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’ INTRODUCTION

Fragment-based drug discovery (FBDD) has received much
attention as a strategy for the discovery of low molecular weight
hits.1�4 Many of these efforts have targeted protein kinases,5�15

usually from the perspective of structure-based optimization
against a single target. The selectivity of the fragments, and the
extent to which this determines the selectivity of the compounds
optimized from these hits, has received less attention.16,17

Whether inhibitors are optimized against a single target or
simultaneously against several, tracking the selectivity profile is
particularly important for kinase drug discovery.18�21 Most
inhibitors interact with the hinge motif within the ATP pocket,
which is highly conserved between members of this family. Lack
of appropriate selectivity is therefore a key obstacle to the
development of compounds with a suitable therapeutic window.
The main consideration is how and when the selectivity profile
should be determined. Fragments are no different from other
starting points in this respect, although it may be supposed that
the smaller the inhibitor the more difficult it may be to achieve
selectivity.17

Both diverse and target-focused fragment sets have been used
as a source of starting points for optimization.9,22�24 We have
assembled a focused screening set of kinase-targeted fragments,
aimed primarily though not exclusively at the ATP-binding
pocket. In the process of ongoing screening, data have been
accumulated that provide insights into the selectivity of frag-
ments and an opportunity to draw some wider conclusions for
FBDD and for kinase drug discovery. To our knowledge, this is
the first detailed discussion of multikinase profiling of a set of
fragment-sized compounds.

Here, we will consider the following questions:
(1) Can biochemical assays be used for fragment screening?

Are any assay formats less prone to interference than
others?

(2) Is a relatively small set of targeted fragments able to
produce useful kinase hits?

(3) Can hinge-binding fragments show kinase selectivity? Is it
helpful to prioritize selective fragments for progression?

(4) What are the selectivity profiles of non-ATP site fragments?
(5) Are atypical kinases amenable to FBDD using a fragment

set designed for typical ones?

’RESULTS

Initial Validation. Having constructed a focused kinase frag-
ment set and checked its integrity (seeMethods), its suitability as
a source of kinase leads was assessed against one target, IkB
kinase β (IKKβ). The set was initially screened against IKKβ in
duplicate at a single compound concentration of 667 μM using a
TR-FRET based assay measuring the phosphorylation of the
IkBR substrate. The reproducibility between replicates was
excellent (r2 = 0.93, Supporting Information, Figure S1). IC50

values were determined for active compounds, and a good
relationship was found to exist between mean single-concentra-
tion and IC50 values. Known IKKβ fragments were detected
among the hits (Supporting Information, Figure S1).
Because of these encouraging results, the set was adopted as

part of the standard lead discovery process for new kinase targets
within GSK. In addition, the set was screened against key
selectivity assays. Hits were confirmed first by IC50 determina-
tion and then by various methods depending pragmatically on
the availability of follow-up screens for the kinase of interest. The
set has delivered leads for multiple kinase targets, for example as
reported recently for PDK1,25 and outcomes for other examples
will be described elsewhere.
Here, we present results from the primary screens from a panel

of 30 kinases (seeMethods).We will first discuss the suitability of
our assays as the primary step in FBDD.
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ABSTRACT: A kinase-focused screening set of fragments has been
assembled and has proved successful for the discovery of ligand-efficient
hits against many targets. Here we present some of our general conclusions
from this exercise. Notably, we present the first profiling results for
literature fragments that have previously been used as starting points for
optimization against individual kinases. We consider the importance of
screening format and the extent to which selectivity is helpful in selecting
fragments for progression. Results are also outlined for fragments targeting
the DFG-out conformation and for atypical kinases such as PIM1 and lipid kinases.
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Assay Considerations. It is recognized that assay interference
can be problematic for some “traditional” biochemical formats.
These may be sensitive to optical interference26 and other non-
specific artifacts27 even at low micromolar compound screening
concentrations. It is a concern that this may be more problematic
at the higher concentration typically used for fragment screening.
Consequently, while some have used biochemical assays as
the primary fragment screen with success,28 others favor the
use of biophysical techniques such as NMR,5,6,29�31 X-ray
crystallography,7,32 and SPR33�35 as alternative technologies
both to detect and to confirm target engagement of fragment hits.
Key to a successful fragment detection assay is high sensitivity,

