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Protein—Ligand Complexes by Consideration of Water and Rescoring in
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The popular docking programs AutoDock, FlexX, and GOLD were used to predict binding modes
of ligands in crystallographic complexes including X-ray water molecules or computationally
predicted water molecules. Isoenzymes of two different enzyme systems were used, namely
cytochromes P450 (n = 19) and thymidine kinases (n = 19) and three different “water” scenarios:
i.e., docking (i) into water-free active sites, (ii) into active sites containing crystallographic
water molecules, and (iii) into active sites containing water molecules predicted by a novel
approach based on the program GRID. Docking accuracies were determined in terms of the
root-mean-square deviation (RMSD) accuracy and, newly defined, in terms of the ligand catalytic
site prediction (CSP) accuracy. Consideration of both X-ray and predicted water molecules and
the subsequent pooling and rescoring of all solutions (generated by all three docking programs)
with the SCORE scoring function significantly improved the quality of prediction of the binding

modes both in terms of RMSD and CSP accuracy.

Introduction

Automated molecular docking methods have fre-
quently been used to predict energetically favorable
conformations and orientations of ligands in the interior
structure of proteins. These methods combine search
algorithms to generate different poses (docking), and
scoring functions to determine the tightness of protein—
ligand interactions.! Several docking algorithms and
scoring functions have been described in the past few
years, but docking (prediction of binding orientation)
and scoring (prediction of binding free energy) accura-
cies of docking—scoring combinations still vary with
selected protein target and physicochemistry of protein—
ligand interactions.23 Currently, there are several ‘open
issues’ in automated docking, such as the inclusion or
omission of explicit water molecules in the ligand
binding pocket.*5 Despite the fact that water molecules
can play an essential role in ligand—protein binding,6~8
concrete water molecules are usually not taken into
account in docking studies. Although many scoring
functions used for automated docking include an energy
term accounting for the free energy of desolvation of a
ligand upon binding to a protein and occlusion of the
ligand binding site from solvent (hydrophobic effect),?~12
most docking methods ignore water-mediated interac-
tions between proteins and ligands. FlexX has been
extended with an algorithm for integration and place-
ment of water molecules during docking,®14 but the
average improvement of docking accuracy was small.
With the SLIDE docking program, it is possible to
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predict conserved binding site water molecules, which
are displaced during docking if collisions with a ligand
cannot be resolved by iterative translations.® To include
solvation effects, Glide docks explicit water molecules
into the binding site for each energetically competitive
ligand pose and employs scoring terms that measure
the exposure of various functional groups to the explicit
waters.1® Structural water heterogeneity was recently
successfully incorporated into the program AutoDock for
predicting binding modes of HIV-1 protease inhibitors
by using two weighted average methods of combining
multiple target structures within a single grid of
interaction energies.!”

Despite the lack of effective automated algorithms for
including waters ‘on-the-fly’ during the docking process,
fixed explicit water molecules have been used in several
docking programs. However, only a few docking studies
are reported which evaluate the effects of fixed water
molecules in ligand—protein binding sites. Moreover,
very few studies show significant effects of these water
molecules on docking accuracy. When two specific water
molecules present in the crystal structure of Factor Xa
were taken into account during the docking of synthetic
inhibitors, it was observed that all inhibitors formed an
essential hydrogen bond with one of the two active site
water molecules.!® In contrast, the inclusion of explicit
water molecules in crystal structures of influenza virus
neuraminidase did not significantly improve the docking
performance of GOLD for ligands forming water-medi-
ated contacts, but it did decrease docking accuracy of
ligands displacing waters.!® Validation of the GOLD
docking program?® with the CCDC/Astex test-set with-
out consideration of discrete water molecules showed
that docking accuracies for subsets of structures without
water-mediated protein—ligand interactions were sig-
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nificantly higher than accuracies for subsets with water-
mediated interactions.?! The program GRID?2 has been
successfully used to select X-ray water molecules for the
docking of carbohydrate derivatives to heat-labile en-
terotoxin with an earlier version of AutoDock.?? Struc-
tural effects of water molecules on the docking perfor-
mance were also evaluated for EUDOC.%* It was
concluded that EUDOC may fail to make correct predic-
tions of ligand—receptor complexes when the informa-
tion of structural water molecules in the binding site is
not available.

Automated docking can be used to select potential
protein-specific substrates from large chemical data-
bases and to predict ADME properties of new drugs and
drug candidates.?>26 In the present study, automated
docking strategies will be applied to two pharmacologi-
cally relevant biotransformation systems, namely cyto-
chromes P450 and thymidine kinases. Cytochromes
P450 (Cyt P450s) are hemoproteins which catalyze the
oxidation and reduction of a wide variety of endogenous
and xenobiotic compounds.?”-28 They generally detoxify
potentially hazardous compounds, but in a number of
cases nontoxic parent compounds are bioactivated into
toxic metabolites, and procarcinogens into their ultimate
carcinogens.?? Automated docking has primarily been
applied to refine and validate Cyt P450 pharmacophore
models and protein homology models, as was, for
example, recently done for Cyt P450 2D6.3%:31 Regarding
Cyt P450s, methodological research on automated dock-
ing approaches has mainly been focused on FlexX,
including cross-docking?®? and the use of different FlexX-
scoring combinations.?3 These docking studies, however,
did not consider the effect of water molecules. Caffeine
and 2-amino-3-methylimidazo[4,5-flquinoline (MelQ)
together with water molecules placed in the vicinity of
their molecular electrostatic potential (MEP) minima
were docked into a water-free binding site of a Cyt P450
1A2 homology model using AutoDock.?* This study,
however did not demonstrate important effects of con-
sidering “ligand-anchored” water molecules. Thymidine
kinases (TKs) phosphorylate thymidine and other nu-
cleic acid bases that are subsequently phosphorylated
by other enzymes and incorporated into the DNA. The
Herpes simplex virus type 1 thymidine kinase (HSV1
TK), for example, phosphorylates pyrimidine and purine
analogues that are triphosphorylated to inhibit cellular
DNA polymerase or to cause toxic effects when incor-
porated into DNA.3> Most antiviral-based therapies
exploit the large substrate acceptance of HSV1 TK
relative to the human isoenzyme. An extensive evalu-
ation of different docking programs with respect to their
docking accuracy and different docking—scoring com-
binations with respect to their scoring accuracy, and
ability to select HSV1 TK substrates from a chemical
database was described previously.? The same enzyme
was recently also considered for the evaluation of the
docking and scoring performance of Glide.16:36 These
studies did not consider the effect of water molecules,
however. Recently, the presence of active site water
molecules was shown to have a large impact on the
results of virtual screening for typical HSV1 TK sub-
strates with a sequential DOCK—FlexX combination.3”
A water-free active site was more suitable for purine-
like structures, whereas an active site filled with two

