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Abstract Fragment-based drug discovery approaches

allow for a greater coverage of chemical space and gen-

erally produce high efficiency ligands. As such, virtual and

experimental fragment screening are increasingly being

coupled in an effort to identify new leads for specific

therapeutic targets. Fragment docking is employed to cre-

ate target-focussed subset of compounds for testing along

side generic fragment libraries. The utility of the program

Glide with various scoring schemes for fragment docking is

discussed. Fragment docking results for two test cases,

prostaglandin D2 synthase and DNA ligase, are presented

and compared to experimental screening data. Self-dock-

ing, cross-docking, and enrichment studies are performed.

For the enrichment runs, experimental data exists indicat-

ing that the docking decoys in fact do not inhibit the cor-

responding enzyme being examined. Results indicate that

even for difficult test cases fragment docking can yield

enrichments significantly better than random.

Keywords Virtual screening � Structure-based

drug design � Enrichment rate � Fragment libraries �
Prostaglandin D synthase � DNA ligase

Introduction

Experimental fragment screening is increasingly being

used to identify new leads for specific therapeutic targets.

In addition to fragment screening companies such as

ASTEX [1], a number of pharmaceutical and biotech

companies have recently published successful examples

(e.g., [2–6]) of its use. The approach is being more widely

integrated into the drug discovery process as a comple-

mentary approach to high throughput screening (HTS)

and virtual screening (VS) for lead generation. Fragment

screening is more routinely undertaken in therapeutic

areas such as infectious disease, for which HTS has tra-

ditionally resulted in low hit rates [7]. For those thera-

peutic areas in particular, the risks associated with a

fragment screening campaign in terms of resource usage

are outweighed by the potential gains. Fragment screens

require experimental testing of large numbers of com-

pounds either by biochemical assay or a biophysical

technique such as NMR, biacore (or surface plasmon

resonance), or mass spectrometry at high compound

concentrations. These methods can be labor intensive as is

the subsequent followup of weak fragment hits. For

example, most Medicinal Chemistry teams are unwilling

to pursue a high micromolar or low millimolar fragment

lead unless an X-ray structure of the fragment bound to

the target of interest can be obtained. Even for protein

targets with robust crystallographic systems in place, the

ability to obtain fragment-protein complex structures is

not guaranteed. The fragment hits may bind but not

induce a conformational change necessary for crystalli-

zation or they may be too weak to be observed in the

crystal system.

In general, however, while HTS generates leads for

most targets, the leads may have relatively low ligand
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efficiencies. The ligand efficiency is commonly defined as

the free energy of binding of the ligand to a given target

divided by the number of heavy atoms in the ligand [8–11],

and as such can be thought of as the average free energy of

binding per heavy atom. At the end of the optimization

process, in addition to the desired potency levels, the

molecular weight and other physical properties need to be

within an acceptable range for a candidate drug [12–15].

Typically, as a lead series is optimized, the molecular

weight and lipophilicity increase [14]. It can be quite dif-

ficult during the optimization process to remove functional

groups to transform a low ligand efficiency ligand into a

high ligand efficiency ligand. Ligands with high ligand

efficiency have the potential for a greater improvement in

binding affinity through the addition of a heavy atom or

small substituents.

The advantages of a fragment based lead discovery

approach are that fragments typically have high ligand

efficiencies and that screening fragments allows for a

greater coverage of chemical space since chemical space is

proportional to the size and complexity of the ‘‘small

molecules’’ being considered. Fragments are generally

considered to be small molecules with molecular weight

less than 300 Da that obey more of a ‘‘rule of three’’ [16]

rather than ‘‘Lipinski’s rule of five’’ [12]. To increase the

likelihood of success of a fragment screen, in addition to

screening general fragment libraries, a virtual screen is

often carried out for each target to select a focused subset

of fragments to be screened experimentally for that target.

Since a fragment screen is generally only carried out for

structure-based projects, a structure-based virtual screen is

usually performed. Typically molecular docking programs

and scoring functions optimized for screening larger small

molecules are utilized. The effectiveness of these approa-

ches at accurately docking fragment-like small molecules

is less well studied and may be somewhat more challenging

[17].

In this paper, the use of the docking program Glide [18,

19] with a number of different scoring schemes [20] for

docking fragments is explored. Standard Glide docking

protocols with and without MM-GBSA re-scoring, as well

as an expanded funnel protocol expected to enhance the

sampling of fragment-like molecules binding in a given

protein target binding site are examined. Self-docking,

cross-docking, and enrichment are investigated for a

prostaglandin D synthase (PGDS) fragment dataset [21].

