score cutoff for each segment of the 10.0
branch. If the score-cutoff is exceeded, then the
segment is flagged and all branches containing
the segment are halted. (Corresponds to the
hdb _db2 search score threshold)
bump_rigid This is the score cutoff for the rigid segment 10.0
mol2_score_maximum Score threshold: only poses with values less -10.0

than this value will be written to the mol2 file.
(Corresponds to the score threshold)

* These parameter values are used unless otherwise stated.




Differences between DOCK 6 and DOCK 3 implementations.

The behavior of DOCK 6 and DOCK 3 differ in a few key aspects, particularly in orienting.
DOCK 6 has a hard cap on the number of orientations. DOCK 3.7 has a soft cap (the
match_goal parameter), resulting in DOCK 3 generating a wide range of orientations. They also
differ in minimization. Both DOCK 3.7 and DOCK 6 use a simplex minimizer. However, the
implementations are different, and the minimizer itself is stochastic in nature. This is a source of
variability in the results. In DOCK 3.7, only the top pose (or a select number of top-scoring
poses) from each dock run are minimized, while in DOCK 6 HDB, one pose (or a select number)
from each orientation is minimized. By resurrecting the final_min parameter, we have added the
ability within DOCK 6 to only minimize the user-specified number of poses on the aggregate
poses from all orientations (as is done in DOCK 3). However, this is not much faster, and the
results are not as good. If the final_min parameter is turned on, poses are minimized
immediately before they are written out. (It appears that only a small amount of time is spent in
the minimizer when comparing the runtime with and without minimization.)

Scoring functions and ChemGrid update.

The default scoring function in DOCK 6 is Grid Score, which has two components: E;,.;jq =
Eypw + Egs. For Grid Score, the van der Waals grids were calculated with an all-atom
representation of the protein using 6-9 exponents. Electrostatic grids were calculated using
Coulomb’s law with a distance-dependent dielectric, e(r) = 4r.

DOCK 6 has several other scoring functions®-*°, including ChemGrid score, which has three
components: Ecpemeria = Evow + EgstElig desorn- FOr ChemGrid Score, the van der Waals grids
were calculated with a united-atom representation of the protein and 6-12 exponents.
Electrostatic grids were calculated using a Poisson—Boltzmann solver344%-42_ The ligand
desolvation component was calculated using a solvation grid (which precomputes the solvation
cost of placing an atom at a specific location), and the precomputed solvation values for each
atom of the ligand.*344

We updated the ChemGrid Score (also called DOCK 3.5 score) scoring function to match the
behavior in DOCK 3.7. The program QNIFFT***" is now used to calculate the electrostatic
energies (replacing Delphi). We updated the Solvmap code to be consistent with DOCK 3.7/3.8.
To get the two scoring functions to match when performing single point calculations, we added
the parameter file SDOCK6PATH/parameters/vdw_AMBER parm94.dock3_7.defn. This file
matches the vdW parameters used by DOCK 3.7. We have updated the grid-convert command
as well. The function will work with grids generated with blastermaster.py or generated with the
DOCK 6 suite. The parameter DOCK3_7_grids controls whether one is using the DOCK 3 or
DOCK 6 grids. With these changes, the DOCKS3.7 score function and DOCK6 ChemGrid Score
show strong agreement (See S| Section S1 and Figure S1).

Conformation generation.

We use DOCK 6 as a conformation generation tool. We modified DOCK 6 in the following two
ways: (1) We implemented a repulsive van der Waals as a standalone scoring function. (2) We
write the anchor atom names in the dock.out file (this allows us to choose the anchors in
subsequent steps). These code modifications were released in DOCK 6.10%%4°, We run DOCK 6



specifying each anchor to perform the conformational expansion about the rigid segment
(usually a ring). We have written shell scripts that generate DB2 files using DOCK 6 to codify
this procedure. Details of DB2 generation are discussed in the Database generation section
below. The shell script that wraps DOCK 6 for DB2 building will be distributed with a future
version of DOCK 6.

Enabling rescoring, torsion minimization and optimization.

To enable rescoring with ChemGrid Score, we added solvation writing to the mol2 file—this will
just reproduce the solvation atomic information that is in the input db2 or mol2 file. Solvation
writing can be turned on or off with the parameter write_mol_solvation. If the user wants to
rescore, minimize, or perform hydrogen optimization, they can now do so by turning on solvent
writing (write_mol_solvation yes) while docking, and turn on solvent reading in the rescoring
step. Performing a single point calculation in DOCK 3 is much more difficult, and the torsion
minimization of a docked pose or a crystallographic pose is not possible, nor is hydrogen
optimization. Furthermore, solvation is not written out in DOCK 3, so getting the solvation
parameters is also a hurdle.

A single point calculation is performed by using the parameters listed in Table 4:

Table 4. Parameters for a single point calculation.
conformer_search_type rigid
orient_ligand no
minimize_ligand no

This single point score evaluation will just calculate the energy for a crystallographic or docked
pose without moving the molecule.

A minimization calculation is performed by using the parameters listed in Table 5:

Table 5. Parameters for torsion minimization calculation.
conformer_search_type rigid
orient_ligand no

minimize_ligand yes

This will perform simplex minimization on a pose by adjusting the 3 translational, 3 rotational,
and N internal degrees of freedom. It will only perform local movements.

Hydrogen optimization is performed with the parameter choices listed in Table 6:

Table 6. Parameters for hydrogen optimization calculation.

conformer_search_type flex

orient_ligand no

minimize_ligand yes

flex_defn_file $DOCK6PATH/parameters/flex_just OH.defn

This set of parameters will perform hydrogen optimization. By using conformer_search_type
flex, we will access the growth part of the anchor-and-grow algorithm, providing a modified flex
definition file, flex_just_OH.defn, where only hydroxyls or thiols are defined as flexible. These
files will be made available in a future release of DOCK 6.



The HDB routine searches through pre-generated conformations, exploring torsions, but it does
not adjust them. However, in DOCK 6, we can adjust the torsions of the molecules to the protein
environment by performing a subsequent torsion minimization or hydrogen optimization
experiment—this is an ability that DOCK 6 has that DOCK 3 does not have.

When attempting to perform minimization after docking, writing out multiple poses during
docking is helpful. By giving the minimizer multiple starting poses, we may find that the most
favorable minimized pose may originate from a starting pose that is not the lowest scored pose
(prior to minimization). DOCK 6 has a best first clustering procedure, which uses an RMSD
metric to ensure that the poses written out are different from one another. One issue with DOCK
3 is that poses are often very similar when writing out multiple poses, which is not an issue with
DOCK 6 because of this clustering procedure. We deploy this “best first” method in docking,
prior to minimization and optimization experiments. We use a threshold value,
cluster_rmsd_threshold, of 1.0. Clustering is used in virtual screens and enrichment calculations
but is not used in the pose reproduction calculations (all poses are used and are not clustered).

Enrichment calculations with DUDE-Z.

We tested the new code with the DUDE-Z database.*® For all DUDE-Z systems, we
downloaded rec.crg.pdb and xtal-lig.pdb from the web page*’. We constructed the docking grids
after missing sidechains were added in UCSF Chimera*® using Dock Prep. We built the grids
with the standard charges for residues (we do not polarize any residues). We also downloaded
all molecules—the active molecules, the property-matched decoys, and the extrema decoys—
from the web*’.

Enrichment. We used the scripts provided with DOCKS3.7, enrich.py and plot.py, to calculate
the logAUC and AUC values.

Database generation.

In our database generation for pose reproduction, we start with molecules in SMILES format.
For each molecule, we perform the following five steps: I. We use cxcalc (version 19.18.0) and
molconvert (version 19.18.0) from ChemAxon (https://www.chemaxon.com) to calculate
protonation and tautomerization states of the molecule, to determine which titratable atoms
have positive or negative charge. Il. For each protomer/tautomer of the molecule, Corina
Classic* is then used for generating a 3D conformation (including ring puckering). lll. AMSOL
7.1%%is used to calculate partial charges using AM7-BCC theory, and to calculate per-atom
decomposition of solvation energies using a Generalized Born (GB) solvation model. RDkit®" is
used to calculate the formal charge of the molecule before running AMSOL. IV. DOCK 6 is used
to perform the conformational expansion. V. Using the mol2db2.py program distributed with
DOCK 3, the desolvation parameters, the partial charges, and the conformational ensemble are
combined into hierarchal database DB2 files (one file for each ring of the molecule). The
pipeline is scripted and will be made available in a future release of DOCK 6. The pipeline
described here is similar to that described previously®®?, with a few key replacements. OpenEye
Omega® is replaced with DOCK 6 for the conformational expansion. OpenEye was replaced
with RdKit to calculate the formal charge of the SMILES string. Enrichment*” and virtual
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screening® databases were downloaded from the web. These downloaded DB2 files use this
previous pipeline %2,

SB2012 database for pose reproduction.

We use the SB2012 database® for pose reproduction. We downloaded the receptor and ligand
mol2 files from the web%®. We generated databases in two ways: 1. We got the SMILES strings
from the Protein Databank when possible, or by converting the mol2 to a SMILES string if the
ligand consisted of multiple names using obabel from Open Babel 2.3.1%7. SMILES strings are
listed in Sl (see Section S2 and Table S1). We then built hierarchies using our pipeline from the
SMILES strings. This pipeline consists of five steps, described above in the Database
generation section. 2. We also generated ligand databases from the mol2 file provided with
SB2012. We did this by skipping the first two steps and starting with step Ill, where we
calculated the formal charge by summing up the partial charges in the mol2, and then running
AMSOL 7.1. The steps IV and V are the same as above.

Pose reproduction outcomes.

In a pose reproduction experiment, we define three outcomes: docking success, sampling
failure, or scoring failure.>® We use a RMSD threshold of 2.0 A to define these outcomes.
Docking success is when the best scoring molecule has an RMSD below the threshold. Scoring
failure is when the best scoring molecule has a RMSD above the threshold, but there exists a
pose with a RMSD below the threshold. Sampling failure is when none of the poses has a
RMSD value below the threshold. Here, we are keeping 10 poses per molecule for each
docking run.

3. Results.
Enrichment calculations.

First, we tested the code using the DUDE-Z test set to quantify the ability to enrich known
binders from a background of decoys. We compare DOCK 3.7 with DOCK 6.9. In comparing
DOCK 3 and DOCK 6, we quantified the enrichment in two ways: using the AUC of the ROC
curve (Figure 3, top left panel), and by using log-adjusted AUC values to weight early
enrichment more (Figure 3, top right). We see that a few of the DUDE-Z systems, like ACES,
preferred DOCK 6, while other systems, like HSP90, had virtually no difference in enrichments.
Most systems, like PUR2 or FGFR1, preferred DOCK 3 over DOCK 6. We see that the two
methods are performing comparably (avg. AUC: 65.39 to 64.46 and avg. logAUC: 16.57-
>15.43), although DOCK 3.7 seems to perform on average better (AAUC = 0.90, AlogAUC=
1.11, Table 7). We compared timing (Figure 3, middle left) and the ratio (middle right). DOCK
3.7 is on average faster (Ratio = 1.66, Table 8). In addition, we looked at the distribution of
scores (in kcal/mol) produced by all molecules (ligands and decoys) across the systems (Figure
3, bottom left). We see that the two methods result in similar behavior. We also looked at the
number of orientations generated during the docking and this underscores a behavioral
difference between DOCK 6 HDB and DOCK 3.7 (see Methods for the matching procedure
differences). DOCK 3 has poses with many more orientations than DOCK 6. For example,
UROK has over 10,000 orientations for the pose with the maximum number. However, on
average, it produces about the same number, around 1200. There are many parameter



combinations that might increase enrichment or enable better timing; however, we endeavored
to use parameters that would facilitate a direct comparison of the two DOCK versions.
Specifically, we attempted to match the average number of orientations and the energy
distributions.
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Figure 3. Comparing DOCK 3.7 with modified DOCK 6.9 using 42 DUDE-Z systems.
Ligand and property-matched decoys downloaded from web are used. Top panels: A
comparison quantifying enrichment using AUC (left) and logAUC (right), DOCK 3.7 (green),
DOCK 6.9 (purple), difference (Blue). Middle panels: Comparison of timings of DOCK 3.7
(green), DOCK 6.9 dev (purple), ratio (Blue). Bottom Panel: Energy distribution (left) and



orientations (right) are shown. The plus symboils in red, pink, and purple, and circle symbols in
shades of green, represent the maximum, average, and minimum values for each system.

Table 7. Calculated enrichment quantification comparing DOCK 6 with DOCK 3 and
with minimization and optimization protocols.