which results in a low false negative rate, coupled with high
robustness and thus a low false positive rate. In these regards,
NMR is often considered the “gold-standard” technique. NMR
experiments can identify compounds with low % occupancy and
confirm their structural integrity and aggregation state and can
distinguish whether fragments are competitive with known
ligands. However, the relatively high protein consumption, labor-
intensive sample handling, and interpretation make NMR less
ideal for larger compound libraries (>1�5K) and for subsequent
SAR follow-up. One advantage that direct binding biophysical
methods such as SPR and NMR retain over traditional activity or
competition assays is that they are able to monitor binding to all
sites on the protein target even when little is known about target
activity. The corollary to this is that while binders can be found,
their functional consequence may be poorly understood.
Several recent comparative studies using NMR data to define

the “true” hits show that an optimized fragment set, rigorously
validated for solubility and purity, can markedly reduce artifacts
for both biophysical and biochemical assays.36,37 The result is
that both types of assay can be effective if sufficient care is taken
to develop them for high concentration screening. The best
results are obtained if orthogonal assays are used in series or
parallel, be they purely biophysical, biochemical, or a combina-
tion. For kinases, the vast body of structural, chemical, and
mechanistic information and an abundance of biochemical assay
formats make biochemical assays a pragmatic choice for the first
pass of a fragment screening cascade.
Impact of Interference on Biochemical Assay Formats.

Given the perception that biochemical formats may be more
prone to interference than biophysical ones, we have evaluated
the possible influence of format-specific interference in our data
set. Autofluorescence, inner filter effects, and insoluble particles
leading to light scatter are common forms of optical interference
that might be exacerbated by the high concentrations required
for fragment screening (although this may be ameliorated by
the smaller molecule size and higher solubility expected for
fragments). The formats used in this analysis would show re-
sponses to optical interference (apparent inhibition or activation).
Thus, we may predict that if optical interference is a significant
issue for this fragment set, we might see greater than expected
correlation between assays using the same format. The upper left
half of Figure 1 depicts the correlation coefficient r2 between each
pair of assay results. The correlation coefficients are generally quite
low and are not skewed by outlying results (see Supporting
Information Figure S2). Of course, it does not follow that high
correlation must result from interference, especially between
closely related kinases that tend to bind similar compounds.20,38,39

For comparison, the pairwise sequence identity between kinase
domains is indicated in the lower right half of Figure 1. We
consider that the panel consists of kinases of sufficient diversity

that consistently low correlation between assays in one formatwith
each other indicates a low incidence of format-dependent inter-
ference.Wewill now examine each format in turn to determine the
susceptibility of each to interference.
In FP (fluorescence polarization) assays, compound autofluor-

escence gives apparent displacement, whereas light scatter from
insoluble compounds appears as “activation”. Compound absor-
bance at the excitation or emission wavelengths should have no
effect. In Figure 1, the FP assay results can be seen to be more
highly correlated with each other than with the other assay
formats. Five essentially unrelated kinases were screened in this
format (B-Raf, FES, GSK3β, PI3Kγ, and RIP2). It seems unlikely
that the correlation reflects structural similarity between these
remotely homologous targets, so it is more likely due to inter-
ference. All five assays used fluorophores with similar excitation
and emission wavelengths (rhodamine green or fluorescein).
B-Raf, FES, and PI3Kγ used 1 nM fluoroligand (5 times lower than
GSK3β and RIPK2) and show greater correlation of % inhibition.
This may be because, assuming similar intrinsic brightness, assays
running at lower fluoroligand concentration are more susceptible
to interference through autofluorescence and light scatter. Even
though the FP assays appear susceptible to these effects, this is still
relatively uncommon: out of the 936 fragments, only 43 showed
inhibition of >50% in all five FP format screens.
The IMAP (immobilized metal affinity phosphorylation)

format40 is less susceptible to interference than the FP binding
assays despite the same polarization end-point, due to the higher
concentration of fluorophore used. LEADseeker assays41 are
affected by compound absorbance (color quench), but the long
wavelengths mean it is unlikely to see interference from frag-
ments. It was to be expected than these assays would show a
lower internal correlation than FP, and this was found to be the