Journal of Medicinal Chemistry, 2005, Vol. 48, No. 7 2309

essential X-ray water molecules was more suitable for
pyrimidine-like compounds.

The primary aim of the present study was to find
optimal docking strategies for binding mode prediction
of ligands of two pharmacologically relevant enzyme
systems, by evaluating the performance of various
docking—scoring combinations, and considering the
presence and absence of active site water molecules. The
enzyme systems chosen for this purpose were cyto-
chrome P450s (Cyt P450s) and thymidine kinases (TKs).
Concretely, 19 crystallized P450— and 19 TK—ligand
complexes were selected for docking. To test the incor-
poration of water molecules in the docking process, three
scenarios were pursued based on whether docking was
performed: into (i) a water free protein active site (N),
(i1) an active site containing X-ray water molecules as
a solid part of the protein (X), and (iii) an active site
containing water molecules whose positions were un-
arbitrarily predicted by a novel GRID-based protocol (P).
All ligand—protein complexes were predicted by three
selected docking programs, namely AutoDock, FlexX,
and GOLD. Moreover, the resulting docking poses were
scored and ranked using the native scoring function
implemented in the respective docking programs and
the stand-alone scoring function SCORE. Docking ac-
curacy was examined as root-mean-square deviation
(RMSD) of heavy atoms of ligand docking poses from
the reference X-ray structure and as a newly defined
criterion for docking accuracy, namely catalytic site
prediction (CSP) accuracy. This new endpoint of binding
mode prediction can be used to reflect whether and how
a putative ligand will be enzymatically transformed and
thus as an analysis tool in virtual screening applica-
tions. Beside the use of three water scenarios (including
not only X-ray water molecules, but also computation-
ally predicted waters), three different docking algo-
rithms, (re)scoring, and two cases of hard docking
targets (presence of waters, various ligand acceptance,
and presence of prosthetic group (heme) or cofactor
(ADP) in the active site), this study presents one of the
first comprehensive evaluations of the effects of the
incorporation of active site water molecules on auto-
mated molecular docking.

Results

Active Site Water Molecules. Docking simulations
were performed using three water scenarios: without
water molecules (N), with water molecules present in
the X-ray structure (X), and with predicted water
molecules (P). Numbers of X-ray water molecules (x),
predicted water molecules (p), and correctly predicted
water molecules (c) in the vicinity (< 4.0 A) of ligand
atoms and their interactions with reference ligand
structure were analyzed to examine the correctness of
the new water prediction method applied in this study,
both for Cyt P450s and TKs (Figure 1A and B).

Prediction of Active Site Water Molecules. Cyt
P450. In many cases, the locations of X-ray active site
water molecules and their interactions with Cyt P450
ligands (filled balls, see Figure 1A) were well predicted
(“¢” = 1), concretely with 2-phenylimidazole (pdb code:
1phe, Cyt P450.am), 6-deoxyerythronolide B (1jio, Cyt
P450g,yr), dimethylsulfophenazole derivative (1n6b, Cyt
P4502C5), diclofenac (1nr6, Cyt P450 2C5),and epothilone
D (1pkf, Cyt P450gy0x) (see Figure 1A). In the case of
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Figure 1. Molecular structures of ligands, their water-mediated interactions to the protein, and correctness of water location
prediction. Symbols are explained in the legend below. (A) P450 pdb codes correspond to the following compounds: Cyt P450.qm:
2cpp/2cp4(T252A mutant), 1R-camphor; 1lakd, 1S-camphor; 8cpp, thiocamphor; 7cpp, camphene; 6¢cpp, 1R-norcamphor; 4cpp,
adamantine; 5¢cpp adamantanone; 1p2y, 1S-nicotine; 1phd, 1-phenylimidazole; 1phe, 2-phenylimidazole; 1phf, 4-phennylimidazole;
1phg, metyrapone; Cyt P450g,yr: 1ljio, 6-deoxyerythronolide B; Cyt P450g,.k: 1pkf, epothilone D; Cyt P450gss :1izo, palmitoleic
acid; Cyt P450 2C5: 1n6b, 4-methyl-N-methyl-N-(2-phenyl-2H-pyrazol-3-yl)benzenesulfonamide (the atom interacting with both
X-ray and predicted water and atoms only interacting with crystal waters belong to the A and B chain binding modes, respectively);
1nr6, diclofenac. (B) TK pdb codes correspond to the following compounds: TK EHV4: 1p6x and1p72, thymidine; HSV1 TK: 1e2j
and 2vtk, thymidine; 1e2i, 9-hydroxypropyladenine; 1e2k, (North)-methanocarba-thymidine; 1e2m, 6-hydroxypropylthymidine;
le2n, 6-{[4-hydroxymethyl]-5-methyl-2,6-dioxohexahydropyrimmethyl}-5-methyl-2,3(1H,3H)-pyrimidinedione; 1e2p, 6-[3-hydroxy-
2-(hydroxymethyl)propyl]-5-methyl-2,4(1H,3H)-pyrimidinedione; 1ki2, ganciclovir; 1ki3, penciclovir; 1ki4, 5-bromothienyldeox-
yuridine; 1ki6, 1',5'-anhydro-2',3'-dideoxy-2'-(5-iodouracil-1-yl)-D-arabino-hexitol; 1ki7, 5-iododeoxyuridine; 1ki8, 5-bromovinyldeox-
yuridine; 1ghi, 9-(4-hydroxybutyl)-N2-phenylguanine ((*)inhibitor, is not phosporylated); 2ki5, aciclovir; TK VZV: 1losn, (E)-5-
(2-bromovinyl)-2'-deoxyuridine-5'-monophosphate.
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Table 1. Docking Results for Each Protein—Ligand Complex in Terms of RMSD Accuracy®