AUC logAUC AAUC AlogAUC
DOCK 6ab 64.46 15.43 0.0 0.0
DOCK 3.7 @ 65.39 16.57 0.93 1.14
DOCK 6_max_orient 3600 67.39 17.89 2.93 2.46
DOCK 6 kept10¢ 65.35 16.07 0.89 0.64
DOCK 6 min 64.98 16.08 0.52 0.65
DOCK 6 hopt 64.91 15.94 0.45 0.51
DOCK 6 hopt after min 65.26 16.34 0.80 0.91
DOCK 6 min after hopt 65.25 16.26 0.79 0.83
DOCK 6 min10d 66.05 16.78 1.59 1.35
a. rec.crg.pdb is used to generate grids. Chimera Dock Prep is used to build missing
sidechains.
b. Reference for delta values.
c. 10 poses are kept during search routine (no torsion minimization).
d. 10 poses are kept during search routine, and 10 are torsion minimized.

Table 8. Timing Ratio between DOCK 3 and DOCK 6.

Min time ratio Avg time ratio Max time ratio
1.17 1.66 219

Chimera is used to build missing side chains; default charges are used.

There are many parameters that will impact sampling (see Tables 1-3). These include the
max_orientations and num_per_search parameters. We increased max_orientations from 1200
to 3600 (Table 7), which resulted in an improvement in enrichment of AAUC = 2.93 and
AlogAUC = 2.46, but also resulted in an increase in runtime (2.8 times slower). This change
allowed DOCK 6 to surpass DOCK 3.7 in enrichment performance (AAUC = 2.0 and AlogAUC
=1.32). We increased num_per_search from 1 to 10 (Table 7) and observed an increase in
enrichment (AAUC = 0.89 and AlogAUC 0.64) with a subtle increase in time (1.1 times slower).
See Sl Section S3 and Figure S2 for AUC, logAUC, and energy distribution plots for the 42
DUDE-Z systems, expanding on the optimization and minimization shown in Table 7.

Minimization effect on enrichment.

One advantage that DOCK 6 has over DOCK 3 is the ability to rescore molecules. We can read
the molecules back in, minimize, and rescore them. During minimization, DOCK will adjust the
torsion angles.

Using DOCK 6, docking followed by torsion minimization and hydrogen optimization
(hopt_after_min) results in an AUC and logAUC of 65.26 and 16.34, respectively (Table 7).



When comparing the enrichment of the optimized pose to DOCK 3.7, DOCK 6 approaches
DOCK 3 performance: a AAUC of -0.13 and a AlogAUC -0.23 is observed. We can see the
minimization has an impact on the scores for PTN1 and CXCR4, which receive a more
favorable minimum score after minimization (on average, minimization does not have a major
impact). If we keep 10 poses (fewer after clustering), then we see DOCK 6 slightly surpasses
DOCK 3: a AAUC of 0.66 and a AlogAUC of 0.21 is observed.

The decoy background has a profound effect on the enrichment quantification. Surprisingly,
when the property-matched decoys are used, Grid Score outperforms ChemGrid Score (AAUC
= 4.34 and AlogAUC = 1.17). However, for the extrema decoy background, ChemGrid Score
outperforms Grid Score (AAUC = -7.26, AlogAUC = -7.92). For extrema, there is just one
system, PUR2, where Grid Score does substantially better than ChemGrid score (see below for
more discussion).

Grid; ChemGrid; Aval
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Figure 5. Comparison of enrichment for two different scoring functions. ChemGrid (green)
score vs. Grid Score (purple) using Property Matched (top panel) and Extrema (bottom) decoy
backgrounds. Red dots indicate PUR2, which is discussed further in the text.



Table 9. Comparison of using ChemGrid Score and Grid Score,
averaged over DUDE-Z set.

AUC logAUC | AUC logAUC
(pmd) (pmd) (extrema) | (extrema)
Grid Score 69.91 17.30 65.52 12.48
ChemGrid Score 65.57 16.13 72.78 20.40
A enrichment value 4.34 1.17 -7.26 -7.92

Skip_broken no.

PUR2 demands investigation (Figure 5, red dots). When we compare ChemGrid Score and
Grid Score enrichments with the extrema decoy background, we see that the enrichments for
the PUR2 system are clear outliers. Grid Score enrichment is significantly better than ChemGrid
Score enrichment: -7.56 vs. 38.48 logAUC units (AlogAUC = 46.04) and 31.56 vs. 93.64 AUC
units (AAUC = 62.08) (see Figure 5). When investigating the binding modes, Grid Score seems
to produce better poses, where the diaminopyrimidinone ring is placed in the channel in a
similar way to the crystal ligand (1NJS®®) (see Figures 6 A-D). Looking at the molecular
properties of the top scoring molecules, we observe that the two scoring functions enrich for
molecules with different charge distributions (Figure 6E). ChemGrid Score has a clear charge
bias for +1 and +2 molecules, while Grid Score has little or no preference for charge (Figure
6E). Since all the ligands are anions (-2 and -3), we would ideally like to enrich for negatively
charged molecules. For Grid Score, the vdW energy is the dominant component. Specifically,
for the top 500 poses, the vdW component is ~6 times the value of the electrostatic component.
We rescore Grid Score poses with the ChemGrid scoring function, and conversely, we rescore
ChemGrid Score poses with Grid Score (see Figures 6 F and G)—which is only possible in
DOCK 6. The rescoring calculation uses the single point parameters (Table 4) discussed in
more detail in Methods. We observe that when the poses from Grid Score are rescored in
ChemGirid Score, the desolvation energies are substantial, and prevent the poses from scoring
well with ChemGrid Score. When we turn off the ligand desolvation component for ChemGrid
Score, some of the poses produced resemble those from Grid Score. ChemGrid places some of
the ligands in the channel (Figure 6 D), and enrichment improves (6.93 logAUC units and 71.41
AUC units). However, enrichment is still not as good as Grid Score, and ChemGrid Score is still
enriching for +1 and +2 molecules. When the ChemGrid Score poses with ligand desolvation
turned off are rescored with Grid Score, the ligand poses score well with Grid Score, and
enrichment is comparable to when Grid Score is used as the pose-generating scoring function
(34.11 logAUC units and 85.80 AUC units). When investigating the differences between the
original ChemGrid scores and the Grid rescores, the ChemGrid vdW component appears lower
in magnitude than the Grid-rescored vdW component. The electrostatic component is more
variable. In many cases, the ChemGrid electrostatic component is lower when compared to the
Grid-rescored electrostatic component.
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Figure 6. DOCK results for PUR2, comparing Grid Score and ChemGrid Score. A. The
PURZ2 crystallographic ligand and protein (PDB ID: 1NJS), with the ligand surface shown. B.
Top ten scoring ligands with Grid Score, overlaid with the crystallographic ligand. C. Top ten
scoring ligands with ChemGrid Score, overlaid with the crystallographic ligand. D. Top ten
scoring ligands with ChemGrid Score, with ligand desolvation turned off, overlaid with the
crystallographic ligand. E. Plot of the charge distributions for the top scoring 1000 molecules
with Grid Score (magenta) and ChemGrid Score (green). F. Plot of the correlation between the
ChemGrid scored vdW energies and the Grid rescored vdW energies for a random sample of
1000 decoys (Pearson correlation coefficient = 0.72). y = x is the dashed line. G. Plot of the
correlation between the ChemGrid scored electrostatic (ES) energies and the Grid rescored ES
energies for the same random sample of 1000 decoys (Pearson correlation coefficient = 0.43).
Color of points shows the formal charge of the ligands. y = x is the dashed line.

The correlation between ChemGrid electrostatic energies and Grid-rescored electrostatic
energies changes based on the charges of the molecules (Figure 6G). For negatively charged
molecules (ligands and decoys), the magnitudes of the energies are similar (clustered around
y=x). For positively charged molecules (all decoys), the ChemGrid electrostatic energies are
almost always lower than the corresponding Grid rescored electrostatic energies. The lower
electrostatic component results in positively charged decoys scoring better and ranking higher in
the original ChemGrid score than in the Grid rescore, which explains the worse enrichment for
ChemGrid. We speculate that the difference in vdW component is due to the difference between
United Atom (ChemGrid) and All Atom (Grid) (Figure 6F). For Grid Score, we use the softened
repulsive term, while in ChemGrid, we use the standard term, so the difference between 6-9 vs.
6-12 may be playing a role in the different behavior as well. We speculate the difference in
electrostatic energies is due to the difference between Poisson-Boltzmann electrostatic potential
grids and Coulomb’s law with a distance-dependent dielectric. The distance-dependent



dielectric will squash the charge-charge interactions more quickly than the charge-charge
interactions calculated in the evacuated pocket.

Pose reproduction.

We tested the HDB search method with pose reproduction computational experiments over the
SB2012 test set. For all pose reproduction experiments, we use Grid Score. To do this, we first
generated DB2 files. We do this in two ways: starting from SMILES strings, or from mol2 files
(see Methods for more details). The from_smi experiment (Table 10 and Figure 7) is the most
consistent with our enrichment calculations and virtual screening procedures. The from_smi
experiment has the poorest DOCK performance, with 52% success. When we minimize the
from_smi poses allowing the torsions to adjust, the docking success rate increases to 53%. For
the from_mol2 experiment, we do not lose all the crystallographic information: we retain the
bond lengths and angles, but dihedral angles are explored without consideration of the starting
experimentally determined angles. For the from_mol2 experiment, we observe that 60.02% of
the systems are docking successes, and this number increases to 62.13% upon torsion
minimization. We explored a few optimization procedures: hydrogen optimization (hopt),
hydrogen optimization after minimization (hopt_after_min), and minimization after hydrogen
optimization (min_after_hopt). Of these methods, hopt_after_min seems to perform the best,
consistent with the enrichment results, but has only marginal improvement over minimization
alone (62.13% compared to 62.32%, 0.19% improvement). The from_mol2 experiment is more
comparable to the anchor-and-grow data. Compared to from_mol2, the anchor-and-grow
method has a better docking success rate of 76.03% (16.01% better or 1.27 times better);
however, it has a significantly slower average time, 70.97 seconds compared to 4.29 seconds—
16.5 times slower. During DB2 generation, we can increase ligand internal sampling and store
more conformations of the ligand. In the more_sampling experiment, we increased the
conformational goal from 300 to 1000. For more_sampling, we see an increase of success from
60.02% to 62.80% (a change of 2.78%). For the seed experiment, we seeded the
more_sampling conformation databases with the crystallographic conformation, and 91.47% of
the systems are docking successes. This number only changes marginally upon minimization
(0.48%). These torsion minimization and optimization procedures are only possible in the new
DOCK 6 implementation.



Table 10. Docking statistics for pose reproduction docking and minimization

Docking Scoring Sampling Did Not Timing
Success (%) | Failure (%) Failure (%) Dock (%) (s)
anchor-and-grow 76.03 7.48 15.82 0.67 70.97
From smi 52.35 9.11 30.58 7.96
From smi_min 53.50 8.72 29.82 7.96
From mol2 60.02 6.71 30.11 3.16 4.29
From mol2 min 62.13 5.27 2943 3.16
From mol2 hopt 60.88 6.04 29.91 3.16
From mol2 hopt after min 62.32 5.27 29.24 3.16
From mol2 _min_after hopt 62.03 5.66 29.15 3.16
more _sampling 62.80 7.67 26.94 2.59 8.99
seed 91.47 4.79 1.44 2.30
seed _min 91.95 4.51 1.25 2.30
A from_smi 1.15 -0.38 -0.77 0.00
A from _mol2 2.1 -1.44 -0.67 0.00
A seed 0.48 -0.29 -0.19 0.00

N = 1043, A is the comparison between the corresponding min and no min values.
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Pose Reproduction Experiments

Figure 7. Stacked bar graph for pose reproduction results for anchor-and-grow and 10
HDB docking experiments. Blue, yellow, and red indicate docking successes, scoring failures,



and sampling failures, respectively, the three possible outcomes of a docking experiment. Grey
indicates the number of systems that failed to dock.

The DB2 search routine is 16 times faster than anchor-and-grow. However, the time to construct
the database takes on average 92 seconds. If one adds the 4 seconds for docking, that is 96
seconds total, compared to the 71 seconds for anchor-and-grow. Thus, to build and then DOCK
HDB, it is 15 seconds slower than anchor-and-grow. Most of this time is spent in the Python
program mol2todb2.py (this program has been somewhat sped up in DOCK v3.8). We are also
considering all rings as rigid starting points, not just 3 rings, as is done in the ZINC (or DUDE-Z)
pipeline®%2. It is worth this upfront cost, because for virtual screening, the cost is paid once, and
databases are stored to perform many screening calculations against many targets.