Figure 1. Correlation coefficients between all pairs of assays are shown
in the upper left half (r2 between percentage inhibition values for all
compounds). The color ranges from white (r2 = 0) to blue (r2 = 1). For
comparison, the pairwise sequence identities over the kinase domain are
shown in the lower right half. The dashed boxes mark assays of the same
screening format. The greatest correlation is between the FP assays in
the top-rightmost box.
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case (Figure 1). Of the 936 fragments, 14 compounds inhibited all
nine IMAP assays by >50%, and 11 inhibited all five LEADseeker
assays by >50%. However, these values are influenced by the
inclusion of closely homologous kinases in the screening panel,
which would be expected to bind similar compounds. This is
especially obvious in Figure 1 for the most closely related pairs,
AurA/AurB and PI3KR/PI3Kδ.
TR-FRET(time-resolvedfluorescence resonance energy transfer)

assays are resilient to interference from compound autofluorescence
because of the time-resolved nature of the readout (compound
autofluorescence is usually prompt). Inner filter effects (absorbance)
can be minimized by taking into account effects on the donor and
acceptor emission. The main interference comes from compound
insolubility that usually appears as apparent activation. As expected
for a set of small fragments with relatively high solubility, the TR-
FRET format output is only weakly correlated between kinases
(Figure 1), suggesting that artifacts in these assays are relatively rare.
The set was also screened against two non-kinases as selec-

tivity assays: β-catenin in TR-FRET format and prostaglandin-D
synthase (PGDS) in FP format. The greatest correlation between
results from the β-catenin assay and any kinase was with the PAK1

IMAP assay (r2 = 0.48). The reason for this is unclear because the
next highest correlation was with the AKT2 LEADseeker assay
(r2 = 0.31). Results from the PGDS FP assay only weakly
correlated with results from any kinase, although the greatest
correlation was with the FP assays (e.g., GSK3β, r2 = 0.37).
The correlation between screens was generally low, suggesting

that the incidence of interference due to the biochemical assay
format was low as a proportion of compounds tested. This finding
suggests that the assay formats are all suitable for use as the first
stage of a fragment screen and that our subsequent analysis of
selectivity profiles using this data is valid. Nevertheless, the FP
format appears more prone to false positives than the others, so
they are probably better avoided for fragment screening if a TR-
FRET assay is available. Whichever format is used, the results
should still be treated with caution and confirmed by other means.
The incidence of putative false positives was not so high that it
would prevent hit triage using another assay, such as the type of
counterscreen for interference often employed in micromolar-
concentration screening27 or the biophysical methods frequently
used in fragment-based lead discovery. For example, to follow up
the PDK1 LEADseeker hits, 18 fragments were tested in an NMR
screen. Only five showed no sign of interaction.25

Kinase Selectivity Profiles.Wewill now turn to the profiles of
kinase fragments, beginning with a detailed discussion of five
(1�5) from the literature (Table 1, Figure 2). The optimization
of these starting points has been reported, but little information
was disclosed about their inhibition profiles. Figure 3 illustrates
the range of different profiles that can be obtained even from
these simple hinge-binding fragments.
Profiles of Literature Kinase Inhibitor Fragments. (1)

Adenine. Even adenine (1) shows distinctly different inhibition
of different kinases (Figure 3, black line). Adenine significantly
inhibited the activity of kinases including ASK1, AurA, ITK,
JAK3, and ROCK1. Unexpectedly, it showed little inhibition of
EGFR, ErbB2, ErbB4, FAK, and RIP2 kinases. Given that this is
the hinge-binding fragment of ATP, it is unsurprising that other
fragments also exhibit distinct profiles.
(2) 2-Anilinopyrimidine. 2-Anilinopyrimidines are among the

most commonly recurring templates in kinase inhibitor medic-
inal chemistry. Despite this, fragment 2 strongly inhibited only
six kinases: Aurora A/B, GSK3β, ITK, JNK1, and SYK (Figure 3,
red line). A literature search identified compounds containing
this fragment as a hinge-binding motif that also have activity
against these targets. Some examples are 2a�c (Figure 4).42�44

Surprisingly, 2 is only a very weak inhibitor of other kinases
that it might have been expected to inhibit more potently. For
example, potent and selective inhibitors of IKKβ and p38R such as
2d and 2e utilize the fragment as their hinge-binding motif. These
have nanomolar-range potency against their respective targets45,46

with ligand efficiencies LE ≈ (�RT ln IC50)/(number of heavy
atoms)47 based upon literature IC50 of 0.38 and 0.34. However,
when our fragments are ranked against IKKβ and p38R, either by
% inhibition or by a ligand efficiency metric (% I per heavy atom),
2 is found well down the list (Table 2). Had hits been chosen to
progress against these targets from this fragment set based on
ligand efficiency alone, it is unlikely that fragment 2 would have
been among them.
(3) 7-Azaindoles. 7-Azaindole 3 has been reported as an

inhibitor of AKT2, CDK5, and GSK3.48�50 In our assays it was
only a weak GSK3β inhibitor, but it efficiently inhibited AurB,
ROCK1, and SGK1 (Table 1; Figure 3, green line). It also
inhibited numerous other kinases at a lower but significant level,