Cyt P450 TK

AutoDock FlexX GOLD AutoDock FlexX GOLD
cam HSV1
lakd 1e2iA X P X5 N o P*
2cp4 e« N X P N X P 1e2iB .
2cpp NS XS PP N X P 1e2j o« X5 P e ¢« X
4epp X3 N X P le2k N X P NX P NX P
Scpp N XS PP N X P l2m N X P N Xx P8 P
6epp NS X5 P° o o o . le2n N X P P
Tepp . N X P X le2p N X P NX P NX P
8cpp ¢« P e . 1ki2 N X P N X P N X P
Impw N° P N X P 1ki3 N X P NX P N X P
Iphd o« o X PN X 1kid N X P N X P
1phe P N X P 1ki6 N X P N X P N X P
1phf e« o o P p* 1ki7 N X P N X P
Iphg P N X P 1ki8 NS X P X P N X P
1p2y e ¢ ¢« N X P N X P 2vtk N X P X P o X P
EryF 1qhi N X P X P X P
1jio NS X P X PP N X P 2ki5 N X P X P P
BSB VZV
1pkf N X P N P N X P losn N X P NX P N X P
EpoK EHV4
lizo N X P N « P N X P 1p72 N X P N X P N X
2C5 1p6x P X P
In6b N° X P X5 N X P
1nr6 NX P e o o o

@ Letters N (no water), X (X-ray water), and P (predicted water) indicate the different scenarios concerning the presence or absence of
water molecules. Cases in which RMSD values are below 2 A of only no. 1 ranked solutions according to the program implemented
scoring functions (Y); only no. 1 ranked solutions according to the stand-alone SCORE scoring function (5); no. 1 ranked solutions according
to both the program implemented and stand-alone SCORE scoring functions (bold); any of the docking solutions, but not considered as
no. 1 ranked solutions by either the program implemented or stand-alone SCORE scoring functions (@).

almost all Cyt P450..m—terpene structures (2cpp, 2cp4,
4cpp, 6¢pp, 7cpp, 8cpp), up to two water molecules were
predicted to be close to the respective ligand, while not
present in the X-ray structure (“p — ¢” = no. of false
positives). Water molecules ligated to the heme Fe-atom
according to crystallographic studies (4cpp, 6¢cpp, 7cpp,
1phe) are not predicted (“x — ¢” = no. of false positives).
However, preliminary docking studies with a water
molecule positioned at 1.8 A above the heme iron atom
did not have an overall positive effect on docking
accuracy (data not shown here).

Prediction of Active Site Water Molecules. TK.
In almost all TK complexes including thymidine deriva-
tives, the locations of X-ray active site water molecules
and their interactions with pyrimidine rings and sugar
mimicking groups were correctly predicted (“c” = 1) (see
Figure 1B). For purines, less X-ray active site water
locations were correctly predicted and the occurrence
of false positives (“p — ¢”) and false negatives (“p — x”)
was shown to be highly compound specific. Interestingly,
up to 4 false positives were predicted in case of the
phosphorylated thymidine metabolite (1osn, VZV TK).
No water molecules were accurately predicted for thera-
peutically used ganciclovir (1ki2, TK HSV1) and pen-
ciclovir (1ki3, TK HSV1) (false negatives).

Binding Mode Prediction. Binding modes of Cyt
P450— and TK—ligand complexes were predicted using

the docking programs AutoDock, FlexX, and GOLD in
combination with their native scoring function and the
SCORE scoring function, while considering the three
different water scenarios (N, X, and P, respectively).
These 18 (3 (water scenarios) x 3 (docking algorithms)
x 2 (scoring functions)) docking strategies were tested
by assessing their ability to reproduce the experimental
binding orientations of protein—ligand complexes of five
Cyt P450 isoenzymes and three TK isoenzymes in terms
of RMSD accuracy and CSP accuracy. Concrete results
for each individual protein—ligand complex in terms of
RMSD accuracy are presented in Table 1, while the
statistics of RMSD and CSP accuracy are presented in
Figures 2A and B, and Figures 2C and D, respectively.