Table 11. Classification for pose reproduction for number of systems that change or stay the same
before and after minimization for the from_smi experiment.
After Docking Success Scoring Failure

Sampling Failure

Before

Docking Success 533 13 0
Scoring Failure 21 73 1
Sampling Failure 4 5 310

For the from_smi pose reproduction, after minimization, 21 systems moved from a scoring
failure to a docking success, and 13 systems move from a docking success to a scoring failure
(a net change of 8 systems) (see Table 11). Four systems move from sampling failures to
docking successes, and 0 move from docking successes to sampling failures. Five systems
move from sampling failures to scoring failures, and 1 moves from scoring failure to sampling
failure. The net gain of 8 + 4 = 12 systems become docking successes.

To understand how minimization results in improvements, we investigate the systems that swap
classifications. Protein Tyrosine Phosphatase-1B (2BGE) is one example of a system that
swaps upon minimization from sampling failure to docking success (Figure 8). For this system,
we can see the poses before minimization and the poses after minimization, and the
corresponding RMSDs and scores. We see that the lowest scoring pose before minimization
(black diamond, Figures 8A, C) and the corresponding pose after minimization (Figure 8B)
does not resemble the crystallographic pose (Figure 8F). The best RMSD before minimization
(black square, Figures 8D, E) gets a better energy, surpassing the before-minimization-best-
scoring poses (and its corresponding pose), and it gets closer to the crystallographic pose, but it
is not the best pose for either RMSD or score. The same pose has the best RMSD and score
after minimization (magenta triangle and the cyan upside-down triangle, Figures 8G, H). Its
original pose is unfavorable and has a score of +28.62 kcal/mol, but after minimization, it
becomes quite favorable, with a score of -64.10. The ligand has one dihedral angle which
adjusts from -0.29 to -63.76 degrees. This conformational change is seen in the overlay, and
the insert focuses on the dihedral (Figure 8l). Plots for the systems that swap classifications are
shown and discussed in the Sl (Section S4 and Figure S3). The best RMSD and energy poses
do not always initiate from the poses that hold those classifications before minimization.
Although the swaps are sometimes simply poses shifting slightly over the threshold, more
interesting are the systems, like 2BGE, with more dramatic movements and the transfer of label
from one pose to another. This illustrates the usefulness of keeping multiple poses, particularly
for rescoring and minimization.
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Figure 8. Protein Tyrosine Phosphatase-1B (2BGE) is an example of a system that
switches from Sampling Failure to Docking Success. A. Best scoring pose from docking. B.
torsion minimization of the pose shown in panel A. C. Plot of RMSD vs. DOCK Score. Four pairs
of poses plotted: black diamond shows the best docked pose, and black square represents the
best RMSD docked pose; the magenta triangle and the cyan upside-down triangle are the
minimized best score and best RMSD poses, respectively. Lines connect to points before and
after minimization: black line connects best score before minimization to the corresponding
score after minimization, red connects best RMSD before minimization to the corresponding
RMSD after minimization, green connects best score after minimization to the corresponding
score before minimization, and blue connects best RMSD after minimization to the
corresponding RMSD before minimization. D. Pose before minimization, minimum RMSD (red).



E. Pose after minimization (red line). F. Crystallographic pose. G. The pose before minimization.
H. Both best scoring and best RMSD after minimization. I. Overlay of the poses. The trapezoidal
inset showing the dihedral angle. RMSDs and scores are shown in the lower left corner in
panels A,B,D,E,G,H.

Example virtual screen.

We performed an illustrative screen to a pocket on the KRAS protein. Here, we used PDB ID
6GJ8%, which is a complex of the small molecule BI-2852 bound to KRAS G12D with the
cofactor GMPPCP (which we convert to GTP for our docking). In this screen, we docked to a
monomer of KRAS and to the pocket occupied by small molecule BI-2852.

Table 12. Information about the example virtual screen: Scores?, timings and number of orientations.

System Max Score | Avg Score | Min Score Timeb Min Avg Max
Orient. Orient. Orient.

DOCK 3.7 -46.56 -47.85 -53.52 7871186 12 1209.08 5539

DOCK 6 HDB -46.69 -47.98 -53.56 20111511 4 970.93 1000

Re-docking® -47.20 -48.57 -55.77 113550 16 1443.76 1500

Torsion Min°® -49.51 -51.08 -59.42 1976 NA NA NA

a. Score ranges are for the top 1000 poses. Scores are in kcal/mol.

b. Not run back-to-back on the same machine.

c. Number of molecules rescored is 51003, with a score cutoff of -40.00 kcal/mol. 10 poses are kept for
each molecule and minimized (hum_per_search = 10).

Over the screen, DOCK 6 is 2.56 times slower than DOCK 3. This is a higher ratio than those
observed in the enrichment calculation, where the max was 2.36 times slower. However, this
time difference seems to be system dependent. Unlike the enrichment calculations, the virtual
screen results are not run back-to-back on the same machine, so we have less confidence in
the time comparison. However, DOCK 6 is clearly slower. The score distributions are similar
when comparing DOCK 6 with DOCK 3 (Table 12). DOCK 6 generates fewer orientations,
because of the cap and because of differences in the distance tolerance parameter calculation
(see methods). With re-docking and minimization, only possible in DOCK 6, of the top 51K
molecules from the original docking, we see that the scores get better. For example, we see the
best score value becomes more favorable, -53.56 to -55.77 to - 59.42, as we compare DOCK 6
HDB, redocked (with more sampling), and torsion minimized runs, respectively (Table 12).

Table 13. Formal distribution of the formal charges.

Top 1000 poses Top 10 poses
Formal_Charge: | Ori® MoreP Min¢ Oria MoreP Min¢
0 1 2 3 0 0 0
1 802 780 705 8 5 3
2 196 217 291 2 5 7
3 1 1 1 0 0 0

a. DOCK 6 Screen.
b. DOCK 6 re-docking of the top ca. 51K poses, with 10 poses kept with more orienting.
c. The torsion minimization of the re-docking poses.

This pocket, with default grid generation, shows a charge preference for +1, which is the
dominant charge over the top 1000 poses, and +2 charges across all sampling schemas (the



original docking, the re-docking with more sampling, and the torsion minimization) (see Table
13). With re-docking and minimization, there is a shift towards +2 molecules. For the top 1000,
we see a shift after minimization. We see that +1 goes from 780 to 705 and +2 goes from 217 to
291, but +1 remains dominant. For the top 10 poses, the shift after minimization is clearer.
Comparing before to after-minimization for +1 and +2 charges, we see that +1 goes from 5 to 3
and +2 goes from 5 to 7, and +2 becomes dominant.

Future directions and new features.

Other new features not discussed here, but under development and testing, are the following: 1.
We have implemented a GIST scoring component to account for receptor desolvation, using a
Gaussian weighting method for precomputing displacement in DOCK 6. This is similar to the
method described by Stein et al. in his thesis® which built on this paper®'. 2. We have
implemented a new covalent docking method using an algorithm we call attach-and-grow. 3. We
are also developing a RAS test set. Other work from the Rizzo lab includes RDK:it integration
and new de novo features (personal correspondence with Robert C Rizzo).

4, Discussion.

In recent years, one focus of the docking community has been to perform virtual screens of
large, accessible chemical libraries that are now billions of molecules, a number that only
continues to grow.56831325262 There is also a push to dock bespoke libraries.®® As these
databases grow, our methods will need to adjust to access this increase in database size, while
concurrently maintaining enough accuracy to take advantage of this growth. Here, we modified
DOCK 6 with an eye to method development that will allow us to access larger chemical
spaces.

There are four key findings that have been presented in this work. 1. DOCK 6’s extensible
design enabled the implementation and testing of the HDB sampling method. 2. DOCK 3 and
DOCK 6 HDB have comparable behavior, although DOCK 3 is faster. 3. Within DOCK 6, we
compared HDB'’s behavior with different scoring functions, and compared it to anchor-and-grow,
learning about its behavior with retrospective experiments. 4. DOCK 6 has pre-existing
functionality that can be used with HDB search, including pose clustering, rescoring, torsion
minimization, and hydrogen optimization, which we deployed to complement HDB, as
highlighted in the example virtual screen, as well as in the retrospective tests.

DOCK 6 has an extensible design,3®54 which enables the implementation and testing of new
features. The extensible design is most notable in the sampling and scoring portions of the
code. This allows us to compare different scoring functions, such as comparing Grid Score and
ChemGrid Score, as shown in Figures 5 and 6, and Table 9. By testing enrichment with both
Grid Score and ChemGrid Score, we can compare their strengths and weaknesses. By testing
with two different decoy backgrounds (PMD and extrema), we see the enrichment behavior is
greatly impacted by background choice. Here, we see that either Grid Score or ChemGrid Score
is better, depending on the decoy background. We can also compare two sampling methods
(HDB and anchor-and-grow) using pose reproduction tests (discussed more below).

Through enrichment quantification, DOCK 6 HDB and DOCK 3.7 are comparable, although
DOCK 3 is faster on average than DOCK 6 (Figure 3, Table 8). We attempted to engineer



functions and tweak existing functions within DOCK 6 to match the behavior of DOCK 3.
Despite our best efforts, there remain differences. These differences include the orienting and
minimization procedures. The minimization differences are due to slight differences in
implementation, and the stochastic nature of the procedure. In DOCK 6, we have the ability to
minimize all num_per_search for each orientation, or the number of poses to be written out,
using the final_min flag. After re-enabling final_min within the code, preliminary results show
limited speed advantage and slightly worse results, so we continued to use the num_per_search
minimization procedure. Regarding the orienting differences, although the algorithms are almost
the same, there are some implementational differences, like the distance threshold parameter.
Another difference in the orienting is the max_nodes for the matching procedure. In DOCK 3.7,
this is capped at 4, while in DOCK 6, this parameter does not have a cap, and in fact the default
is 10. To us, it is unclear which is better, so we kept these differences. We attempted to choose
a parameter set for both programs that would match the behavior of the two code bases to
enable comparison. The DUDE-Z test set was indispensable in enabling these tests for
developing and evaluating these new functionalities in DOCK 6 and comparing it with DOCK
3.7.45 As time passed, the code bases were developed separately and diverged, but,
unsurprisingly, due to cross-pollination, they seem to have become similar to one another. This
is illustrated through DOCK 3 history around the minimization and orienting procedures. DOCK
3.6* has simplex minimization, but used a bin-based method for matching. The initial
implementation of DOCK 3.73* had no minimization, but used the same bipartite matching
algorithm as DOCK versions 4, 5, and 6.%° The simplex minimization was implemented into
DOCK 3.7 to enable large-scale docking.®

HDB and anchor-and-grow are two different sampling methods. By having both implemented in
the same program, we can better compare their strengths and weaknesses, as is seen in the
pose reproduction analysis (Table 10, Figure 7). In pose reproduction experiments, although
DOCK 6 HDB performs worse than anchor-and-grow (anchor-and-grow is 16.01% or 1.27 times
better), it is much faster (16 times faster). Although the implementations differ in key aspects,
the two programs are performing the same tasks with similar algorithms and good results.
Anchor-and-grow (implemented in DOCK 4%, DOCK 5% and DOCK 6%) has been tested with
pose reproduction®¢” and enrichment®. The HDB routine was implemented first in DOCK 3.5
using the DB file format®, and then was modified in DOCK 3.7 to use the DB2 file format®. The
DOCK 3 code and methods have been tested retrospectively with enrichment calculations and
with pose reproduction (albeit with less focus on poses than in DOCK 6)3446¢%, and
prospectively in discovery campaigns against simplified model cavities®':’-"® and drug targets
with the aim of drug discovery®’. Performing both enrichment and pose reproduction, we see
how they complement one another. It is possible to have strong enrichment, but with poor poses
(for example, poses dissimilar to known poses), not binding in the pocket (as is seen in PUR2)
(Figure 6), or other artifactual issues. Likewise, it is possible to reproduce the experimentally
determined poses using a scoring function, but to be unable to distinguish between actives and
decoys with that same function.

By implementing HDB search (using the DB2 file format) into DOCK 6, we have enabled more
integration of existing DOCK 6 functionality into large-scale docking, including re-docking,
minimization, and rescoring (for example, with MM-GBSA or Amber Score). We have
demonstrated re-docking with more sampling and torsion minimization in the virtual screening
demonstration. Re-docking protocols have been deployed by other groups with good effect.®
These rescoring protocols are cumbersome in DOCK 3, but are easily performed with this new



version of DOCK 6. Rescoring with MM-GBSA and AmberScore been tested extensively; they
offer improvements, but also some vulnerabilities, so they need to be used with scrutiny’2.