Table 1. Mean Percentage Inhibition Profiles of Fragments
1�17 at Compound Concentrations Listed in Supporting
Information Figure S3a

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

AKT1 20 21 48 24 29 19 19 10 67 17 9 19 6 0 11 0 17

AKT2 7 16 19 12 25 16 14 13 39 8 12 15 0 6 16 9 9

ASK1 88 10 42 31 39 80 52 17 77 1 13 3 9 0 8 9 2

AurA 90 89 36 37 40 84 92 27 96 0 7 27 7 17 0 5 0

AurB 99 97 94 81 77 98 100 22 97 0 0 31 12 12 30 15 6

B-Raf 63 10 19 0 100 20 26 17 55 59 67 71 33 17 8 12 6

EGFR 11 0 0 0 9 0 18 25 36 8 0 4 0 4 0 5 5

ErbB2 3 4 0 0 21 1 9 0 25 0 2 0 0 0 2 5 0

ErbB4 9 15 5 5 17 0 13 0 47 0 0 0 0 0 0 0 44

FAK 5 10 3 3 6 13 7 1 33 0 6 3 4 6 30 6 0

FES 20 35 9 1 100 11 12 14 68 70 3 3 0 6 13 1 9

GSK3β 57 55 21 35 92 34 59 41 66 19 34 19 22 19 11 23 13

IGF1R 44 18 23 24 20 47 15 92 0 5 0 0 1 6 0

IKKβ 22 8 29 15 0 47 65 0 57 0 3 2 0 0 0 0 0

ITK 87 69 44 26 12 41 39 24 94 6 30 0 0 0 0 14 41

JAK3 78 36 53 29 54 72 54 5 74 0 0 0 0 0 0 0 2

JNK1 33 74 15 13 18 34 20 13 83 14 2 4 0 0 0 16 1

MK2 80 24 42 42 54 54 47 24 28 0 24 28 13 16 18 8 7

P38R 24 34 0 14 76 8 14 13 61 42 99 96 64 79 53 42 25

PAK1 19 12 17 0 38 0 14

PAK2 36 3 4 5 17 16 7 3 32 0 0 0 0 5 5 2 4

PDK1 77 27 25 25 35 53 40 17 66 2 15 25 15 8 20 11 9

PI3KR 45 14 16 6 59 22 29 24 86 46 27 40 4 10 11 16 20

PI3Kδ 68 19 22 10 36 19 18 16 90 42 27 41 8 10 11 10 7

PI3Kγ 66 16 20 0 100 10 20 13 70 92 2 9 0 7 9 13 2

PIM1 20 6 6 22 54 21 21 5 89 39 1 19 13 10 12 58 17

RIP2 11 24 5 0 94 11 10 2 69 0 0 7 1 0 0 7 6

ROCK1 80 10 76 80 64 65 46 25 93 0 6 9 7 8 5 3 0

SGK1 76 21 62 75 52 97 63 27 90 0 7 10 8 8 15 17 3

SYK 56 94 27 21 51 25 36 26 86 15 3 20 0 0 87 6 8
a In this table only, apparent % inhibition values of >100% have been
rounded to 100; those of <0% are indicted as 0.
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including IKKβ, JAK3, and AKT1. Compounds containing
7-azaindole hinge-binding groups have been reported as inhibi-
tors of many of these kinases, notably AKT (3a, Figure 5)51 and
SGK1 (3b).52 Encouragingly, 3 ranked 15th out of our hits
against AKT1 when ranked by efficiency (Table 2).
As with 2-anilinopyrimidine 2, the 7-azaindole fragment 3 only

weakly inhibited some kinases that it might have been expected
to inhibit more strongly. For example, 3c and 3d are potent
inhibitors of IKKβ53 and the JNKs,54 respectively, with LEs
(based upon literature IC50) of 0.45 and >0.42. However, when
the fragment set is ranked by% inhibition of IKKβ or JNK1 or % I
per heavy atom, 3 ranks relatively low down the list (Table 2).
(4) 2-Azaindoles (Indazoles). 2-Azaindole (4) has been reported

as a CDK2 inhibitor with IC50 of 185 μM and has featured as a
FBDD starting point for that target.55 CDK2 was not present in our
panel, but 4 also efficiently inhibited AurB, ROCK1, and SGK1
(Table 1; Figure 3, blue line). This hinge-binding fragment was also
used to develop potent AKT inhibitors,56 although 4 was not
especially potent in our assays or highly ranked by efficiency against
AKT1 (Table 2).
Surprisingly, the 2- and 7-azaindoles 3 and 4 show strikingly