Incorporation of Active Site Water Molecules in
Automated Docking Studies. Cyt P450. The incor-
poration of X-ray water molecules increased the docking
accuracy of the various docking—scoring combinations.
The relative averaged increase (RAI) of the RMSD
accuracy was increased (19% for AutoDock (AD), 11%
for FlexX (F), and 22% for GOLD (G)), considering
successfully docked complexes (RMSD < 2 A) (Figure
2A). In addition, the RAI of the CSP accuracy was
improved (7% for AD, 16% for F, and 13% for G, Figure
2C). The presence of predicted water molecules during
docking studies was shown to strongly improve RMSD
accuracy (RAI of 70% for AD, 32% for F, and 7% for G),
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Figure 2. Docking accuracy of different automated docking approaches for Cyt P450 and TK in terms of RMSD (A and B) and
CSP accuracy (C and D), considering different scenarios with respect to the presence of water N: no water; X: X-ray water; P:
predicted water). Abbreviations on x-axis correspond to: A, Average RMSD distributions and CSP accuracy for all solutions of
each docking study; I, RMSD distributions and CSP accuracy for no. 1 ranked solutions according to the program implemented
scoring function; S, RMSD distributions and CSP accuracy for no. 1 ranked solutions according to SCORE; C, RMSD distributions
and CSP accuracy for poses closest to the experimentally determined structure or accurately predicting the catalytic site, whatever
its ranking. Color schemes of the bars: red (N), dark green (X), dark blue (P): RMSD < 1.0 A or correctly predicted catalytic site;
orange (N), light green (X), light blue (P): RMSD > 1.0 A, < 2.0 A.

and CSP accuracy of various docking—scoring combina-
tions (RAI of 5% for AD, 13% for F, and 9% for G). The
RMSD accuracy of the optimal docking—scoring combi-
nation for Cyt P450 without water (GOLD-SCORE) was
increased with 16% and 10% by respectively including
X-ray and predicted water molecules, while the CSP
accuracy (AutoDock-SCORE) was increased with 11%
and 0% respectively. Table 1 shows that the perfor-
mance of AutoDock in finding reliable solutions for
several Cyt P450,, terpene (4cpp, 8cpp) and imidazole
(1phe, 1phg) analogues, and the ligands of Cyt P450g,yr
(1ji0, shown in Figure 3) and Cyt P450 2C5 (1n6b, 1nr6),
improved by including X-ray and/or predicted active site
water molecules. For several ligand molecule types and
different Cyt P450 isoenzymes, RMSD accuracy of FlexX
(1phd, 1phe, 1phf, 1jio, lizo, 1n6b) and GOLD (4cpp,
7cpp, 1phd, 1phf, 1n6b) was also improved by the
incorporation of water.

Incorporation of Active Site Water Molecules in
Automated Docking Studies. TK. Compared to the

“no water” scenario (N), RMSD accuracy for thymidine
kinases in the presence of X-ray waters resulted in RAI
of 17% for AD, 35% for F, and 0% for G (Figure 2B).
The RAI of the CSP accuracy was also increased (8%
for AD, 27% for F, and 8% for G) (Figure 2D). The
presence of predicted water molecules during docking
simulations was also found to improve RMSD accuracy
(RAI of 23% for AD, 12% for F, and 23% for G), as well
as CSP accuracy of various docking—scoring combina-
tions (RAI of 17% for AD, 7% for F, and 8% for G). The
RMSD accuracy of the optimal docking—scoring combi-
nations for TK without water (AutoDock-SCORE) was
increased with 15% by including either X-ray or pre-
dicted water molecules, while the CSP accuracy (Au-
toDock-SCORE) was increased with 11% and 0% by
including X-ray and predicted water molecules, respec-
tively. The performance of AutoDock in finding reliable
docking solutions of the pyrimidine ligands thymidine
in TK HSV1 (1e2j) and EHV-4 TK (1p6x), 5-bromovi-
nyldeoxyuridine (1ki8, TK HSV1, shown in Figure 3),
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Figure 3. The effect of water and rescoring on docking accuracy. The role of water in predicting binding modes of
6-deoxyerythronolide B in the binding pocket of Cyt P450g,yr (1jio) (top) and 5-bromovinyldeoxyuridine in HSV1 TK (1ki8) (bottom),
using AutoDock and different water scenarios (no water (N, left panel), X-ray water (X, middle panel), predicted water (P, right
panel)). Orientations of docking solutions (white carbon atoms) ranked as no. 1 with the scoring function of AutoDock (cyan
carbon atoms) and SCORE (purple carbon atoms) are compared with those observed in the crystal structure (yellow). Water
oxygen atoms are depicted in blue. The figures were prepared using Molscript®® and Raster3D.5¢

and the R-stereoisomer of the acyclic purine ligand
9-hydroxypropyladenine (1e2iA, TK HSV1) is increased
by incorporating X-ray and/or predicted water molecules
in the protein active site (Table 1). The RMSD accuracy
of FlexX (1e2iA, 1ki8) and GOLD (1e2j, 1p6x, le2n,
2vtk) also increased for at least two of these ligands by
the consideration of explicit X-ray and/or predicted
active site water molecules.

RMSD vs CSP Accuracy. Cyt P450. Generally, the
different docking approaches were much more accurate
in catalytic site prediction (CSP, correct indication of
site(s) of oxidation and occurrence of covalent binding
(Figure 2C)) than in reproducing actual X-ray binding
conformations of Cyt P450-ligand complexes (Figure
2A). For example, in water scenario P, AutoDock was
shown to be the best docking algorithm with respect to
CSP accuracy (AD (up to 84%) > G > F), while in only
up to 48% of the Cyt P450 test cases, AutoDock was
able to rank as top solution a docking pose within 2 A
RMSD of the X-ray structure. GOLD was found to be
superior to the AutoDock and FlexX when the RMSD
was the criterion of docking accuracy (G > F > AD).

RMSD vs CSP Accuracy. TK. Different docking ap-
proaches were equally successful in predicting sites of
phosphorylation (CSP) in TK substrates (Figure 2D) as
in reproducing X-ray binding conformations (Figure 2B).

AutoDock was shown to be the best in predicting TK-
ligand binding modes, both with respect to RMSD (AD
> G > F) as well as to CSP accuracy (AD > G > F).