Self-docking refers to docking each ligand back into its

native protein structure, while cross-docking involves

docking the ligand into the protein structure from a dif-

ferent complex. Enrichment studies including the use of

constraints are also carried out for a larger in-house dataset

on a bacterial NAD? dependent DNA ligase (ligase)

target.

Methods

PGDS test set

PGDS carries out the isomerization of prostaglandin H2 to

prostaglandin D2, an allergic and inflammatory mediator,

in the presence of the cofactors glutathione (GSH) and

Mg2?. Hohwy et al. [21] previously published a fragment

screening study in which *2,000 fragments were screened

by NMR spectroscopy resulting in 24 confirmed binders.

Of the 24 hits, X-ray complex structures were solved for

six bound to PGDS (PDB ids: 2VCQ, 2VCW, 2VCX,

2VCZ, 2VD0, and 2VD1) with resolutions ranging from

1.95 to 2.25 Å. The six ligands are fragment-like with

molecular weight (MW) less than 350 Da (Fig. 1). There is

also a seventh publicly available X-ray complex structure

of PGDS with a slightly larger ligand (2CVD, see Fig. 1)

bound with resolution 1.45 Å [22]. This set of seven

structures along with the screening data for the entire

library was chosen as a test set for this docking and

enrichment study.

Ligase test set

Ligase is a multi-domain protein that catalyzes DNA

joining during replication and repair similar to the

eukaryote ATP-dependent ligases [23]. The residues

involved in NAD? binding are largely conserved across

different bacterial species. An enrichment study was car-

ried out by screening an AstraZeneca proprietary 20 K

fragment library developed by Blomberg and coworkers

(and described in a separate article in this issue of JCAMD,

2009) against the adenosine-binding site of the enzyme.

Virtual screening data was compared to in-house experi-

mental screening data.

Protein structure preparation

Of the seven PGDS complex structures considered in this

study, six of the protein structures are very similar (max-

imum pairwise a-carbon root-mean-squared deviation

(RMSD) among the set is 0.33 Å), while the seventh,

2CVD, with the larger ligand bound is significantly dif-

ferent in the active site (minimum pairwise a-carbon

RMSD from the other six protein structure is 1.46 Å; see

Fig. 2). In the 2CVD structure, Trp 104, for e.g., undergoes

a significant conformational change relative to its position

in the other structures to accommodate the larger ligand.

All seven of the structures have the GSH cofactor bound in

a similar position near the active site. The Mg2? ion

cofactor is observed in three of the complex structures

(2CVD, 2VCX, and 2VD1). All were crystallized in the

presence of high concentrations of MgCl2 (2 mM for
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2CVD and 5 mM for the other six). For the docking study,

the Mg2? was retained in the three structures in which it

was observed.

All structures were prepared using the Maestro 8.5

protein preparation wizard (Schrodinger, LLC, 2008, New

York, NY); waters were deleted, bond orders assigned,

hydrogens added, and metals treated appropriately when

present. Next, the orientation of hydroxyl groups, amide

groups of Asn and Gln, and charge state of His residues

were optimized. Finally, a restrained minimization of the

protein structure was performed using the default con-

straint of 0.30 Å RMSD and the OPLS 2001 force field.

The in-house determined X-ray structure of S. pneu-

moniae ligase was similarly prepared.

Virtual screening library preparation

Virtual libraries of (1) the seven ligands in the PGDS

complex structures, (2) 1,847 of the fragments screened for

binding to PDGS [21], and (3) the 20 K fragment library

[24] screened for ligase (with 19,299 compounds actually

screened) were generated following the same procedure.

Smiles representation [25] of the ligands were input to

Leatherface [26], an in-house molecular editor based on the

OEChem toolkit (OpenEye Scientific Software, Inc., 2008,

Santa Fe, NM) that was used to generate protonation and

tautomeric states. Three dimensional (3D) coordinates were

then generated for all ligands using the Ligprep utility in
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Fig. 1 Inhibitors bound to

PGDS in the X-ray complex

structures used in the present

study. Molecular weight in

daltons is given in parenthesis

Fig. 2 Superposition of seven PGDS X-ray complex structures.

Ribbon representations for 2VCQ, 2VCW, 2VCX, 2VCZ, 2VD0, and

2VD1 are shown in yellow and 2CVD is in magenta. GSH and Mg2?

from 2VD1 structure are shown colored by element. The 2CVD

ligand is shown in thick lines colored by element with carbons in cyan

J Comput Aided Mol Des (2009) 23:527–539 529

123



Maestro8.5 (Schrodinger, LLC, 2008, New York, NY).