similar kinase inhibition profiles (Figure 3, green and blue). Both
bind potently to Aurora B, ROCK1, and SGK1. It is possible that
these kinases respond especially well to very small fragments that

occupy only the hinge-binding region (3 and 4 are among the
smallest in the set). This might be characteristic of AGC family
kinases, which have more lipophilic ATP pockets that are
partially occupied by a conserved phenylalanine side chain from
the C-terminal extension to the kinase domain. Other kinases
that do not bind well to such small fragments may require
additional interactions for potent inhibition.
The above examples highlight the success of our focused

fragment set in finding active, ligand-efficient fragments against
multiple kinases. Other examples included many that are more
efficient than precedented hinge-binding fragments featuring in
optimized, potent, and efficient literature inhibitors. This success
led to a different problem, namely that the numerous hits must
somehow be prioritized for progression. One way to do this
would be to use ligand efficiency as a ranking tool. However, as
we have shown above (e.g., 2 for p38R, 3 for IKKβ, or 4 for
AKT1), potentially valuable hits that could be optimized to very
acceptable compounds with little loss of LE appear some way
down the list of hinge-binding fragments.
Relationships between fragments and leads have been ex-

plored before while focusing on contributions to binding energy,
by decomposing potent inhibitors into their constituent parts.57

Figure 2. Kinase inhibitor fragment structures.

Figure 3. The % inhibition profiles of fragments 1�5 (in assay formats
listed in Supporting Information Figure S3).

Figure 4. 2-Anilinopyrimidine containing inhibitors.42�46
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The study found a roughly linear relationship between molecular
size and the maximum binding energy obtainable within a series,
the gradient of which varied somewhat from target to target. It
does not follow that all starting points are equally amenable to be
optimized, as the slope may also vary from series to series. For
example, a highly efficient fragment may lack a substitution point
permitting elaboration into a pocket that a less efficient fragment
can grow into. Alternatively, elaboration of an efficient fragment
at a given position might be tolerated only at the expense of
compromises, producing nonadditivity of fragment binding
energy such that the whole is less than the sum of its parts. Such
compromises might include changes to the binding mode of the
fragment in its elaborated context.58 Modifications resulting in
unfavorable conformational changes in the protein or more subtle
factors such as altered solvent interactions in the bound complex or
in solution would produce the same effect.
Another potential problem with relying on LE to choose

fragments for progression stems from the conservation of the
kinase ATP site around the hinge. Inhibitors that rely on tight
interactions with this region might have reduced opportunities
for selectivity, in which case the most efficient fragments may not
always be the best to take forward into optimization. Other
considerations (for instance, predicted developability character-
istics, undesirable chemical functionality, intellectual property
considerations, etc.) may also count against the most efficient
hits. While some of these factors may be predictable from the
fragment alone, others such as high clearance or low bioavail-
ability may only manifest themselves in later compounds during
optimization. We also note that the fragments with the greatest
apparent efficiency seem most likely to be biochemical assay
artifacts. For example, in our recent PDK1 example 5 out of 18
compounds showed no trace of interaction by NMR saturation
transfer difference. Four out of these five were among the six
most efficient fragments found.25

It is tempting to consider alternative ways to prioritize fragment
hits. For example, their selectivity profiles could be generated and
themost selective hits prioritized. The next example shows that this
strategy could also be problematic if rigorously applied.
(5) Benzyloxypyridine. Fragment 5 was a 1.3 mM fragment hit

used in a successful case study of structure-based optimization for
p38R.8 In our hands it also inhibited Aurora A/B, FES, GSK3β,
JAK3, MK2, PI3Kγ, and RIP2 to a similar extent (Table 1;
Figure 3, magenta line). Clearly, the fragment has a complex
profile, yet the compounds derived from 5 were selective p38R

inhibitors. The selectivity was introduced by elaboration of the
template (in this case, by growing from the ATP pocket into the
DFG-out pocket).
This example argues against overinterpretation of the selec-

tivity of fragments at too early a stage. Selectivity, like potency, is
context-dependent and can change greatly during modification.
Next, we will discuss the extent to which this is generally the case.
Do Selective Fragments Produce Selective Compounds?