Rescoring. Cyt P450. Reranking of the poses gener-
ated by each of the three different docking algorithms
with the scoring function SCORE improved the docking
performance of almost all docking-water scenario com-
binations (docking strategies). This is reflected by an
increase in docking accuracy both in terms of RMSD
(relative increase of up to 58%) and CSP accuracy
(relative increase of up to 45%) when compared to
reranking with the program implemented scoring func-
tion only. Rescoring of all pooled poses generated by
AutoDock, GOLD, and FlexX with SCORE (S) yielded
higher docking accuracies than those obtained with
single docking—scoring combinations (Figure 2A): 53%
vs 16% (AD—AD) (AutoDock docking algorithm in
combination with the AutoDock scoring function) to 53%
(G—=S) for the single docking—scoring combinations
without water; 74% vs 26% (AD-AD) to 64% (G—G) with
X-ray water molecules; and 74% vs 41 (AD—AD) to 58%
(G—S) with predicted waters. Rescoring ‘pooled’ solu-
tions of the different docking algorithms yielded CSP
accuracies comparable to those obtained with the Au-
toDock—SCORE combination. Concerning the RMSD
accuracies obtained with AutoDock and FlexX, and the
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CSP accuracy obtained with FlexX, there is a big
difference between the chance of finding a reliable
solution (A) and the propensity of the docking algorithm
to find a reliable solution, whatever its ranking (C). In
contrast, this difference was smaller for the CSP ac-
curacy of AutoDock and both the CSP and RMSD
accuracy of GOLD.

Rescoring. TK. Reranking generated by each of the
three different docking algorithms with the scoring
function SCORE was not observed to improve docking
performance neither in terms of RMSD nor CSP ac-
curacy of the various docking-water scenario combina-
tions. However, rescoring of all pooled poses generated
by AutoDock, GOLD, and FlexX with SCORE yielded
docking accuracies comparable to those obtained with
the most accurate single docking—scoring combination
(Figure 2B): 74% vs 47% (F—S) (FlexX docking algo-
rithm in combination with the SCORE scoring function)
to 74% (AD—S) for the single docking—scoring combina-
tions for docking without water; 90% vs 63% (F—F) to
90% (AD—S) with X-ray water molecules; and 90%
predicted water molecules (vs 58% (F—S) to 90% (AD—
S)). Rescoring ‘pooled’ solutions of all three docking
algorithms yielded CSP accuracies comparable to those
obtained with the AutoDock-SCORE approach. Con-
cerning the RMSD accuracies obtained with AutoDock
and FlexX and the CSP accuracy obtained with FlexX,
a big difference between A and C was observed. In the
case of the RMSD accuracy obtained with GOLD, and
the CSP accuracy obtained with AutoDock and GOLD,
this difference was much smaller.

Discussion

The primary aim of the present study was to develop
optimal docking strategies for binding mode and cata-
lytic site prediction of ligands of two pharmacologically
relevant biotransformation enzyme systems, namely Cyt
P450 and TK, by evaluating the performance of various
docking—scoring combinations, and considering the
effects of active site water molecules.

The Effect of Active Site Water Molecules on
Docking Accuracies. Despite the fact that water
molecules can play an essential role in ligand—protein
binding,6~8 only few studies show that consideration of
concrete active site water molecules improves the ac-
curacy of automated docking. The novel GRID-based
water prediction protocol used in this work was shown
to strongly improve the docking accuracy of the three
docking programs AutoDock, FlexX, and GOLD. The
increase in docking accuracy due to the incorporation
of X-ray water molecules was comparable to the effect
of predicted water molecules. Results presented in
Figure 1A and B show that many water locations and
water-mediated protein—ligand interactions are cor-
rectly predicted. In the case of Cyt P450, false positive
water molecules are predicted as well. It must be stated,
however, that crystal structure determinations are
normally unable to detect disordered or mobile water
molecules.?® This leaves the possibility open that there
are water molecules involved in protein—ligand binding
which are not resolved in crystal structures. Indeed, it
is shown that these additional predicted water mol-
ecules placed on energetically favorable locations in
binding pockets (false positives) improve the docking
accuracy of many Cyt P450 complexes by mediating
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protein—ligand interactions and ‘fixating’ ligand mol-
ecules close to the center of the protein active site (Table
2). The present study shows that for five Cyt P450
isoenzymes and three TK isoenzymes prediction of
water locations, based on the energy landscape of the
active site surface, was an appropriate method leading
to satisfactory results. Docking into binding pockets
with predicted water molecules generally yielded higher
docking accuracies than binding mode predictions using
the X-ray water molecules. The positions of X-ray waters
in the active site are highly ligand—protein complex
specific, while the predicted water scenario is largely
ligand-independent.

In principle, there are still some caveats associated
with the use of the current predicted water docking
strategy. If ligands of variable size are to be docked, one
might use several differently shaped and sized solvated
protein binding pockets for a target, containing different
numbers and configurations of water molecules. Such
a procedure will significantly increase the computational
effort, however. Moreover, this strategy will still not
take the replacement of water molecules by functional
groups of ligands fully into account, as ligands can
possess different functional groups and can be differ-
ently positioned in the active site. Docking poses in
differently solvated binding pockets should be compared
based on scoring functions; however, at this stage it is
not fully clear yet how docking scores obtained from
structures containing different numbers of bound waters
should be compared. Future evaluation of the present
predicted water approach on a wider range of ligands
and protein targets will show whether such an extended
predicted water scenario is generally applicable and
useful for virtual screening approaches, including dock-
ing into apo-enzymes.