Leatherface protonation and tautomeric states and any

specified chiralities were retained. One low energy ring

conformation was generated per ligand.

Docking scoring grid preparation

Prepared protein structures were used to generate Glide

scoring grids for the subsequent docking calculations. For

each PGDS protein structure, a grid box of default size

(20 9 20 9 20 Å3) was centered on the corresponding

ligand position. Default parameters were used and no

constraints were included during grid generation.

For the ligase protein structure, the scoring grid was

generated using a box size of 24 9 24 9 24 Å3 and the

ligand range was defined using a box of size of

12 9 12 9 12 Å3. Hydrogen bond constraints were also

included during the grid generation (see Fig. 3).

Docking and scoring protocols

Four scoring protocols were used for the docking: GlideSP,

GlideXP (SP and XP options with default settings), and

GlideSP-EF and GlideXP-EF (SP and XP options with the

‘‘expanded funnel’’ described below). In general, default

parameters were used for the docking runs unless otherwise

specified. For each PGDS docking run, the top nine poses

based on the Glide docking score were saved for each

ligand; this limit was chosen since increasing the number

of saved poses to ten or more turns off degeneracy

checking (RMSD within 0.5 Å) and may result in a saved

set of nearly identical poses. For the ligase enrichment run,

one pose was saved per ligand.

The Glide method is described as docking funnel that

uses a series of filters to sample the protein binding site

and search for acceptable poses [18]. In the flexible

docking mode, Glide generates a set of conformers for

each input ligand and then performs an exhaustive search

for possible positions and orientations of ligand over the

active site. The ligand poses that Glide generates pass

through a series of hierarchical filters that evaluate the

interaction of the ligand with the receptor. Poses that pass

these initial screens are subjected to energy minimization

on precomputed van der Waals and electrostatic grids for

the receptor. Final scoring is then carried out on the

energy-minimized poses. If GlideScore is selected as the

final scoring function (the default), the composite scoring

function, Emodel, is used to rank the ligand poses and to

select which pose for a given ligand will be output to the

user. Emodel combines GlideScore with the nonbonded

interaction energy between the ligand and the protein and,

for flexible ligand docking, the ligand strain energy.

Typically the GlideScore is used to rank docked poses of

different ligands and the top ranked pose based on the

GlideScore is also the lowest Emodel pose. However, for

certain ligands, the lowest GlideScore pose does not

correspond to the lowest Emodel pose. For those ligands,

if only one pose is saved per ligand for the docking run,

the lowest Emodel pose is retained.

The way poses pass through the filters for the initial

geometric and complementarity fit between the ligand

and receptor molecules can be modified in the Settings

tab of the Ligand Docking module using the Advanced

Settings option. This section has three settings that

control the selection of initial poses that pass through the

initial Glide filters: (1) the number n of poses per ligand

that are kept for the initial phase of docking (the grid

refinement calculation); the default is 5,000 for flexible

docking. (2) The ‘‘scoring window’’ for retaining initial

poses which sets the rough-score cutoff relative to the

best rough score found; the default requires that a pose

be within 100.0 kcal/mol of the best rough-score pose to

survive. (3) The top-scoring m poses per ligand retained

for energy minimization on the receptor grid; the default

is 400 for SP and 800 for XP. It is possible that the

initial screening approach described above may miss key

conformations of the ligand such that an acceptable pose

would be rejected before the energy minimization stage

in the docking funnel. With the ‘‘expanded funnel’’

protocol mentioned above, the sampling is increased by

setting n to 50,000, the scoring window to 500 kcal/mol,

and m to 1,000.

Fig. 3 Structure (PDB id: 1OWO) of the adenosine monophosphate

(AMP) binding site in ligase. Residues are colored by element with

carbons in green for Ligase and magenta for AMP. Atoms used as

hydrogen bond docking constraints are indicated by yellow dots. The

three ‘‘hinge-like’’ hydrogen bond constraints by analogy to kinase

structures are to Leu114 (backbone carbonyl oxygen) and Leu116

(backbone carbonyl oxygen and backbone nitrogen)
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MM-GBSA re-scoring of docked poses

Molecular mechanics generalized born surface area (MM-

GBSA) approaches can be applied as a way of including

implicit solvation into the estimation of the free energy of

ligand binding. In this study, MM-GBSA calculations were

carried out using the prime_mmgbsa utility (Schrodinger,

LLC, 2008, New York, NY) [27]. As a post-docking step,

docked ligand poses generated with GlideSP were re-

scored using the MM-GBSA script in two modes, respec-

tively, (1) with a conformationally rigid protein structure

and (2) with a partially flexible protein structure. The

flexible region was defined as any residue with an atom

within 12 Å of the ligand in the 2VD1 structure, and during

the relaxation of the protein–ligand complex this portion of

the protein was allowed to move along with the ligand.