There are three caveats that merit discussion. 1. There are many parameters to explore, and we
only explore a small fraction of possibilities. 2. These are retrospective tests, which only
evaluate the ability to reproduce known results, and not the program’s ability to find new
molecules. 3. Under-sampling and approximate scoring results in errors and makes it difficult to
evaluate improvements. DOCK 6 orienting and minimization does not behave the same as that
of DOCK 3; although the algorithm is the same, the implementations differ, so comparing them
is difficult. Although we tried many sets of parameters, they do not behave the same. Simplex
minimization is stochastic in nature and can result in different minimum poses between the two
programs, sometimes different in score. The noise in the calculations is in part due to under-
sampling.

Conclusions. The caveats should not detract from the key findings. DOCK 6, as an extensible
program, enables testing new scoring and sampling methods. The HDB routine implemented
into DOCK 6 is comparable to that in DOCK 3. We tested DOCK6 HDB with different scoring
functions, which showed that the decoy background matters. Moreover, we compared DOCK 6
HDB to a different sampling routine (anchor-and-grow). HDB is much faster but does not have
as good of a pose reproduction ability as anchor-and-grow. Finally, HDB can be integrated with
other features in DOCK 6, i.e., clustering, minimization, and other scoring functions, to enable
new protocols in virtual screening. This code will be made available in a future release of the
DOCK 6 codebase.
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Section S1. Scoring function agreement.

We rescored the DOCK 3.7 results with DOCK 6 using ChemGrid Score, and we see that they
are very correlated (Figure S1). Here, we have done this for AMPC and EGFR. We get the
solvation parameters from the DB2 file to perform this calculation, since these values are not
written out in the mol2 file.
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Figure S1. DOCK 3.7 rescored with developmental DOCK 6.9. We rescored 171 and 208
poses of the active molecules for AMPC and EGFR, respectively. Per-atom solvation values are
taken from the DB2 files.



Section S2. SMILES stings for SB2012 database generation.

Here, in Table S1, we provide the SMILES strings for all the ligands from SB2012 used in pose
reproduction. SMILES stings were obtained by scraping the PDB page if the ligand had one
resid, or by converting the mol2 file to a SMILES string if there was more than one resid that
defined the ligand.

Table S1. Chemical structures of SB2012 test set used to build DB2 files from SMILES string.

Chemical Structure (SMILES) Lig name PDB name
c1nc2c(=0)[nH]c(nc2n1[C@H]3[C@@H]([C@@H]([C@H](O3)CO[P@](=0)(0)O[P@@](=O)(CP( | GCP 121P
=0)(0)0)0)0)O)N

clcceect BNZ 181L
c1ccc2c(c1)cco2 BZF 182L
clcec2c(c1)CC=C2 DEN 183L
CC(C)Cc1ccecct 14B 184L
cl1ccc2c(c)cc[nH]2 IND 185L
CCCCc1ccccect N4B 186L
C(CSSCC0O)0o HED 187L
Cclccc(cc1)C PXY 187L
C(CSSCC0O)0o HED 188L
Cclcccec1C OXE 188L
CC(=0)[C@H]1CC[C@@H]2[C@@]1(CC[C@H]3[C@H]2CCC4=CC(=0)CC[C@]34C)C STR 1A28
[H/N=C(\N)/N[C@H]1C=C(O[C@H]([C@@H]1NC(=0)C)[C@@H](C@@H](CO)O)O)C(=0)O ZMR 1A4G
CCCN(CCc1cceec1)C(=0)[C@HI2[C@@H]([C@H](C=C(02)C(=0)O)N)NC(=0)C DPC 1A4Q
C[C@]12CC[C@@H]3c4ccc(cc4CCIC@H]3[C@@H]1CC[C@@H]20)0 EST 1A52
c1cc2c(cc1F)c(c[nH]2)CCCOP(=0)(0)O FIP 1A5S
c1nc(c2c(n1)n(cn2)[C@@H]3C=C[C@@H]([C@H]30)O)N ADC 1A7A
CC(C)[C@@H](C(=0O)NCc1ccc(cc10)OCINC(=0)[C@@H]([C@@H]([C@H](Cc2ccccc2)NC(=0)[ | 2z4 1A8G
C@H](C(C)(C)C)NC(=0)OCc3ccececc3)O)NCc4cec(cc4)OC
C(C@@H[C@H](C@@HI(C@H]([C@]2(01)C(=O)NC(=0)N2)0)0)0)0 GLS 1A8I
[H/N=C(\N)/NCCC[C@@H](C(=O)N)NC(=0)[C@H](CCC(=O)N)NC(=0O)[C@@H](C[C@@H](C@ | UOE 1AM
HJ(CC1CCCCC1)NC(=0)C)0)C(C)C

C[S@](=0)c1cce(cc1)c2[nH]c(c(n2)c3cce(cc3)F)cdcenecd SB2 1A9U
C[C@@H](C(=O)N[C@@H](C)C(=O)N[C@@H](Cc1cccee1)[C@H](CCC(=O)N[C@@H](C(C)C)C | PSI 1AAQ
(EONIC@@H](C(C)C)C(=0)OC)O)N

Cl[C@@H(C@@H](C@H]([C@@H](01)0)0)0)0 ARA 1ABE
Cl[C@@H]l(C@@H](C@HI(C@H](01)0)0)0)0 ARB 1ABE
ClC@@H1[C@@H]([C@@H](C@H]([C@H](01)0)0)0)0 FCA 1ABF
ClC@@Hl[C@@H|(C@@H](C@H]([C@@H](01)0)0)0)0 FCB 1ABF
c1ccc2c(c1)c(c3c(n2)CCCC3)N THA 1ACJ
C([C@@H](C(=0)O)NC(=0)CP(=0)(0)0)C(=0)O PAL 1ACM
c1cnc2c(c1N)nen2[C@H]3[C@@H]([C@@H](C@H](03)C0O)0)0 1DA 1ADD
c1nc(c2e(n1)n(cn2)[C@HIB[C@@H]([C@@H]([C@H](O3)CO[P@@](=0)(O)OP(=0)(0)0)OP(=O | PAP 1AFK
)(O)O)O)N

c1ccc2e(c1)[C@H](C(=0)N2)Cc3ccc(cc3)NACCN(CC4)C=0 SU2 1AGW
c1cc(ce(c1)[N+](=0)[0-])CC(=0)0 MNP 1A15
c1cc(ccc1C2(SCCS2)CCCN3CCC(CC3)(c4cec(ccd)ChHO)F THK 1AID
c1cec(cc1)CN2[C@@H]([C@@H]([C@H]([C@H](N(S2(=0)=0)Cc3ccccc3)COc4ccececcd)0)0)COc | NMB 1AV
5cceecd

CC(=0)Nc1nnc(s1)S(=0)(=O)N AZM 1AZM
c1c(c2¢c([nH]1)c(ncn2)0)[C@H]3[C@@H]([C@@H]([C@H](N3)CO)0)0 IMH 1B80O
CCC(CC)C(=0)Nc1cc(cccINC(=0)C)C(=0)0 FDI 1B9S
[H)/N=C(/N)\Nc1cc(ccc1N2C(=0)CCC2(CO)CO)C(=0)0 RAI 1BOT
c1cce(cc1)CS(=0)(=0)N[C@H]2CCCN(C2=0)CC(=0O)N[C@@H](CCCNC(=[NH2+])N)C=0 0IT 1BA8
ClC@@H(C@@H](C@H](C@@H](01)0)0)0)0 ARA 1BAP
C1[C@@H]l(C@@H](C@H](C@H](01)0)0)0)0 ARB 1BAP
Cc1cc(=0)oc2c1cec(c2)0[C@@H]3[C@@H]([C@H]([C@@H]([C@H](03)CO)O[C@H4[C@@H] | UMG 1BB6
([C@HI([C@@H](IC@H](04)CO)O[C@H]5[C@@H]([C@HI([C@@H]([C@H](O5)CO)O)O)NC(=0
)C)O)NC(=O)C)O)NC(=0)C
Cc1cc(=0)oc2c1cec(c2)0[C@H]3[C@@H]([C@H]l([C@@H]([C@H](O3)CO)O[C@HJ4[C@@HI([ GUM 1BB7
C@H|([C@@H]([C@H](04)CO)O)O)NC(=0)C)O)NC(=0)C

C(F)(F)(F)S(=0)(=O)N FMS 1BCD




CC(C)[C@@H](c1[nH]ccn1)NC(=0O)[C@H](Cc2cccec2)Cl[C@@H]([C@H](Cc3ccecece3)NC(=0)OC( | 1M1 1BDQ
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CC(C)c1c(n(c(=0)[nH]c1=0)COCc2ccccc2)Cc3cccecc3 TNK 1RT2
CCN1c2cc(ccc2N(C(=0)c3c1ncec3)C)[N+](=0)[0-] uo5 1RTH
CCC(CC)(/C=C/C=C/[C@@H](C)[C@H]1CC[C@@H]\2[C@@]1(CCC/C2=C\C=C/3\C[C@H](C[C | EB1 150z
@@H](C3=C)0)0)C)O

C[C@H](/C=C/[C@H](C1CC1)0)[C@H]2CC[C@@H]\3[C@@)]2(CCC/C3=C\C=C/4\C[C@H](C[C MC9 1819
@@H](C4=C)0)0)C

Cc1c(cco1)C(=S)Nc2cce(c(c2)OCC=C(C)C)CI UC1 181T
Cc1c(c2cc(ccec2n1C(=0)c3cec(cec3)Cl)OC)CC(=0)0 IMN 1S2A
CN(C[C@H]1CCC2=C(C1)C(=N[C@@H](N2)N)N)c3cc(c(c(c3)OC)OC)OC TQD 1S3V
CIN+](C)(C)C[C@@H](CC(=0)0)O 152 1850
c1cec(cc1)CS(=0)(=0)N[C@H](CC2CCCCC2)C(=0)NICCC[C@H]3C(=0)Nc4ccche(cd)sc(n5)N 165 1SB1
CC(C)(C)NC(=0)[C@@H]1CIN@@](CCIN@]1C[C@H](C[C@@H](Cc2ccccec2)C(=0)N[C@H]3c4 | MK1 1SDT
cccec4C[C@H]30)0)Ccb5ceench

c1cc(ccc1/C=C/c2cc(cc(c2)0)0)0 STL 1SGO
clcc(cec1[C@@H]2[C@@H](Oc3ccc(cc3S2)0)c4cec(cc4)OCCNSCCCCC5)0 E4D 18J0




c1cc[n+](c(c1)C(CNc2c(=0)n(c(cn2)CI)CC(=0)NCc3cc(cce3ndcnnnd)CH(F)F)[O-] 170 1SL3
Cc1cn(c(=0)[nH]c1=0)[C@H]2C|C@@H]([C@H](02)COP(=0)(0)0)OP(=0)(0)O THP 1SNC
CC(C)(CO)[C@H](C(=O)NCCC(=0)0)O PAU 1SQ5
C[C@]12CC[C@HI3[C@H]([C@@H]1CCI[C@]2(C#C)O)CCC4=CC(=0O)CC[C@H]34 NDR 1SQN
Cl[C@@H]1C[C@H]2[C@@H]3CCC4=CC(=0)C=C[C@@4([C@]3([C@H](C[C@@)]2([C@]1(C(= | MOF 1SR7
0)CCHOC(=0)c5ccco5)C)0)CIC

Cclcc(ccc10)/N=N/c2cccecc2C(=0)0 MHB 1SRG
Cclcc(cc(c10)C)/N=N/c2ccccc2C(=0)0 DMB 1SRI
c1ccc2c(c1)c(ccc20)/N=N/c3cccec3C(=0)0 NAB 1SRJ
C(C@@H](C(=0)O)N)S CYS 1SSQ
C1[C@H]2[C@@H]([C@@H](S1)CCCCC(=0)O)NC(=0O)N2 BTN 1STP
COc1cce(cc1)C(=0)0 ANN 1SV3
c1cce(c(c1)CC(=0)O)Nc2c(ccec2CI)Cl DIF 1SV9
C1[C@H]2[C@@H]([C@@H](S1)CCCCC(=0)O)NC(=0O)N2 BTN 1SWP
C1[C@H]2[C@@H]([C@H](S1)CCCCC(=0)O)NC(=0)N2 BTQ 1SWP
C1[C@H]2[C@@H]([C@@H](S1)CCCCC(=0)O)NC(=0O)N2 BTN 1SWR
CC[C@H](C)C(=0)O[C@H]1C[C@H](C=C2[C@H]1[C@H]([C@H](C=C2)C)CC[C@H](C[C@H](C | LVA 1T02
C(=0)0)0)0)C