Protein—Ligand Complex Specific Docking Ac-
curacy. Docking accuracies of AutoDock, FlexX, and
GOLD were found to be protein—ligand complex specific.
The performance of all docking—scoring combinations
to predict top ranked docking poses within 2 A from the
X-ray structure, was much higher for TK—ligand com-
plexes, than for Cyt P450—ligand complexes. This might
be explained by the fact that the binding pockets of the
respective Cyt P450 isoenzymes are larger than those
of the TK isoenzymes. Concerning Cyt P450 docking,
GOLD resulted in a significantly higher RMSD accuracy
than the two other docking programs. AutoDock was
superior with respect to RMSD accuracy and catalytic
site prediction (CSP) accuracy in the case of TK, while
AutoDock RMSD accuracy was rather low for Cyt P450-
ligand binding modes. Previous docking studies compar-
ing the RMSD docking accuracy of FlexX and GOLD
showed GOLD to give superior results,23 while two
recent comparative studies also demonstrated that the
relative performance of AutoDock, FlexX, and GOLD3%40
varied with the selected protein target. As protein-
dependent docking accuracies were also observed in the
present study, it is suggested that, prior to docking
studies determining unknown binding modes of protein—
ligand complexes, one should find the best docking
algorithm for a specific protein target by using a test
set of protein—ligand X-ray structures. For most pro-
teins, however, a sufficiently large set of experimentally
determined structures is not yet available.
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It is known from literature that the docking accuracy
of docking—scoring combinations may not only vary with
the protein target, but also with the physicochemistry
of protein—ligand interactions.?? The Cyt P450 ligands
included in this work are small and rigid apolar terpene
substrates and phenylimidazole inhibitors covalently
bound to the heme Fe-atom of Cyt P450..m, as well as
larger and more polar macrocycles of Cyt P450g,,r and
Cyt P450gp.k, flexible long-chained aliphatic palmitoleic
acid substrate of Cyt P450ggs, and moderately flexible
aromatic substrates of Cyt P450 2C5. Selected TK
complexes were nucleic acid bases of two general
classes: pyrimidine and purine derivatives. Generally,
all selected TK isoenzymes have a polar active site
including an ADP cofactor or SO42~ ion. In comparison
to the Cyt P450s, this active site of TKs is rather small.
The AutoDock docking algorithm and scoring function
were not capable of accurately reproducing the binding
conformations of the relatively small and rigid, apolar
camphor and phenylimidazole derivatives in the Cyt
P450.,, (Table 1). In contrast, AutoDock was very
successful in reproducing the binding conformations of
rigid, big polar macromolecules 6-deoxyerythronolide B
and epothilone D, the flexible palmitoleic acid, the
moderately flexible sulfaphenazole derivative, and di-
clofenac in other P450 isoenzymes, especially when
taking active site water molecules into consideration.
AutoDock was also able to predict correct binding modes
of almost all TK ligands (both pyrimidine and purine
derivatives). The GOLD algorithm and scoring function
was not very suitable for some camphor and imidazole
derivatives but was appropriate for all other Cyt P450
and TK ligands. For both enzyme systems, the docking
accuracy of the FlexX algorithm and scoring function
was more docking-case specific than ligand type specific.

Influence of Input Ligand Geometry and Con-
vergence of Docking Simulations on Docking Ac-
curacy. Several protein—ligand complexes used in this
study were also incorporated in single and comparative
evaluations of AutoDock, FlexX, or GOLD described by
others for Cyt P450,10.20.21,32,4041 a9 well as for TK,239
although without taking the presence of explicit water
molecules into account. The RMSD accuracy results
presented in these studies are not always consistent
with RMSD accuracies obtained in the present study.
Most likely this is due to the effect of input ligand
geometries and orientations!®32 and the number of
independent docking runs used (convergence of the
docking simulation)*? on the performance of the docking
programs. In the present study, the ligands were energy
minimized and unarbitrarily translated to the midpoint
of the protein active site, rather than the usual approach
in which the X-ray conformation is used as starting
structure. The latter method may yield biased results,
as the ligand is already in an energetically favorable
conformation and orientation (energy minimum). Re-
garding TK, small conformational changes in the TK
HSV1 binding sites used in this work, compared to the
(lower resolution) protein structure (pdb-code lkim)
used in other studies, might explain differences in
docking accuracies as well.

Catalytic Site Prediction Accuracy. Prediction of
metabolite formation is increasingly seen as essential
for the discovery and development of new drugs and
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drug candidates.?! To predict whether and how a
putative ligand will be enzymatically transformed, we
have introduced a novel docking accuracy criterion,
called catalytic site prediction (CSP). No matter what
docking approach was used, the qualitative predictions
of catalytic sites in ligands were found to be very
accurate compared to the more quantitative criterion
of RMSD accuracy, even though a nonlinear relationship
between both parameters is undisputed. Consequently,
the CSP accuracy could be used as a powerful new
analysis tool in virtual screening applications to select
hits (i.e. substrates, products, and inhibitors) from
chemical databases without manual and visual inspec-
tion. The need for computational approaches to predict
likely sites of metabolism, or ‘soft spots’, is also ex-
pressed by the recent development of other molecular
modeling methods for this purpose.*3

Rescoring. The Cyt P450 and TK docking perfor-
mance of each of the three docking programs showed a
significant improvement by reranking the ligand poses
with the scoring function SCORE. The positive effect
of rescoring was most pronounced in the case of Cyt
P450. Docking accuracy (RMSD and CSP) was found to
be even more improved (in the case of Cyt P450), or
comparable to the most accurate docking—scoring com-
bination (in the case of TK) by rescoring all ‘pooled’
AutoDock, GOLD, and FlexX docking runs with SCORE,
no matter which water scenario was taken into account.
These remarkable findings show that scoring/rescoring
is an essential aspect of automated docking and even
predominates docking, a conclusion in agreement with
previously published comparisons.24244 By using dif-
ferent docking algorithms, one can search conforma-
tional space more extensively, and, by inference, one is
more likely to find ‘correct’ binding conformations
among the large ensembles of docking solutions. The
success of this proposed strategy of using multiple
docking programs was recently also demonstrated by
the evaluation of ConsDock?, a program developed for
the consensus analysis of all possible poses generated
by DOCK,* FlexX, and GOLD. It is therefore advised
to rescore the ‘pooled’ solutions of multiple docking
algorithms with a robust separate scoring function and
to include active site water molecules in docking simu-
lations. Future studies still have to determine whether
better results can be achieved by using other scoring
functions or consensus scoring approaches.** The present
study proved SCORE to be very suitable for this
purpose.