Analysis of docking runs

For the PGDS self-docking and cross-docking runs, the

RMSD of each pose from the X-ray structure position of the

corresponding ligand bound to PGDS was calculated using

the RMSD python script in the OECHEM toolkit (OpenEye

Scientific Software, Inc., 2008, Santa Fe, NM). Self-docking

refers to docking a ligand back into its native protein struc-

ture, while cross-docking involves docking the ligand back

into one of the other six protein structures examined. A

docked pose was considered correct if it was within 2 Å of

the X-ray complex structure position. For the PGDS and

ligase enrichment studies, enrichment plots (% actives

identified versus % ranked database virtually screened) were

generated and for ligase enrichment factors at 1% of the

ranked database were calculated as in Chen et al. [28] as:

Enrichment Factor ðEFÞ ¼ Hitssel=Hitstot � NCtot=NC

where Hitssel is the number of actives selected by the

docking at the specified X% of the ranked database, Hitstot

is the total number of actives, NCtot is the total number of

molecules in the screened database, and NC is the number

of compounds in X% of the ranked database. For the PGDS

and ligase studies, receiver operating characteristic (ROC)

plots [29, 30] were also generated; the y-axis of each ROC

plot is the number of actives identified divided by the total

number of actives (% actives) and the x-axis is the number

of inactives virtually screened divided by the total number

of inactives (the library size minus number of actives; %

inactive database).

For ligase, the virtual screening hit rate was calculated

using the number of confirmed actives (with measurable

IC50s) present in the top 1,000 compounds of the ranked

database. The experimental hit rate was 4%, which was

calculated by dividing the 794 actives with an IC50 \ 1 mM

by the 19,299 library fragments screened.

Results and discussion

Fragment docking results were compared to experimental

screening data for two test cases, PGDS and ligase. For the

PGDS system, self-docking and cross-docking with the

seven X-ray complex structures described above were

performed and the enrichment of the 24 NMR binders over

the set of *2,000 fragments in the NMR screening library

was investigated. For the self-docking (Fig. 4; Table 1),

with GlideSP five of the seven ligands are correctly docked

back into their native protein structures. More specifically,

the top pose correctly predicted the ligand position for

2VCQ, 2VCW, 2VCX, 2VCZ, and 2VD0 with RMSDs less

than 2 Å (Table 1, for 2VD0, see Fig. 6a), while for the

2CVD and 2VD1 ligands, the top pose had an RMSD of 2.9

and 7.64 Å, respectively. For 2CVD, the largest portion of

the molecule which contains the two phenyl rings is cor-

rectly positioned (Fig. 6b). The piperidine ring is in a twist

boat conformation in the X-ray structure and in a lower

energy chair conformation in the top pose; however, if

multiple ring conformations are generated with LigPrep

and the sampling of ring conformations is turned off during

the docking an overall similar docked pose is obtained with

the ring in a twist boat. In the X-ray position the tetrazole

points out into bulk solvent, while in the top docked pose,

the tetrazole bends back in toward the protein and forms a

hydrogen bond with side chain of Gln 36, resulting in the

overall RMSD of 2.9 Å (Fig. 6b). The ligands (as well as

Trp 104) are unambiguously positioned in electron density

in 2Fo-Fc maps for all of the structures. In the 2CVD

structure, the tetrazole position is likely due to crystal

packing effects. For the 2VD1 case (Fig. 6c), the docked

pose for the ligand is largely out of the pocket. In the X-ray

structure, the fluorophenyl of the ligand is deep in the

hydrophobic pocket defined by Met 99, Trp 104, Ile 155,

and the side chain of Arg 14, and the benzoic acid interacts

with the side chain of Gln 36. In the top GlideSP pose, the

acid moiety interacts with the side chains of Lys 198 and

Gln 109; it is possible that the scoring scheme is over-

weighting these electrostatic interactions.