CC(C)CN(CI[C@HI([C@H](Cc1cceee1)NC(=0)O[C@H]2CO[C@@HI3[C@H]2CCO3)0)S(=0)(=0 | 17 1T3R
)cdcec(cc4)N

c1cc(c(cc1F)OCC(=0)0)C(=0O)NCc2nc3c(c(cc(c3s2)F)F)F ID5 1T40
Cclccc(cc1Nc2necec(n2)c3ccenc3)NC(=0)cdccc(cc4)CNSCCN(CC5)C STI 1T46
CCc1c(c2ccc(cc201)S(=0)(=0)N(C)C)C(=0)c3cc(c(c(c3)Br)O)Br BB3 1T48
CCc1c(c2ccec(cc201)S(=0)(=0)Nc3cec(cc3)S(=0)(=0)N)C(=0)c4cc(c(c(c4)Br)O)Br 892 1T49
[H)/N=C(/N)\NOCCCOc1cc(cc(c1)CI)C(=O)N(CC=C)C2CCCC2 14A 1T4V
c1cce(ce1)C(c2ccecc2)[C@H](C(=0)N3CCCIC@H]3C(=0O)NCc4cc(cec4ClCIN 176 1TA2
CCNC(=0)COc1ccc(cc1CNC(=0)[C@@H]2CCCN2C(=0)[C@@H](C3CCCCC3)N)CI 177 1TA6
c1c(c(=0)[nH]c(=0)n1[C@H]2C[C@@H]([C@H](02)COP(=0)(0)0)O)F UFP 1TDB
c1cec(cc1)CCIC@H](CC2(CCCC2)C(=0)N[C@@H](Cc3c[nH]c4c3ccec4)C(=0)0)C(=0)0 0DB 1THL
Cc1cc(cee1n2¢(c(c(n2)C)/N=N/c3cc(ccc3C(=0)0)S(=0)(=0)0)0)S(=0)(=0)0 326 1THZ
Cc1ccc(c(n1)N)C[n+]2csc(c2C)CCOP@@](=0)(0)O[P@](=0)(O)[O-] N1T 1TKB
ClC@HM[C@@H](C@HI(C@HI(C@@H](O1)O[P@](=O)N[CQ@H](CC(C)C)C(=O)N[C@@H]( | RDF 1TLP
Cc2c¢[nH]c3c2cccc3)C(=0)0)0)0)0)0

C1CCC(CC1)C[NH3+] AMC 1TNG
cl1cc(ccc1CINH3+])F FBA 1TNH
c1ccc(cc1)CCCCN PBN 1TNI
cl1ccc(cc1)CCINH3+] PEA 1TNJ
c1ccc(cc1)CCCN PRA 1TNK
clcec(cc)[C@H]I2CIC@@H]2[NH3+] TPA 1TNL
c1ccc2c(c1)c3ccececc3n2CCCC(=0)0 CRZ 1TOW
ClC@H[([C@@H]([C@H]([S@@+]1C[C@@H]([C@@H](CO)OS([O-]))([O-]))[O-])0)CO)0)0 SSD 1TQT
c1cn(c(=0)[nH]c1=0)[C@H]2C[C@@H]([C@H](O2)COP(=0)(0)0)O UMP 1TSY
CC(=C)[C@H]1CN[C@@H]([C@H]1CC(=0)0)C(=0)O KAI 1TT1
C(CCCC(=0)0)CCCC(=0)0 AZ1 1TUF
C[C@H](CC#CC(C)(C)O)[C@H]1CC[C@H]\2[C@@]1(CCC/C2=C\C=C3C[C@H](C[C@@H](C3) TX5 1TXI
0)0)C

CC(C)C[C@@H](C(=0)O)NC(=0)[C@H]([C@@H](Cc1cccecc1)N)O BES 1TXR
CC/C(=C(/CC)\c1cecc(cc1)O)/c2cec(cc2)0 DES 1TZ8
Cc1en(c(=0)[nH]c1=0)[C@H]2C[C@@H]([C@H](O2)COP(=0)(0)0)O[P@@](=0)([O- PAX 1U1B
1)O[P@@](=0)([0-])OC[C@@H]3[C@H]([C@H]([C@@H](O3)n4cnc5c4ncnc5N)O)OP(=0)(0)0
c1cce(cc1)Cc2en(c(=0)[nH]c2=0)COCCO BAU 1U1C
C(C@@H[C@H](C@@H]I(C@H](/C(=N/O)/N1)0)0)0)O GOX 1U2Y
Co[C@@H]1[C@H](O[C@@H]([C@@H](IC@H]10)0)0[C@@H]2[C@H](OIC@@HI([C@@HI([ | LM2 1U33
C@H]20)0)0[C@@H]3[C@H](N/C(=N\O)[C@@H]([C@H]30)0)CO)CO)CO

c1cc2c(cc10)onc2c3cec(cc30)0 272 1U3Q
c1cc(cc2c1cc(cc2)O)c3c4cec(cc4on3)O 797 1U3S
c1c[nH]c2c1/C(=C\3/C(=0O)NC(=N3)N)/CCNC2=0 DBQ 1U4D
c1cc(cec1c2cc3cec(ccec302)0)0 397 1U9E
c1[nH]c2c(n1)c(=0)[nH]c(n2)N GUN 1ULB
C(C@H]([C@@H](C@H](C(=0)COP(=0)(0)0)0)0)O)OP(=0)(0)O 2FP 1UMG
c1cce(cc1)CCC(=0)Nc2ccec3cen(c3c2)CCIC@H](CO)ndcc(nc4)C(=0O)N FR4 1UML
CCCCc1c2c([nH]c1c3ccc(cc3)O)ncen2 ALH 1UNG
c1ccc2c(c1)/C(=C/3\C(=N\O)\c4cceec4dN3)/C(=0)N2 IXM 1UNH
CCIC@H](CO)Nc1nc(c2c(n1)n(cn2)C(C)C)NCc3ceceec3 RRC 1UNL
c1ccc(cc)IN@@]2CCc3cc(ccec3[C@H]2c4ccc(cc4)OCCNSCCCCC5)0 PTI 1UOM
[HI/N=C\1/CCCN1Cc2c(c(=0)[nH]c(=0)[nH]2)CI CMU 1UOU




clce(c[n+](c1)[C@HI2[C@@H]([C@@HI([C@H]I(02)CO[P@@](=0)([O- NAD 1URS
1)O[P@@)](=0)(0O)OC[C@@H]3[C@H]([C@H]([C@@H](O3)n4cnc5c4ncnc5N)O)0)0)0)C(=0)N
CNC(=0)[C@H](Cc1c(c(c(c(c1F)F)F)F)F)NC(=O)Nc2nnc(s2)S IN9 1USN
c1cec2c(c1)c(c3c([nH+]2)CCCC3)NCCCCCCCCINH3+] A8N 1UT6
clcec(cc1)CN ABN 1UTN
C(C(CO)(CO)[NH3+))O TRS 1UTN
cl1ccc(cc1)CCINH3+] PEA 1UTO
cl1cee(cc1)CCCCN PBN 1UTP
Cclcc(cc(c1)OCCNc2cec[nH+]cc2)NS(=0)(=0)c3ccecc3 148 1UVT
CCCCn1c(nc2c1nenc2N)Cc3cc(c(c(c3)0OC)OC)0C PU3 1UY6
CCCCn1c(nc2c1ncnc2N)Cc3cec(cc3)0C PU4 1UY7
CCCCn1c(nc2c1ncnc2N)Cc3ccec(c3)OC PU5 1UY8
CCCCn1c(nc2c1ncnc2N)Cc3cccéc(c3)0OC04 PU6 1UY9
CCCCn1c(nc2c1ncnc2N)Cc3cc(ccc30C)0C PU7 1UYC
CCCCn1c(nc2c1ncnc2N)Cc3cc(c(c(c3CHOC)OC)0C PU8 1UYD
COc1ce(c(c(c10C)O0C)CI)Ce2nc3c(nenc3n2CCCC#C)N PU9 1UYE
COc1cc(c(c(c10C)OC)CI)Ce2nc3c(nc(nc3n2CCCCHC)F)N PU1 1UYF
COc1cce(c(c1)Cc2[nH]e3c(nc(nc3n2)F)N)OC PU2 1UYG
CCCCn1c(nc2c1nc(nc2N)F)Cc3cc(ccc30C)0C PUO 1UYH
COc1ccc(c(c1)Cc2ne3c(nc(nc3n2CCCC#C)F)N)OC PUZ 1UYI
CCCCn1c(nc2c1nc(nc2N)F)Cc3cec4c(c3)OC04 PUX 1UYK
Cl[C@@H]([C@H](C@@H](C(=0)N1)O)O)CO IFL 1UZ1
CC(C)[C@HI(CO)Nc1nc(c2c(n1)n(cn2)C(C)C)Nc3cce(c(c3)CIC(=0)0 PVB 1VOP
C1[C@H]([C@@H](C(=C[C@]1(C(=0)O)O)F)O)O FA3 1vV1J
[H/N=C(\c1ccccc1)/N BEN 1vaJ
c1cc(cc2c1cee(cc2)Cl)S(=0)(=0)N3CCN(CC3)C(=0)C4CCN(CC4)c5cenech ZEN 1V2K
[HI/N=C(\c1ccccc1)/N BEN 1V2L
[H/N=C(\c1ccccc1)/N BEN 1V2M
[HI/N=C(\N)/c1ccc(cc1)C[C@H]2C(=0)[C@@H](CCCC2)Cc3ccc(cc3)/C(=N\[H])/N BBA 1V2N
[HI/N=C(/c1cccc(c1)CIC@@H](C(=0)OC)NC(=O)CNS(=0)(=0)c2ccc(cc2)C)\N ANH 1vV20
[H]/N=C(/c1ccce(c1)CIC@@H](C(=0)OC)NC(=0)CNS(=0)(=0)c2ccc(cc2)C)\N ANH 1va2Q
[H]/N=C(/c1cccc(c1)CI[C@@H](C(=0)OC)NC(=0)CNS(=0)(=0)c2ccc(cc2)C)\N ANH 1V2R
[H/N=C(\c1ccccc1)/N BEN 1V2S8
[H]/N=C(/c1cccc(c1)C[C@@H](C(=0)OC)NC(=0)CNS(=0)(=0)c2ccc(cc2)C)\N ANH 1V2T
[H/N=C(\c1ccccc1)/N BEN 1va2u
[H/N=C(\c1ccccc1)/N BEN 1VvV2Vv
[H]/N=C(/c1cccc(c1)C[C@@H](C(=0)OC)NC(=0)CNS(=0)(=0)c2ccc(cc2)C)\N ANH 1vVa2w
C[S@@+](CC[C@@H](C(=0)[O- SAM 1Vv2X
IN)C[C@@H]1[C@H]([C@H](C@@H](O1)n2cnc3c2ncnc3N)O)0
CCEON[C@@H1[C@H](CIC@](O[C@HM[C@@H]([C@@H](CO)O)O)(C(=0)0)0)0 SLB 1v3C
CC(=O)N[C@@H]1[C@H](C=C(O[C@H]1[C@@H]([C@@H](CO)0)O)C(=0)0)O DAN 1V3D
[H/N=C(\N)/N[C@H]1C=C(O[C@H]([C@@H]INC(=0)C)[C@@H]([C@@H](CO)0)O)C(=0)0 ZMR 1V3E
CIN@@]1CCc2c(sc(n2)C(=0)N3CCN(CIC@@H]3C(=0O)N)S(=0)(=0)c4ccchec(cechbe4)Cl)C D76 1V3X
¢1nc2¢(=0)[nH]c(nc2n1CCCCC(F)(F)P(=0)(O)O)N HA1 1Vv48
Cn1cenc1Sc2cc(c(cc2F)N)C(=0)Nc3nccs3 MRK 1Vv4S
CCC(CC)Nc1cc(ccc1N2C(=0)CCIC@@]2(CN)CO)C(=0)0 IBA 1VCJ
c1cc(cccINC(=0O)NC2CCCCC2)l ClU 1VJ5
C/C=C/1\[C@@H]2Cc3c(ccc(=0)[nHI3)C@]1(CC(=C2)C)N HUP 1VOT
Ccl1cenc2c1NC(=0)c3ccenc3N2C4CC4 NVP 1VRT
Cc1cec(c(c1)N[C@@H](c2c(cccc2Cl)CHC(=0)N)C(=0)C AAP 1VRU
[HI/N=C(\c1ccc(cc)[C@HI2[C@@H]3[C@H]I([C@H4IN@@]2C[C@@H](C4)0)C(=0)N(C3=0)C | SHY 1vVzQ
c5cccbe(c5)0CO6)/N