Conclusions

The present study concerns a first comprehensive
evaluation of the effects of explicit active site water
molecules on molecular docking based binding mode
prediction with three different docking programs, namely
AutoDock, FlexX, and GOLD. Scenarios considering
crystallographically determined and computationally
predicted active site water molecules tested on two sets
of therapeutically important protein—ligand systems
(i.e. cytochromes P450 (Cyt P450s) and thymidine
kinases (TKs)) turned out to perform better than dock-
ing approaches that omit water molecules in terms of
RMSD accuracy. The scenario including predicted water
molecules was comparable or better than the scenario
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including X-ray water molecules. Future research should
be focused on a more diverse description of multiple
water configurations in the active site, combined with
a robust scoring function properly taking solvent con-
figurations into account. A newly defined endpoint of
docking accuracy was the catalytic site prediction (CSP)
accuracy, in the present systems corresponding to sites
of oxidation, covalent binding, and/or phosphorylation.
As the catalytic sites were accurately predicted by the
(water incorporated) docking strategies, the CSP ac-
curacy criterion can also be used for virtual screening
applications. Rescoring of poses with the stand-alone
scoring function SCORE significantly improved the
docking accuracy of each of the three docking algo-
rithms, especially when rescoring was performed on
‘pooled conformations’ produced by all three docking
programs. Pooled scoring is advised to be used, espe-
cially when the computational chemist has no appropri-
ate protein—ligand test set available to find an optimal
docking strategy. The presented docking strategies,
considering active site water molecules and (pooled)
rescoring, mark an alternative development in ligand—
protein binding mode and catalytic site prediction. They
can be used not only to select potential protein-specific
substrates and to predict probable sites of catalysis, but
also to refine and evaluate homology models, and to
generate energetically favorable starting structures for
advanced molecular dynamics simulations.

Computational Methods

Preparation of Ligand and Target Molecules. Ligand
input files have been generated with Sybyl 6.8 (TRIPOS Inc.,
St. Louis, MO). First, ligand structures were extracted from
the Protein Databank (pdb) file (containing only non-hydrogen
atoms). After proper assignment of Tripos atom types,*
hydrogen atoms were added to the ligands (assuming a
physiological pH of 7.4) and partial atomic charges were
calculated using the Gasteiger—Marsili method. Subsequently,
ligands were energy-minimized in vacuo using the Tripos force
field and translated to the center of the active site as
determined by PASS.4” This procedure guarantees that the
ligand input structure for docking has no “X-ray information”
of the pdb structure. X-ray structures served as reference
structures for the calculation of the RMSD and CSP accuracy
(see below). Figure 1A and B show the molecular structures
of all ligands of the Cyt P450 and TK enzyme systems.
Nineteen structures of Cyt P450—ligand complexes were
selected from 45 complexes deposited at the Protein Databank.
The excluded complexes are either variations on Cyt P450—
terpene or Cyt P450—imidazole and Cyt P450—alkyl cyanide
complexes or Cyt P450 complexes containing large covalently
bound inhibitors or two ligands simultaneously. Complexes in
which the orientation of the ligand did not correspond to
experimentally determined biotransformation products were
also excluded from this study to be able to make a clear
comparison between the RMSD and CSP accuracies of the
docking strategies used. From 25 TK complexes deposited at
the Protein databank, analogously, 19 structures were selected
excluding complexes with lower resolutions and complexes
with large polyphosphate ligands resolved to study the inter-
mediate state.*® Since many TKs are dimers, those monomers
with more X-ray waters present in the active site were
selected. In the case of 1e2i, with stereoisomers each binding
in two different binding modes, one stereoisomer-specific mode
from each monomer was selected. To have also an equine
protein—ligand complex in the TK test set, VZV TK with ((E)-
5-(2-bromovinyl)-2'-deoxyuridine-5'-monophosphate) (pdb-code
losn) was included in the analysis, even though this is a
structure with a monophosphorylated product. In both enzyme
systems, heme moiety (Cyt P450), cofactor ADP (TK) or sulfate
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ions (TK) were considered as a part of the protein and Tripos
atom types were defined accordingly. Following the standard
program protocols,'%1320 protein structures were protonated
using the Biopolymer module in Sybyl. For the AutoDock
studies, Kollman united atom and Gasteiger-Marsili partial
charges were assigned to the protein and ligand structures,
respectively.

Consideration of Active Site Water Molecules. To test
the incorporation of water molecules in the docking process,
three scenarios were pursued based considering the presence
or absence of water in the protein active site: without water
molecules (N), with water molecules solved in the X-ray
structure (X), and with water molecules predicted using a
protocol based on the program GRID?? and a ligand-based cut
off (P).

To predict the energetically favorable positions of water
molecules in the interior structure of the protein target
(scenario P), a rectangular grid box of 21.75 x 21.75 x 21.75
A3 with grid points separated by 0.333 A, centered on the
midpoint of the ligand binding pocket, was automatically
hydrated with 25 water molecules (using an energy cutoff
value of 5 kecal/mol) within the GRID21 version of GREATER
(www.moldiscovery.com/docs/grid21). An AutoDock 3.0 tool,
pdb-volume, was used to calculate the dimensions of a ‘mini-
mal’ box for the different ligands. Predicted water molecules
situated within at least 4.5 A, or half the length of the largest
ligand box-dimension from the active site center, were excluded
from the docking studies. The positions of the hydrogen atoms
of both crystallized (scenario X) and predicted water (scenario
P) molecules were optimized using DOWSER.#? Due to the fact
that this program only carries out calculations on buried water
molecules with an energy cut off of 12 kcal/mol, the DOWSER
algorithm had to be adapted for this purpose (the modified
code for DOWSER is available upon request). It was essential
to modify the AutoGrid program (part of the AutoDock
package) to enable docking in the presence of water. This
program was changed so that it considered an oxygen atom
bound to two hydrogen atoms as a potential hydrogen bond
acceptor, as was done in an earlier AutoDock study?® (the
modified code for AutoGrid is available upon request).