Overall, GlideSP performs better than GlideXP. The

expanded funnel option increases the compute time by

65–95% (over GlideSP) but does not improve the docking

accuracy. In fact, GlideSP-EF, with the increased ligand

sampling, selected a flipped pose as top pose for 2VD0

with an RMSD of 8.61 Å (Fig. 6d; Table 2). The position

of 2VD0 was correctly docked by docked by GlideSP. The

2VD0 ligand, however, is the most symmetric of the seven

ligands (Fig. 1) and the second ranked pose generated with

the GlideSP-EF protocol was correct and was nearly iso-

energetic with the top ranked pose (GlideScores of -8.21

vs. -8.1 kcal/mol, but Emodel scores of -67.47 vs.

-67.72 kcal/mol). If, for GlideSP, the best RMSD pose
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Fig. 4 Histogram of the number of ligands with RMSD value for the

top pose B2 Å (green) and ligands with RMSD [ 2 Å (red) for each

self-docking run. Results for GlideSP, GlideSP-EF, GlideXP, Gli-

deXP-EF, GlideSP with Emodel ranking, MM-GBSA re-scoring with

the protein fixed, and MM-GBSA re-scoring with a partially flexible

protein are shown. For the MM-GBSA with the flexible protein two

different energy terms were used, respectively, for the ranking, DG3

which includes the ligand strain (DG3 = Ecomplex (minimized) -

(Eligand (minimized) ? Ereceptor (from minimized complex)), and DG1

which includes the ligand and the protein strain (DG1 = Ecomplex

(minimized) - (Eligand (minimized) ? Ereceptor (minimized))

Table 1 Self-docking for PGDS dataset using GlideSP

Ligand Top pose First ‘correct’ posea Lowest RMSD pose

RMSD Docking score RMSD Rank Docking score RMSD Rank Docking score

2CVD 2.9 -7.96 – – – 2.06 9 -6.63

2VCQ 0.57 -6.29 0.57 1 -6.29 0.57 1 -6.29

2VCW 0.20 -7.07 0.20 1 -7.07 0.20 1 -7.07

2VCX 0.13 -7.00 0.13 1 -7.00 0.13 1 -7.00

2VCZ 1.17 -6.53 1.17 1 -6.53 0.87 6 -6.25

2VD0 0.64 -8.15 0.64 1 -8.15 0.45 3 -7.97

2VD1 7.64 -5.87 – – – 5.49 4 -5.74

a Lowest ranking pose with RMSD B 2 Å

Table 2 Self-docking for PGDS dataset using GlideSP-EF

Ligand Top pose First ‘correct’ posea Lowest RMSD pose

RMSD Docking score RMSD Rank Docking score RMSD Rank Docking score

2CVD 2.91 -7.94 – – – 2.74 2 -7.69

2VCQ 0.57 -6.24 0.57 1 -6.24 0.57 1 -6.24

2VCW 0.21 -7.07 0.21 1 -7.07 0.21 1 -7.07

2VCX 0.96 -7.01 0.96 1 -7.01 0.12 2 -7.00

2VCZ 1.16 -6.56 1.16 1 -6.56 0.79 6 -6.26

2VD0 8.61 -8.21 0.62 2 -8.10 0.43 3 -7.97

2VD1 7.64 -5.85 – – – 5.27 7 -5.70

a Lowest ranking pose with RMSD B 2 Å
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(out of the nine saved per ligand) is examined versus the

top ranked pose, the results improve somewhat but the

general trends are the same (Fig. 5; Table 1); SP scoring

performs better than XP and the EF sampling does not

significantly improve the results.

A comparison of GlideSP with GlideScore ranking of

poses and GlideSP with Emodel ranking shows no signif-

icant differences (Fig. 4). What is surprising is that the

MM-GBSA re-scoring of the nine docked poses per ligand

markedly decreases the docking accuracy with the fixed

protein and with the partially flexible protein, respectively.

In fact with the flexible protein, the decrease in docking

accuracy is even more pronounced (Fig. 4).

For the cross-dockings of the seven ligands into each of

the other protein structures, the overall docking accuracy is

somewhat reduced over self docking as expected, but the

same trends with the scoring schemes are observed. Using

the 2VD1 protein structure and GlideSP, four out of seven

ligands are correctly docked (Fig. 7). Specifically, using

GlideSP, the top poses for 2VCQ, 2VCW, 2VCX, and

2VCZ are correct, whereas the top poses for 2CVD and

2VD0 have RMSD of 9.57 and 2.67 Å, respectively

(Table 3). For 2CVD, the ligand is flipped because the

2VD1 protein structure cannot accommodate the larger

ligand in the correct position. Attempts to use the Induced

Fit Docking protocol [31] within Maestro 8.5 also failed to

generate a correct pose for the 2CVD ligand in the other

protein structures. For 2VD0, the acid moiety in the docked

Fig. 5 A plot for each self-docking protocol tested of the best RMSD per

ligand versus number of ligands. The RMSD is for the best pose from the

up to nine saved per ligand from each docking run. Results are plotted for

the GlideSP, GlideSP-EF, GlideXP, and GlideXP-EF protocols

Fig. 6 Examples of top poses

identified in self-docking runs.