C1C[C@H]2C(=O)NCC(=0)N2C1 GIO 1W1P
Cc1en(c(=0)[nH]c1=0)[C@H]2C[C@@H]([C@H](02)CO)O THM 1W2G
C1[C@H]I([C@@H](C@H](ON1)CO)O)O OoXZ 1W3J
COc1ccc2c3c10[C@@H)4[C@@]3(CCIN+](=C2)CCCCCCCCN5C(=0)cbeecccc6C5=0)C=C[C@ GL8 1W4L
@H](C4)0

c1en(c(=0)[nH]c1=0)[C@H]2[C@H]([C@@H]([C@H](02)CO)OP(=0)(0)0)0 UA3 1W40
clcn(c(=0)[nH]c1=0)[C@H]2C[C@@H]([C@H](02)CO)OP(=0)(0)0 UM3 1W4P
c1en(c(=0)[nH]c1=0)[C@H]2[C@@H]([C@@H]([C@H](02)CO)OP(=0)(0)O)F UMF 1W4Q
[HI/N=N/C(=O)c1ccncci 1SZ 1W6F
CIN@@]1CCI[C@@]23C=C[C@@H](C[C@@H]20c4c3c(ccc40C)C1)O GNT 1WBR
CIN@@]1CC[C@@]23C=C[C@@H](C[C@@H]20c4c3c(ccc40C)C1)O GNT 1W76
c1nc(c2c(n1)n(cn2)[C@H]3[C@@H]([C@@H]([C@H](O3)CO[P@@](=0)(C[P@](=0)(0)OP(=0)( | APC 1WCO
0)0)0)O)O)N

c1nc(c2c(n1)n(cn2)[C@H]3[C@@H]([C@@H]([C@H](O3)COP@@](=0)(C[P@](=0)(0)OP(=0)( | APC 1WC5

0)0)0)0)ON




CC(C)(C)c1nnc(o1)C(=0)[C@@H]2CCCN2 PTB 1WM1
c1cc(ceec1c2cc3cec(cc(c302)C#N)O)O 697 1X76
c1cc(cec1c2ec3cec(cec(c302)CC#N)O)O 244 1X78
C=Cc1cc(cc2c1oc(n2)c3ccec(c(c3)F)0)O 41 1X7B
c1cc(cec1c2ec3cec(cec(c302)CC#N)O)O 244 1X7E
c1cc(cec1c2coc3cec(cc(c3c2=0)0)0)0 GEN 1X7J
c1cc(cec1c2coc3cc(cc(c3c2=0)0)0)0 GEN 1X7R
clcc(cec1C[C@@H](C(=0)O)N)O TYR 1X8X
Cc1ccc(cc1Ne2neec(n2)c3ceenc3)NC(=0)cdccc(ccd)CNSCCN(CC5)C STI 1XBB
ClC@@]12[C@@H]([C@@H](C[C@@H](O1)n3c4cccccdcsc3cbn2c7ccccc7c6c8c5C(=O)NC8)N | STU 1XBC
Cc)oc

ClC@@H|M[C@H]([C@@H]([C@HI(C@H](O1)0[C@@H]2[C@H](O[C@@H]([C@@H](IC@H]2 | ARE 1XDO
0)0)0)CO)O)O)N[C@H]3C=C([C@H]([C@@H](C@H]30)0)0[C@@H4[C@@H](C@HI(C@
@H]([C@H](04)CO)O[C@@H]S[C@@H]([C@H]([C@@H]([C@H](O5)CO)0)0)0)0)0)CO
ClC@@H[C@H]([C@@H](C@H]([C@H](0O1)0[C@@H]2[C@H](O[C@@H](C@@H](C@H]2 | 6SA 1XD1
0)0)oC[C@@HB[C@HI(C@@HI(C@HI([C@@H](03)0)0)0)0)CO)O)O)N[C@H]4C=C([C@H]
(C@e@H]I([C@HKO)O)0[C@@HIS[C@@HI(C@HI(C@@HI(C@H](05)CO)O[C@@Hlf[Ce@
Hl(C@H]([C@@H]([C@H](C6)CO)0)0)0)0)0)CO

c1cce(c(c1)0)0 CAQ 1XEP
c1cc(ce(c1)[N+](=0)[O-])NS(=0)(=0)c2ccsc2C(=0)0 NST 1XGlI
c1cc(c(cc1C(=0)O)O)NS(=0)(=0)c2ccsc2C(=0)0 HTC 1XGJ
[HI/N=C(\c1ccce(c1)c2ccee(c2)[C@H](CCCNce3eence3)C(=0)0)/N 4PP 1XKA
[HI/N=C(\c1cccc(c1)c2ccec(c2)[C@H](CCCNce3cencce3)C(=0)0)/N 4PP 1XKB
CS(=0)(=0)CCNCc1ccc(o1)c2cee3c(c2)c(nen3)Nedecec(c(c4)Cl)OCc5ccec(c5)F FMM 1XKK
COc1ccc(cc10C2CCCC2)C3(CCC(CC3)C(=0)O)CHN ClOo 1XLX
C/C(=N\OC(=0)N)/c1cce(c(c1)OC2CCCC2)0C FIL 1XLZ
COc1cce(cc10C2CCCC2)C(=0)Ne3c(cnec3CICI PIL 1XM4
CCCOc1cc(ccc10C)C@@]2(CNC(=0)02)C 5RM 1XM6
c1ce(c(cc1C(=0)Nc2c(cncc2ClCHOCC3CCI3)OC(F)F ROF 1XMU
COc1ccc(cc10C2CCCC2)[C@H]3CC(=0)NC3 ROL 1XMY
COc1ccc(cc10C2CCCC2)[C@H]I3CC(=0)NC3 ROL 1XNO
CC(C)C[C@@H](C@HM[C@@H](CIC@@H](N1)C(=0)0)C(=0)OC)NC(=0)C ABX 1XOE
CC(C)C[C@@H]([C@H]1[C@@H](C[C@@H](01)C(=0)0)C(=0)OC)NC(=0)C ABW 1X0G
COc1cec(cc10C2CCCC2)C3(CCC(CC3)C(=0)O)CHN ClOo 1XOM
COc1ccc(cc10C2CCCC2)C(=0)Nc3c(cnecc3CI)Cl PIL 1XON
c1cc(c(cc1C(=0)Nc2c(cncc2Cl)CIYOCC3CC3)OC(F)F ROF 1X0Q
COc1cc(ccc1OC(F)F)c2ccc(=0)[nH]n2 ZAR 1XOR
CCCc1c2c(c(=0)[nH]c(n2)c3cc(ccc30CC)S(=0)(=0)N4CCN(CC4)C)n(n1)C VIA 1XOS
CCCc1nc(c2n1[nH]c(nc2=0)c3cc(ccc30CC)S(=0)(=0)N4CCN(CC4)CC)C VDN 1XOT
C[C@@]1(CC[C@@H]2[C@@]1(C=CC3=C4CCC(=0)C=C4CC[C@@H]23)C)O R18 1XOW
CN1CC(=0)N2[C@@H](C1=0)Cc3c4ccceccd[nH]c3[C@H]2c5¢cccbe(c5)0CO6 CIA 1X0zZ
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C[C@H](c1cce(cc1)Br)NC(=0)c2cc(ccc20)F BFS 4STD
C([C@H](C(=0)0)OP(=0)(0)0)O 2PG 4TIM
CC(C)CIC@@H](C(=0O)NO)N LNO ATLN
C[C@@H](C(=0)O)NC(=0O)[C@H](CC(C)C)N[P@](=O)([C@H](Cc1ccccc1)NC(=0)OCc2cccecc2) OPK 4TMN
¢]

clcc(cec1C[C@@H](C(=0)O)N)O TYR 4TS
CC[C@@H](c1ccee(c1)NC(=0)CNC(=0)OC(C)(C)C)c2¢(c3cccecc3oc2=0)0 uo4 4UPJ
C(C@H|(C@H]([C@@H]([C@H](CO)0)0)0)0)0 SOR 4AXIA
c1nc2¢(=0)[nH]c(nc2n1[C@H]3[C@@H]([C@@H]([C@H](03)CO)0)OP(=0)(0)O)N 2GP 5BIR
C([C@H](C(=0)O)OP(=0)(0)0)O 2PG 5ENL
C((C@@H]([C@H](C(=0)0)0)C(=0)0)C(=0)0 ICT 5ICD
¢1nc2¢(=0)[nH]c(nc2n1[C@H]3[C@@H]([C@@H]([C@H](03)CO[P@](=0)(O)O[P@@](=O)(NP( | GNP 5P21

=0)(0)0)0)O)O)N




CI[C@@H](C(c1cceec)c2ccecc2)Ne3c4cec(c(ccdnen3)F)F UNN 5STD
CC(C)CIC@@H](C(=O)N[C@@H](CC(C)C)C(=0)O)N[P@](=O0)(CNC(=0)OCc1ccccc1)0 0PJ 5TMN
C([C@H](C([C@H](CO)0)0)0)O XYL 5XIA
C[C@@H](C(=O)N[C@@H](C)[P@@](=0)(0)O[C@@H](Cc1cccecc1)C(=0)O)NC(=0)OCc2ccccc | ZAF 6CPA
2

C(C(=0)0)OP(=0)(0)O PGA 6ENL
C[C@@H]1[C@](C1(CI)CI)(C(=O)N[C@H](C)c2ccc(cc2)Br)[S@@)](=0)C MS2 6STD
C([C@H](COP(=0)(0)0)0)0O G3P 6TIM
CC(C)CIC@@H](C(=0)O)NC(=0)[C@H](CC(C)C)O[P@](=0)(CNC(=0)OCc1ccccec1)O 0PI 6TMN
CC(C)[C@H](NC(=0)[C@H](Cc1cccec1)NC(=0)OCc2ccccc2)[P@@](=0)(0O)O[C@@H](Cc3ccce | FVF 7CPA
c3)C(=0)0

C[C@@H](C(=0O)Nc1ccc(cc1)C(F)(F)F)NC(=0)[C@H](CC(C)C)NC(=O)C(F)(F)F 0Z2 7TEST
CCIC@]1([C@H](C1(CIHCIC)C(=O)N[C@H](C)c2ccc(cc2)Cl CRP 7STD
C(C(=0)NO)OP(=0)(0)O PGH 7TIM
c1cec(cc1)S(=0)(=0)Nc2ccec(c2)[C@@H](c3c(cdc(oc3=0)CCCCCC4)0)C5CCH INU 7UPJ
cien2e(nl)[C@@H]([C@H]([C@@H]([C@H]2CO)0[C@HB[C@@HI(C@HI([C@@H](IC@H](O3 | IDC 8A3H
)C0)0)0)0)0)0