Docking Studies. Automated docking studies were per-
formed with three different docking algorithms, AutoDock 3.0
(‘Lamarckian’ genetic algorithm),'® FlexX 1.10 (incremental
construction algorithm,'® as implemented in Sybyl 6.8), and
GOLD 1.2 (‘Darwinian’ genetic algorithm).?° As scoring is a
very important second aspect of automated docking method-
ologies, it was decided to investigate the effect of rescoring:
the process of reprioritization of docking solutions (primarily
ranked by the ‘native’ scoring function implemented in the
docking program) with an additional stand-alone scoring
function. Preliminary docking studies in Cyt P450 and TK
showed that among different “stand-alone” scoring functions
(SCORE,! scoring functions included in the Sybyl CScore
module (TRIPOS Inc.) and X-SCORE suite'?), SCORE was
either the best one (for Cyt P450s) or performed very well (for
TKs) in selecting docking conformations with the lowest RMSD
values from all docking poses generated by the three different
docking algorithms (data not shown here). To limit the amount
of data on docking accuracies to be presented, only the
rescoring results of SCORE were therefore shown. SCORE
parameters were developed for the heme residue in Cyt
P450s%° as well as AutoDock, FlexX, and SCORE parameters
for ADP and SO4?~ in TKs, consistent with the heme, NADP™,
and SO42~ Tripos atom types (used by GOLD), respectively (see
Supporting Information). For all docking parameters, standard
values were used as described for AutoDock,!? FlexX,5! and
GOLD (“standard default settings”),?’ except the amount of
independent docking runs performed for each docking simula-
tion. Multiple docking runs can increase the performance of
docking programs,® as was shown specifically in the case of
AutoDock.*2 To meet aspects of calculation time and data size
on one hand, and convergence criteria and statistical relevance
on the other hand, 50 independent docking runs were per-
formed for each docking case. The active site center determined
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by PASS is taken as AutoDock affinity grid center, probe
location for FlexX studies, and the starting position of the
GOLD flood fill algorithm. AutoDock affinity grid calculations
were carried out with the same grid box as used for the
prediction of positions of active site water molecules. The FlexX
binding pocket is defined as the amino acid residues within 7
A from the ‘translated’ ligand structure (see above). In this
way, active sites of approximately the same size were used in
all three docking programs.

Analysis of Docking Results. Three different criteria were
used for determining the docking accuracy of different docking
approaches:

e Root-mean-square deviation (RMSD) of heavy atoms of
ligand docking poses from the reference X-ray structure,
referred to as RMSD accuracy. RMSD values were calculated
comparing all non-hydrogen atoms of the ligands with respect
to the experimental X-ray structure binding modes using the
g_rms tool of the Gromacs package.5? Test cases were consid-
ered to be successfully docked and very accurately docked
when RMSD values were lower than 2.0 and 1.0 A, respec-
tively.3:21.8258,54

o Percentage of docking solutions with binding modes
corresponding to experimentally determined major biotrans-
formation products, referred to as catalytic site prediction
(CSP) accuracy. Ligand atoms were considered to be potential
sites of oxidation (Cyt P450 substrates) or covalent binding
(Cyt P450 phenylimidazole inhibitors) when they were within
5.5 A from the Cyt P450 heme Fe-atom, and potential sites of
phosphorylation (TK substrates) within 5.0 A from HSV1 TK
Glu-83, VZV TK Glu-48, or EHV-4 TK Glu-60 carboxylate
oxygen atoms (see also Figure 1A and B).

RMSD and CSP accuracies are presented as:

o Average RMSD distributions and average percentages of
successful catalytic site predictions for all solutions of each
docking study (illustrating the chance of finding a reliable
solution) (A).

¢ RMSD distributions and CSP accuracy for no. 1 ranked
solutions according to the program implemented scoring
function (reflecting the ability of the program implemented
scoring functions to properly rank poses after the docking
procedure) (I).

e RMSD distributions and CSP accuracy for no. 1 ranked
solutions according to the scoring function SCORE (reflecting
the ability of SCORE to properly rank poses after the docking
procedure) (S).

¢ RMSD distributions and CSP accuracy for poses closest
to the experimentally determined structure (the propensity of
the docking algorithms to find a reliable solution, whatever
its ranking) (C).

In the case of ligands experimentally determined to bind in
two orientations in the same protein binding pocket (e.g., Cyt
P450: 1akd, 8cpp, 1p2y, and 1n6b, and TK: 1e2i), RMSD and
CSP accuracies were determined by comparing docking poses
closest to the X-ray binding mode. To compare the ‘overall’
difference in performance of the different docking—scoring
combinations and water scenarios (referred to as docking
strategies), the term relative averaged increase (RAI) is
introduced:

(W, — NY/W,) + (W; = N)/Wy) + (Wg — No/Wy)

RAI = 3

where A, I, and S indicate the RMSD or CSP accuracies defined
above for the scenario without active site water N, and a water
scenario W (either with X-ray waters (X) or predicted waters

(P)).

Supporting Information Available: SCORE “RESI-
DUE” parameter files. This material is available free of charge
via the Internet at http:/pubs.acs.org.
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