In each case the X-ray complex

structure is shown colored by

element with protein carbons in

orange and ligand carbons in

magenta, while the docked

ligand pose is colored by

element with carbon in green.

Residues that interact with the

ligand are shown in thick lines
while the GSH cofactor is in

thin lines. In a, the top GlideSP

pose for 2VD0 ligand

(RMSD = 0.64 Å) is shown. In

b, the top GlideSP pose for

2CVD ligand (RMSD = 2.9 Å)

with a portion of the ligand

incorrectly docked is shown. In

c, the top GlideSP pose for

2VD1 (RMSD = 7.64 Å) with

the ligand largely popped out of

the pocket is shown. In d, the

top GlideSP-EF pose for 2VD0

ligand (RMSD = 8.61 Å) with

the ligand flipped is shown
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pose is positioned incorrectly. In this case, for cross-

docking with the 2VD1 protein structure, GlideSP-EF did

correctly dock the 2VD0 ligand with an RMSD of 0.9 Å

(Table 4), resulting in slightly improved performance over

GlideSP. Overall SP performs better than XP and the

expanded funnel does not dramatically improve the results.

Again, for the cross docking GlideSP with GlideScore

versus Emodel ranking did not significantly change the

Table 3 Cross-docking with 2VD1 grid using GlideSP

Ligand Top pose First ‘correct’ posea Lowest RMSD pose

RMSD Docking score RMSD Rank Docking score RMSD Rank Docking score

2CVD 9.57 -5.20 – – – 6.19 7 -3.48

2VCQ 0.77 -6.67 0.77 1 -6.67 0.77 1 -6.67

2VCW 0.43 -7.01 0.43 1 -7.01 0.43 1 -7.01

2VCX 1.05 -6.93 1.05 1 0.48 0.48 2 -6.82

2VCZ 1.51 -6.41 1.51 1 1.14 1.14 3 -6.31

2VD0 2.67 -7.42 0.88 2 -7.37 0.66 4 -7.24

a Lowest ranking pose with RMSD B 2 Å

Table 4 Cross-docking runs in 2VD1 grid using GlideSP-EF

Ligand Top pose First ‘correct’ posea Lowest RMSD pose

RMSD Docking score RMSD Rank Docking score RMSD Rank Docking score

2CVD 9.62 -5.52 – – – 9.62 1 -5.52

2VCQ 0.77 -6.67 0.77 1 -6.67 0.77 1 -6.67

2VCW 0.43 -7.01 0.43 1 -7.01 0.43 1 -7.01

2VCX 1.05 -6.93 1.05 1 -6.93 0.48 2 -6.83

2VCZ 1.51 -6.41 1.51 1 -6.41 1.14 3 -6.32

2VD0 0.90 -7.47 0.90 1 -7.47 0.71 4 -7.28

a Lowest ranking pose with RMSD B 2 Å
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Fig. 7 Histogram of the number of ligands with RMSD value for the

top pose B2 Å (green) and ligands with RMSD [ 2 Å (red) for each

cross-docking run. Results for GlideSP, GlideSP-EF, GlideXP,

GlideXP-EF, GlideSP with Emodel ranking, MM-GBSA re-scoring

with the protein fixed, and MM-GBSA re-scoring with a partially

flexible protein are shown. For the MM-GBSA with the flexible

protein two different energy terms were used, respectively, for the

ranking, DG3 which includes the ligand strain (DG3 = Ecomplex

(minimized) - (Eligand (minimized) ? Ereceptor (from minimized

complex)), and DG1 which includes the ligand and the protein strain

(DG1 = Ecomplex (minimized) - (Eligand (minimized) ? Ereceptor

(minimized))
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results and the MM-GBSA re-scoring of the docked poses

either decreased or did not improve the docking accuracy.

Cross-docking results using the other six protein structures

are similar (see Supplementary material) except that as

anticipated using the 2CVD protein structure (the most

different of the seven protein structures) yielded the

poorest results with none of the other six ligands correctly

docked using GlideSP.