C(Ca@@HC@@H](C@@H](C@H]([C@H](01)0)0)0)0)0 GLA 8ABP
C(Ca@@HC@@H(C@@Hl(C@H]([C@@H](01)0)0)0)0)0 GAL 8ABP
C([C@@H](C(=0)O)NC(=0)CP(=0)(0)0)C(=0)0 PAL 8ATC
CI[C@Q@H](C(=O)NC[P@@](=0)(O)0[C@@H](Cc1ccecec1)C(=0)O)NC(=0)OCc2ccccc2 AGF 8CPA
C((C@@H]([C@H](C(=0)0)0)C(=0)0)C(=0)O ICT 8ICD
Cc1c(c(c(en1)COP(=0)(0)O)CN)O PMP 9AAT
CC(C)[C@@H](C(=O)N[C@@H](Cc1ccece)C([C@H](Cc2cceccc2)NC(=0)[C@H](C(C)C)NC(=0) | OE9 9HVP
OCc3cccec3)O)NC(=0)OCc4cccecd

c1cc(ce(c1)F)Cn2c3cec(cec3cen2)Ne4c(c(nen4)N)CNN5CCCCC5 HYZ 2RGP
COCCO/N=C/c1c(ncnc1Nc2ccc3c(c2)cnn3Ccéccec(c4)F)N POX 3BEL
N[C@H](C(=O)N[C@H](C(=O)N[C@H](C(=0)O)CC(C)C)CC(=0)0)CCC(=0)O 1A30_lig 1A30
N[C@H](C(=O)N[C@H](C(=O)N[C@H](C(=O)N[C@H](C(=O)N[C@H](C(=O)N[C@H](C(=O)N[C 1A8K _lig 1A8K
@H](C(=0)N)CCCC)C)CCC(0)0O)Cc1cceec1)CC(C)C)C(C)C)CCCNC(N)N
[C@H]1([C@@H]([C@HI([C@@H](C(=C1)CO)0)O)O)N[C@H]1[C@@HI(C@HI(C@HI(0[C@@ | 1AGM_lig 1AGM
H]1C)O[C@HM[C@@H](C@HI([C@HI(OIC@@H]1CO)O[C@HI1[C@@HI([C@HI(C@H](0)O[C
@@H]1C0)0)0)0)0)0)0
[C@@H1([C@H](NC(=0)C)IC@@H](O)[C@H](O)[C@H](01)CO)O[C@HM[C@@H](IC@H](IC 1BB5_lig 1BB5
gg@H](O[C@@HHCO)O[C@HN[C@@H]([C@H]([C@H](O)O[C@@H]1CO)NC(=O)C)O)NC(=O)
C1(=0)CCCOc2ccc(C[C@H](NC(=0)[C@@H](N1)CC(=0O)N)[C@@H](O)CN1[C@H]I(C(=O)N[C@ | 1CPl_lig 1CPI
H](C(=O0)N[C@H](C(=0)N)C(C)C)[C@H](CC)C)CCC1)cc2

N(=C\c1c(c(ncc1COP(0)(0)O)C)O)[C@H](C(=0)0)CCSC 1D6S _lig 1D6S
NI[C@@H](C(=O)N1[C@H](C(=O)N([C@H](C=0)CCCNC(N)N)C)CCC1)CC1CCCCC1 1EB1_lig 1EB1
OC[C@H]10[C@@H]2C[C@@H]10P(0)(0)OC[C@H]10[C@H](C[C@@H]10)n1c(=0)nc([C@ 1EHL_lig 1EHL
@H]J3N2C(=O)NC(=0)[C@]3(C)O)c(C)c1
C(=0)(C)N[C@H](C(=O)N[C@H](C(=O)N[C@H](C(=O)N[C@H](C(=O)N[C@H](C(=O)N[C@H](C( | 1FFI_lig 1FFI
0)O)CCCNC(N)N)CCC(=0O)N)CCCC)CCCO)[C@H](CC)C)[C@HI(O)C
C(=0)(C)N[C@H](C(=O)N[C@H](C(=O)N[C@H](C(=O)N[C@H](C(=O)N[C@H](C(=O)N[C@H](C( | 1FG6_lig 1FG6
0)O)CCCNC(N)N)CCC(=0O)N)CCCC)CCCO)[C@H](CC)C)[C@H](O)C
C(=0)(C)N[C@H](C(=O)N[C@H](C(=O)N[C@H](C(=O)N[C@H](C(=O)N[C@H](C(=O)N[C@H](C( | 1FGC_lig 1FGC
0)O)CCCNC(N)N)CCC(=0O)N)CCCCr)CCCO)[C@H](CC)C)C@HI(O)C
[C@@H]1([C@@H](C@H]([C@@H](CO1)0)0)0)0[C@H]1[C@@H]([C@H](CNC1)0)O 1FH7 _lig 1FH7
[C@@H]1([C@@H](C@H]([C@@H](CO1)0)0)0)0[C@HI1[C@@H](CNCC1)O 1FH8 lig 1FH8
g?@@HH ((Ce@Hl(C@HI([C@@H](CO1)0)0)0)0[C@H[C@@HI(C@HI([C@HI(NC1)NO)O) | 1FHI9_lig 1FH9
[C@@H([C@@H]([C@H]([C@@H](CO1)0)0)0)0[C@H]1[C@@H]([C@H]([C@H]I2N(C1)CCN 1FHD_lig 1FHD
2)0)0

[C@H]1([C@@H]([C@HI([C@@H](C(=C1)CO)O0)O)ON[C@H]1[C@@HI(C@HI(C@HI(OIC@@ | 1GAH_lig 1GAH
HJ1C)O[C@HIM[C@@H](C@HI(C@H]I(OIC@@H]1CO)O[C@HI1[C@@HI([C@HI([C@@H](O0)O
[C@@H]1C0)0)0)0)0)0)0
[C@H]1([C@@H]([C@HI(C@@H]([C@@H](CO)C1)0)0)O)N[C@HM[C@@H](IC@HI([C@HI(O] | 1GAl_lig 1GAl
C@@H]1C)0IC@HM[C@@H](C@H](C@H]I(O[C@@H]1CO)0[C@H]M[C@@H](C@HI(C@@
H](O)O[C@@H]1C0)0)0)0)0)0)0
[Ce@H(Ce@Hl(C@HI(C@@HI(C@@H](CO)O1)OIC@HM[C@@HI(C@HI(C@@H](C@ | THEW_lig THEW
)@Ngl((COC;)C%)O[C@HH[C@@H]([C@H]([C@@H]([C@@H](CO)O1)O)O)NC(=O)C)O)NC(=O)C)0
[Ce@H((C@e@Hl(C@HI(C@@HI(C@@H](CO)O1)0)O)NC(=0)C)O[C@HIM[C@@H](C@H] | 1HVQ_lig 1HVQ
g?gg)H](O[C@@HNCO)O[C@H]1[C@@H]([C@H]([C@H](O)OIC@@H]1CO)NC(=0)C)O)NC(=
[C@@H]1([C@H](O)IC@@HI(O)[C@HI(O)[C@H](O1)CO)SIC@@H]M[C@HI(C@HI(C)0[C@@ | 1J8V_lig 1J8v

H]([C@H]10)CO)0




P(0)(O)(OC[C@H]10[C@H]([C@@H]([C@@H]10)0)n1cnc2¢c(N)ncnc12)OP(0)(0)0 1JU9_lig 1JU9
C(=0)(OCc1ccecct)N[C@H](C(=0)0)[C@H](O)C 1KJO _lig 1KJO
C(=0)(OCc1ccecct)N[C@H](C(=0)0)CCC(=0)0 1KJP_lig 1KJP
C(=0)(OCc1cceec1)N[C@H](C(=0)0)CC(=0)0 1KKK _lig 1KKK
C(=0)(OCc1ccecc1)N[C@H](C(=0)0)C 1KL6_lig 1KL6
[C@@HN([C@@H]([C@HI([C@@H]([C@@H](CO)01)0)O)NC(=0)C)O[C@HNM[C@@H](IC@H] | 1KQY_lig 1KQY
([C@@H]I(OIC@@H]1CO)0[C@H]1[C@@H](C@HI(C@@H](O[C@@H]1CO)O[C@HI1[C@@H
l([C@HI(C@@H](O[C@@H]1CO)O[C@HI1[C@@H]([C@H]I(C@H](O)O[C@@H]1CO)NC(=0)C
JO)NC(=0)C)O)NC(=0)C)O)NC(=0)C)O
[Ce@H1((Ce@H]|(C@H](C@@H]([C@@H](CO)01)0)O)NC(=0)C)O[C@HN[C@@H](IC@H] | 1KQZ_lig 1KQZ
([C@@H]I(OIC@@H]1CO)0[C@HM[C@@H](C@H](C@@H](O[C@@H]1CO)O[C@H1[C@@H
I(C@HI(C@H](O)O[C@@H]1CO)NC(=0)C)O)NC(=0)C)OINC(=0)C)O
[Cee@H1((Ce@H](C@H](C@@H]I(C@@H](CO)01)0)O0)NC(=0)C)O[C@HM[C@@H](IC@H] | 1KRO_lig 1KRO
((C@@H](O[C@@H]1CO)0IC@HIM[C@@H]([C@HI(C@@H](OIC@@H]1CO)O[C@H[C@@H
I(C@HI(C@H](O)O[C@@H]1CO)NC(=0)C)O)NC(=0)C)OINC(=0)C)O
[Cee@H1((Ce@H](C@H](C@@H]([C@@H](CO)01)0)O)NC(=0)C)O[C@HNM[C@@H](IC@H] | 1KR1_lig 1KR1
(C@@H](O[C@@H]1CO)0[C@HM[C@@H](C@H|(C@@H](O[C@@H]1CO)O[C@H|1[C@@H
I(C@HI(C@H](O)O[C@@H]1CO)NC(=0)C)O)NC(=0)C)OINC(=0)C)O
C(=0)(OCc1ccecct)N[C@@H](C(=0)0)CCC(=0)0 1KR6_lig 1KR6
C(=0)(OCc1ccecct)N[C@H]([C@H](C)O)C(=0)0 1KRO_lig 1KRO
C(=0)(OCc1ccecct)N[C@@H](C(=0)O)CC(=0)0 1KS7_lig 1KS7
C(=0)(0OCc1ccecc1)N[C@H](C)C(=0)0 1KTO_lig 1KTO
[C@H]1([C@@H]([C@HI([C@@H](C(=C1)CO)O0)O)O)N[C@H]1[C@@H](C@HI(C@H](OIC@@ | 1LF9_lig 1LF9
H]1C)O[C@H]1[C@@H](C@H]([C@H](O[C@@H]1CO)0[C@H]1[C@@H]([C@HI([C@@H](0)O
[C@@H]1C0)0)0)0)0)0)0
[Cee@H((Ce@H]l(C@H](C@@H](C@@H](CO)01)0)O)NC(=0)C)O[C@HNM[C@@H](IC@H] | 1LJN_lig 1LIN
([C@@H](O)O[C@@H]1CO)NC(=0)C)0
[CeeHN([Cee@H]([C@@H](C@@H]([C@@H](CO)01)0)OINC(=0)C)O[C@H]M[C@H](IC@H] | 1LLO lig 1LLO
gg&@é@(,Hc])()OC[)CO@@HNCO)O[C@H]1[C@@H]([C@@HIZ[C@H]([C@@H]1CO)O[C@H](N2)N(C)C
[C@@HN(C@@H](C@HI(C@@HI([C@@H](CO)O1)0)O)NC(=0)C)O[C@H1[C@@H](IC@H] | 1LMO_lig 1LMO
([C@H)(O)O[C@@H]1CO)NC(=0)C)0O
[C@@HN([C@@H]([C@HI(C@@HI(C@@H](CO)O1)0)O)NC(=0)C)O[C@H1[C@@H](C@H] | 1LMP_lig 1LMP
g?gé@H](O[C@@HNCO)O[C@H]1[C@@H]([C@H]([C@H](O[C@@H]1CO)O)NC(=O)C)O)NC(=
[C@@HN([C@@H]([C@HI(C@@HI([C@@H](CO)01)0)O)NC(=0)C)O[C@H[C@@H](IC@H] | 1LMQ_lig 1LMQ
([C@e@H](O[C@@H]1CO)0[C@HI1[C@@H](C@HI(C@@H](OIC@@H]1CO)O[C@H1[C@@H
I(C@H](C@H])(O[C@@H]1CO)O)NC(=0)C)O)NC(=0)C)OINC(=0)C)O
c1ccc2c(c1)cc(n2Cc1cc(cecc1)C(N)N)C(=0)NCc1cec(cc1)[N](C)(C)C 1LQE_lig 1LQE
[Cee@H1((Ce@Hl(C@H](C@@HI(C@@H](CO)O1)0)O)NC(=0)C)O[C@HM[C@@H](IC@H] | 1LZB_lig 1LZB
g[CC)gEH](O[C@H]2[C@@H]([C@H]([C@H](O)O[C@@HIZCO)NC(=O)C)O)O[C@@H]1CO)NC(=O
[Cee@H1((Ce@Hl(C@H](C@@HI(C@@H](CO)O1)0)O)NC(=0)C)O[C@HM[C@@HI(C@H] | 1LZC_lig 1LZC
((C@HI(OIC@HIZ[C@@H]([C@H](C@H](C[C@HI3[C@@H]([C@H]([C@H](0)O[C@@H]3CO)N
C(=0)C)0)O[C@@H]2CO)NC(=0)C)0)O[C@@H]1CO)NC(=0)C)O
[Cee@H1((Ce@Hl(C@H](C@@HI(C@@H](CO)01)0)O)NC(=0)C)O[C@HM[C@@HI(C@H] | 1LZE_lig 1LZE
((C@HI(OIC@HIZIC@@H]([C@H](C@H](C[C@HI3[C@@H](C@H](IC@H](0)O[C@@H]3CO)N
C(=0)C)0)O[C@@H]2CO)NC(=0)C)0)O[C@@H]1CO)NC(=0)C)O
[C@@H([C@@H](C@H](C[C@@H](CO)O1)ONC(=0)C)O[C@HI1[C@@HI(C@HI(C@H](0) | 1LZG_lig 1L2G
O[C@@H]1CO)NC(=0)C)O
[Ce@H1((C@@H](C@H(C@@H](C@@H](CO)01)0)O)NC(=0)C)O[C@HM[C@@HI(C@H] | 1LZY_lig 1Lzy
([C@H])(O[C@@H]1CO)O)NC(=0)C)O

n1(cnc2c(N)ncnc12)C 1MRG_lig 1MRG
¢12c30[C@H](CP(O)(O)N[C@H](C(=O)N[C@H]2CC(C)C)CC(C)C)CCc3cc(c1)C 1PE5_lig 1PE5
c12cc(ccc1OCCP(0)(O)N[C@H](C(=0)N[C@H]2CC(C)C)CC(C)C)C 1PE7_lig 1PE7
C1COCCP(O)(O)N[C@H](C(=O)N[C@H]1CC(C)C)CC(C)C 1PE8_lig 1PE8
NC(=0)CC[C@@H](C(=0)O)NC(=0)c1ccc(ce1)[C@@H](C(C(F)(F)F)(O)O)CCCclc(N)nc(nH]c1= | 1RBM_lig 1RBM
O)N