The enrichment of the 24 NMR binders (including the

seven ligands bound in the X-ray complex structures and

Fig. 8 In a enrichment of the 24 PGDS actives out of the *2,000

fragment generic NMR screening library plotted for each of the

docking runs corresponding to the seven PGDS protein structures

(from 2CVD, 2VCQ, 2VCW, 2VCX, 2VCZ, 2VD1, 2VDO), respec-

tively. The heavy black curve corresponds to enrichment obtained by

using the minimum score for each ligand in any one of the seven

protein structures for the ranking. GlideSP was used for the docking.

In b enrichment after MM-GBSA re-scoring of the 2VCZ (dark blue
curve in (a)) poses (up to nine per ligand) with the protein held fixed.

For both a and b, % ranked database is plotted versus % actives

identified and the diagonal line represents the enrichment due to

random screening

Fig. 9 ROC plots of % inactives in the ranked database versus %

actives identified for the PGDS dataset of 24 actives out of the

*2,000 fragment generic NMR screening library. These plots (a–g)

represent the enrichment from each docking run, respectively,

screening with one of the seven PGDS protein structures (from

2CVD, 2VCQ, 2VCW, 2VCX, 2VCZ, 2VD1, 2VDO). In h, the ROC

plot calculated using the minimum score for each ligand in any one of

the seven protein structures for the ranking is shown
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shown in Fig. 1) was investigated for virtual screening with

the different PGDS protein structures. In Fig. 8, the

enrichment of the PGDS actives as a fraction of the ranked

database of screened fragments is plotted for the docking

runs using each of the seven protein structures, respec-

tively. In these standard enrichment plots, the diagonal

represents the expected hit-rate based on a random ranking

of compounds and points that fall above the line display the

enrichment provided by the docking calculation or the

ability of the docking run to identify more active com-

pounds than random screening would. As might have been

expected, the virtual screen using the 2CVD protein

structure, the one that was the most different of the seven,

gave the poorest enrichment. Somewhat surprisingly again,

for the 2VCZ structure which produced one of the best

enrichments based on the GlideScore (Fig. 8a), the MM-

GBSA re-scoring of the three saved poses per fragment

eliminated that enrichment (Fig. 8b).

ROC curves plotting the percent of inactives in the

ranked database against the percent of actives are shown in

Fig. 9 for the seven docking runs; ROC plots are normal-

ized enrichment plots and in this case the two types of plots

are very similar. Also shown in Fig. 9h, is a ROC plot

calculated using the minimum score (the best score) for

each fragment in any of the seven protein structures to rank

the database. The area under the curve (AUC) for the

minimum score plot (0.61) is the average of the worst AUC

(0.54 for the 2CVD run) and best AUC (0.67 for the 2VCZ

run) over the whole set of structures. Thus, the minimum

score plot suggests that for a given target, if a set of

structures were available and there was no pre-existing data

to indicate that one structure would be preferred to the

others for docking, ranking the database by the minimum

score in any one of the structures would be a reasonable

approach to getting enrichment.

The second fragment docking test case presented herein

is for ligase. The 20 K generic fragment library described

above in the ‘‘Methods’’ Section was screened using a high

concentration biochemical assay and 794 actives with

IC50s \ 1 mM were identified (Adam Shapiro, unpub-

lished data). Docked poses were generated using Glide SP

and various sets of hydrogen bond constraints in the AMP

binding site. The effect of the docking constraints on the

enrichment was investigated. Five hydrogen bonds are

made between AMP and the protein in the adenosine

binding pocket of ligase (Fig. 3). The effect of requiring

Fig. 10 ROC plots of %

inactives in the ranked database

versus % actives for the ligase

test case for actives with

IC50s B 1 mM. The

enrichment is represented in a
for the no constraint run, in b
for the run requiring that 1/5

hydrogen bond constraints

(depicted in Fig. 3) be satisfied,

in c for the run requiring that 2/

5 hydrogen bond constraints be

satisfied, and in d for the run

requiring that 1/3 ‘‘hinge-like’’

hydrogen bonds be satisfied
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that 1/5, 2/5, or 1/3 ‘‘hinge-like’’ hydrogen bonds (by

analogy to kinase structures) be satisfied by the docking

poses was studied. ROC plots for the no constraints, 1/5

hydrogen bonds, 2/5, and 1/3 kinase-like hydrogen bonds

constraint runs are shown in Fig. 10. Each of the four

docking runs show some enrichment over random and the

AUCs are very similar for each plot. Somewhat surpris-

ingly the effect of the constraints in this case is minimal.