[C@H]1([C@H]l(C@@H]([C@@H](C@H](C)01)0)0)0)0 1RDJ_lig 1RDJ
[C@H]1([C@H](C@H](C@@H]([C@@H](CO)01)0)0)0)0 1RDL_lig 1RDL
C1(=0)IC@@H](NC(=0)[C@@HI(N(C(=0)IC@@H](N2C(=0)[C@@H](NC(=0)[C@@H](NC(=0) | 1TPS_lig 1TPS
[C@HI([C@H](O1)C)NC(=O)[C@H](NC(=0)[C@@H](COS(0)(0)0)O)CC(C)C)CCCNC(N)N)CC[
C@H]20)CC(C)C)C)Cc1cce(O)ec)C(C)C

N1C(=0)/C(=C\c2[nH]cc(c2CCC(=0)0)C)/c2cccec12 1VR2_lig 1VR2
C(=0)(Ccceeececcecce)ociC@@H]([C@H](/C(=C(\C(0)0)/0)/0)0)0 1W3Y_lig 1W3Y
CC(=O)N[C@@H](N)NCCC[C@@H]TINC(=O)[C@@H](NC(=0)[C@@H]I(N2C(=0)[C@@H](NC(= | 1W9U_lig 1WoU

0)[C@@H]3N(C1=0)CCC3)C[C@H]20)Cc1enc[nH]1)CCCC(=0)0




CNC(=0)N[C@@H](N)NCCC[C@H]1C(=0)N(C)[C@H](C(=O)N[C@@H](CC(=O)N[C@@H](CC( | 1W9V_lig | 1W9V
=0)N[C@@H](C(=0)N1)C)C(=0)0)C(=0)0)Cciccccet

CNC(=O)N/C(=N/CCC[C@H]1C(=0)N(C)[C@H](C(=0)N[C@@H](CC(=O)N[C@@H](CC(=O)N[C | 1WB0_lig | 1WB0
@@H](C(=0)N1)C)C(0)0)C(0)O)Celccecet YN

[Cee@H(C@@H]l(C@H]([C@@HI((C@@H](CO)01)0)0)0)0[C@H1[C@@HI(C@HI(C@HI( | 1Z3T_lig 1Z3T
0)O[C@@H]1C0)0)0

[Ce@eH1([C@@H]([C@HI(C@HI([C@@H](CO)O1)0)0)0)0[C@HI[C@@HI(C@HI(IC@H](C | 1Z3V_lig 123V
)O[C@@H]1C0O)0)0

N[C@H](C(=O)N[C@H](C(=O)N[C@H](C(=O)N[C@H](C(=O)N[C@H](C(=O)N[C@H](C(=O)N[C | 2HPE _lig 2HPE
@HJ(C(=0)N[C@H](C(=0)NCC(O)O)C)C)C)C)C)C)C)C

N[C@H](C(=0)N[C@H](C(=O)N[C@H](C(=O)NCC(=O)NCC(=O)N[C@H](C(=O)N[C@H](C(=O)N | 2HPF _lig 2HPF
CC(0)0)C)C)C)C)C

[C@@Hl(C@@H|(C@H([C@@H](C@@H](CO)01)0)O)NC(=0)C)O[C@H1[C@@HI(C@H] | 2IXU_lig 21Xy
gE:C(@O@)D,:l](O)O[C@@HN COINC(=0)C)O[C@H](C)C(=0)N[C@@H](C)C(=O)N[C@H](CCC(=0)0

[Ce@H([Ce@H|(C@HI([C@@H]([C@@H](CO)01)0)O)NC(=0)C)O[C@HN[C@@H](C@H] | 2IXV_lig 2IXv
gg(_@o(?gl(o)O[C@@Hﬂ CO)NC(=0)C)O[C@HI(C)C(=0N[C@@H](C)C(=O)N[C@H](CCC(=O)N

N[C@H](C(=0)N[C@H](C(=0)NCC=0)C)[C@H](CC)C 20XW lig | 20XW

NCC(=O)N[C@H](C(=0)0)Cc1cce(ce )0 3CPA lig | 3CPA

C(=0)(C)N1[C@H](C(=O)N[C@H](C(=0)N2[C@H](C(=O)N[C@H](C(0)O)Cc3cccccd)CCC2)C)C | 4SGA lig | 4SGA
cct

[C@H]1((C@@HI([C@H]([C@@H]I(C@@H](CO)O1)0[C@H]1[C@@HI(C@H]([C@H]([C@@H]( | 5GAL_lig 5GAL
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Section S3. Enrichment comparisons for optimization procedures.

We can deploy different optimization procedures, including torsion minimization, hydrogen
optimization, and combinations of them (hopt before minimization and minimization before
hopt). Values are shown in main text Table 7. Figure S2 shows the 42 DUDE-Z systems for
these different optimization procedures.
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Figure S2. Comparing DOCK 6 with rescoring minimization and optimization runs over
the 42 DUDE-Z systems. Ligand and property matched decoys downloaded from the web are
used. A comparison quantifying enrichment using AUC (left) and logAUC (right) with DOCK 6
(green), DOCK minimized or optimized (purple), and the difference (Blue). Energy distributions
are shown in the left panels.

Section S4. Pose reproduction swaps.

We show the plots for all the pose reproduction systems that swap from one category to another
(Figure S3). All systems that change classifications from the from_smi pose reproduction
experiments, which are the off-diagonal entries from Table 11, are shown in Figure S3. The
final 10 graphs show movements or pose RMSD or poses close to the cutoff. These are mostly
subtle movements. See main text and Figure 8 for a detailed look at the system with PDB ID
2BGE, a scoring failure to docking success. 2BGE is one of the most interesting: before
minimization, the best score and best RMSD are different poses. After minimization, the same
pose is both the best score and RMSD. The origin of the after-minimization best scoring and
RMSD pose is not either of the other poses. The docking-success-to-scoring-failure systems
1036 and 1X75 have all poses switching, i.e., there are 4 non-overlapping lines, each
containing one of the symbols. This indicates that the best energy and RMSD for the minimized
pose originates from a different pose. This highlights the importance of considering multiple
poses when rescoring or minimizing as post-docking steps. 1JMG (scoring-failure-to-docking-
success) also has 4 non overlapping lines.



RMSD (A)

0_1_18°0 0_1_1K22 0_1_1KAV
40
—— et eneray before o coresponding after
-— "
8 ‘—\—\_‘___ —— best rmsd before to corresponding after
= best_energy after to corresponding before
s — best msa atte to cormesponding before
& best energy before
, ¥ best energy after
3s W best rmsd bafore
A bestrmsd after
§ 4
— best_energy before to comresponding after —— best_energy before to corresponding after
" best msdl before o correspancing afer 30 st rmad hetore to carrespanding ater
— best_energy aner to corresgonding before — best_energy amer o coresponting before
s — best rmsd fte to corresponding batore — best T after to comesponding before
4 best energy before 4 best energy before
v bestanergy atter v bestenergy atter s
B bestrmsa bifore B bt md before
4 bestma ster A best msd ater
4 25
k] 2 1
20
2
—_—
—_— —a 1 —
S e 7 2 BN T B £ b -z he i e -l -l dw %8 b6
01103 0.1 1ROL 0.1 1RGL
300
—— best_energy before to comespanaing atter
—_— —— best rmsd before to camresponding after —
— best_energy aher to comesponding before e .
275 — best rmsd after to corresponding before.
o besteneroy betore
¥ bestenergy after
W best rmsd before:
e 4 bestima ater 1o s
- . —— hestsmergy before 1o orrespondieg afer — best_snergy before to comesponding afer
13 Docking Success to 18 | destTmad hator to comaaponding sner . " bestrmsd beore o conesponding ater
= best_energy after to corresponding before —— best_energy after to corresponding befare
H H — best rmsd after to corresponding before — best rmsd after to comesponding before
.«| Scoring Failure PRt + oot enay etore
¥ best energy after ¥ best energy after
17 W best rmsd before 3 W best rmsd before
A best rmed after A bestrmsd after
175
16 ?
150
/ 15 1
125 / -
—_— — —
RS % B T =3 Tha w2 mm s ne 4 a2 B3 = B £
0.1 1WCS 0.1 1X7R 0_1 1XPO
24 —— best_energy before to corresponding after
—— best rmsd before to comespanding after ‘_’______——————"
8 —— best_energy sfter to corresponding before
— best s after to corresponding before
22 4 best energy before
¥ best energy after 30
B best s hetore
s A best msd after
20 +
as — best_energy befors o coresponding ater
. e — best rmsd before ta corresponding after
—— best_energy after to correspanding befare
— best rmsd after to comesponding before.
16 #  best energy before
v bestenergy aner
0 &  best rmsd before
3 A best rmsd after
14
—— best_aneray before to comesponding after
|| pestmsa betore o corespanding atter 12 15
— best_energy after to comesponding before
— best rmsd atker to corresponging before L
¥ cestenergy before
v besteneray ater 10
m best msd before ——
—a
1 A best msd after 10
e e P, T Y R 5 = o B ET o e £
0.1_1Z9G 0_1_2AK3 0_1_21my
33 .
300 30
275 30
250 2
= best_energy before to cormesponding after
3 —— best rmsd before to comesponding after
225 — st smengy atter o corresponding belors
— bast s after to corresponing before
4 best energy before
¥ best energy after
zon 20 B best rmsd bafore 20 i
A best rmsd after
— est_energy before 1o correspending after — best_energy befors to carresponding after
50| bestmsd before to corresponding after 13 1.5{ = best rmsd before to corresponding after
“301| — best_eneray atter to carresponding before — best_eneroy after ta corresponding before
—— st s afer 0 corresponcing before — st rmad sfterto comespoding betore
¢ bestenergy before #  best energy befare
125] ¥ bestencrgy atter v best energy iter
W best rmsd before. ‘(I 10 W best rimsd befere
A bestmsa ater e A best s ofter "
=52 =50 Bl =46 -4 -42 =40 -75 =T =13 =72 =71 =10 -69 -68 =67 =65.0 =645 =640 =635 =630 =625 =620 =615 -61.0

Score (kcal/mol)



Figure S3. (start)
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Figure S3. (continued)
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Figure S3. (continued)
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Figure S3. All the systems that switch classifications, comparing before and after torsion
minimization for the from_smi experiment (Table 11). For each graph of RMSD vs. Grid
Score, four pairs of poses are plotted. The black diamonds show the best docked pose. The
black squares represent the best RMSD docked pose. The magenta triangles and the cyan
upside-down triangles are the minimized best score and best RMSD poses, respectively. Lines
connect to points before and after minimization: the black line connects best score before
minimization to the corresponding score after minimization, red connects best RMSD before
minimization to the corresponding RMSD after minimization, green connects best score after
minimization to the corresponding score before minimization, and blue connects the best RMSD
after minimization to the corresponding RMSD before minimization. The first 13 graphs are the
docking successes to scoring failures. The next 21 are scoring failures to docking successes.
The next plot is the only scoring failure to sampling failure. The next four plots are sampling
failures to docking successes. The final 5 graphs are sampling failures to scoring failures. For
each panel, the PDB name is shown in the title.