This could either be because the docking without con-

straints already correctly positions the ligands to make

those hydrogen bonds or because the decoys are equally

likely to be able to satisfy the constraints. X-ray complex

structures with ligase exist for three of the ligands with

IC50s less than 100 lM. For one of the ligands, the

docking with and without the constraints positions the

ligand in a similar way in the binding pocket. For

the other two ligands, the 1/3 hydrogen bonds constraint

runs do not position the ligand correctly because in the

X-ray position the ligand does not make any hydrogen

bonds to the three hinge-like backbone atoms so applying

the constraint in this case forces the ligand to adopt an

incorrect pose.

For the enrichment ROC plots in Fig. 10 all fragments

with IC50s B 1 mM, the highest IC50 possible based on

the assay conditions, were considered as actives. When

only the better actives, those with IC50s B 100 lM, are

considered, in general the enrichment is increased

(Fig. 11). Overall the experimental hit rate from the high

concentration fragment screen was 4.1% (794/19,299). If

based on the no constraint virtual screen only 1% of the

library, or 193 fragments, were assayed, the hit rate would

have been 13.5%. Thus, the enrichment factor (EF) at 1%

of the ranked database was *3.3 for the no constraint run.

This EF increased to 4.2 when only the better actives were

considered. While these enrichment factors are not out-

standing (see Table 5 for EFs for each run), they are

Fig. 11 ROC plots of %

inactives in the ranked database

versus % actives for the ligase

test case for actives with

IC50s B 100 lM. The

enrichment is represented in a
for the no constraint run, in b
for the run requiring that 1/5

hydrogen bond constraints

(depicted in Fig. 3) be satisfied,

in c for the run requiring that 2/

5 hydrogen bond constraints be

satisfied, and in d for the run

requiring that 1/3 ‘‘hinge-like’’

hydrogen bonds be satisfied

Table 5 Enrichment factor at 1% of ranked library for Ligase

Constraints Actives B 1 mM Actives B 100 lM

None 3.3 4.2

1/5 Hbonds 2.7 3.6

2/5 Hbonds 3.4 4.2

1/3 ‘‘hinge’’ Hbonds 3.4 5.4
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significantly better than random and the ligase test case is

particularly difficult. For this test case, a library of 19,299

property-matched fragments was screened and the enrich-

ment of very weak actives was examined.

Conclusions

Fragment-based drug discovery approaches allow for a

greater coverage of chemical space and generally produce

high quality, albeit weak, leads. Virtual and experimental

fragment screening are increasingly being used to create

target-focussed libraries for experimental fragment

screening. This paper represents one of the first published

examples of fragment docking test cases with experimen-

tally validated non-actives as well as actives.

In this paper, the use of nine different docking and scoring

protocols for virtual fragment screening are explored. Gli-

deSP with either GlideScore or Emodel ranking performs the

best of the schemes tested for PGDS fragment docking. Self

and cross-docking accuracy is similar to what has generally

been reported for lead-like molecules (e.g., [32]). Most

surprisingly MM-GBSA re-scoring of docked poses for

PGDS does not improve the self-docking, cross-docking, or

enrichment. Other groups have found that MM-GBSA re-

scoring with binding site minimization can improve docking

accuracy for congeneric series of drug-like molecules (e.g.,

[27]) and for distinguishing known binders from known

decoys for simple, engineered model binding sites (e.g.,

[33]). The results presented in this paper and elsewhere (e.g.,

[34]), however, suggest that success with MM-GBSA re-

scoring may be system dependent.

For the ligase test case, the use of various hydrogen

bond constraints does not significantly improve the docking

performance. For both test cases, GlideSP with default

settings is able to produce enrichment of actives over

random sampling. The enrichment rates obtained for the

ligase test case, especially for the better actives, are within

the ranges reported for virtual screening of drug-like

molecules (e.g., [28, 35, 36]). Attempts to improve upon

this enrichment through the use of more computationally

intensive procedures that are often now routinely applied

either decreased or did not improve the enrichment.

Fragment screening is an emerging area with great

potential for drug discovery. The results presented here

show that virtual fragment screening also has potential and

that even in very difficult test cases it yields results that are

significantly better than random. It is probably fair to say,

however, that fragment-docking protocols have yet to be

fully optimized. Enhancements to the technology specifi-

cally aimed at increasing the accuracy of fragment docking

are needed and may require improved enthalpy and entropy

predictions.
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