We sought to answer the above question by comparing the hit
rates of our fragments to larger molecules containing those frag-
ments. This is not an easy exercise, as few lead-sized kinase inhibitors
have been screened against the same kinase panel as our fragments.
We opted to use a data set of 577 leadlike compounds screened
against 203 kinases,20 almost 80% of which had molecular weight
under 400.
The fragments were subjected to a cleaning procedure to strip

from them substituents judged to be unfunctional (see Meth-
ods). The lead-sized compounds were then analyzed and the
presence of each of the fragment substructures marked. This
produced a list of 592 matched pairs of lead-sized compounds
and their associated fragment substructures. For the majority of
these pairs, the fragment corresponds to the probable hinge-
binding group of the elaborated molecule. The selectivity of
fragments and their associated elaborated partners was quantified
using a selectivity index (S) analogous to that of Karaman et al.59

(Figure 6).
While some fragments inhibit numerous kinases (high S), many

are surprisingly selective. In general, though, the fragments do have
higher S (are less selective) than the elaborated compounds. This is
as would be expected following the reduced complexity argument
of Hann et al.1 However, it is difficult to conclude from this analysis
that fragments are less selective than larger molecules, since the
panels have different kinase compositions and the choices of
activity thresholds are subjective.
There is no correlation between the hit rates of the fragments

and those of their elaborated partners. Intuitively, it seems sensible
to choose selective fragments for optimization over unselective
ones, all else being equal, in the hope that this selectivity will be
maintained. However, our data suggest that it is not uncommon to
find selective lead-sized compounds based upon unselective frag-
ments (Figure 6, upper left). Equally, unselective leadlike com-
pounds are frequently based upon selective fragments (Figure 6,

Table 2. Estimated Maximum Ligand Efficiencies of 2�4
against Kinases Known To Bind Elaborated Analogues
Efficiently

compd kinase % I a r%I b rEff c IC50
d pIC50

e LE f

2 p38R 34 302 280 >667 <3.2 <0.34

2 IKKβ 8 226 242 >667 <3.2 <0.34

3 AKT1 48 61 15 >400 <3.4 <0.53

3 IKKβ 29 97 71 >667 <3.2 <0.50

3 JNK1 16 445 335 >667 <3.2 <0.50

4 AKT1 24 249 127 >400 <3.4 <0.53
a Percent inhibition. bRank by % I out of 936 fragments. cRank by
efficiency, % I/(number heavy atoms). dA very approximate estimate
of the minimum IC50 (for compounds with <50% inhibition, this is
the screening concentration in μM). eMax pIC50.

fMaximum LE
(1.37 � pIC50)/number heavy atoms).

Figure 5. 7-Azaindole containing inhibitors 3a�d.51�54
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lower right). It seems that the property of selectivity need not be
maintained between fragments and their related lead-sized
molecules. This is not an unexpected result, given the earlier
discussion of the possible causes of nonadditivity in binding
energy for a single target, especially since the differences between
kinases tend to becomemore pronouncedmoving away from the
hinge region.
Another caveat of this analysis is that the lead-sized molecules

were not produced by optimization of the fragments. Such a data
set would be preferable but is not currently available. The influence
of rational design during fragment elaboration may greatly influ-
ence the selectivity outcome. Our results emphasize that, at very
least, careful selection of substituents would be needed to preserve
the selectivity profile of a fragment during optimization. We
will now conclude our discussion of hinge-binding fragments by
examining the relationship between selectivity profile and structure.
Origins of Fragment Selectivity. Fragments must exploit

very subtle differences between ATP-binding sites in order to
obtain their selectivity profiles. If fragments with similar profiles
exploit similar recognition features, then fragments with similar
3D structures should have similar inhibition profiles.
Considering each possible pair of fragments within the set,

two similarity values were calculated (see Methods). The first
(activity similarity) represents the similarity between their activity
profiles. The second (field similarity) is a score in which the 3D
structures of the fragments are overlaid while attempting to max-
imize the similarity between their field points. The resulting score
aims to represent the similarity between ligands from the point of
view of the receptor. As an illustration, similarity scores between
compounds 1�17 are given in Supporting Information Figure S5.
Figure 7 shows the relationship between activity similarity and

field similarity over all pairs of fragments. Dissimilar fragments
(left-hand side, field similarity of e0.3) usually have different
inhibition profiles. The activity similarity increases toward the
right with increasing field similarity. This relationship is exactly as
would be expected, but it is reassuring that it is observed and that
the interaction fields can discriminate between such small frag-
ments. Virtual screening using interaction fields could be a useful
way to find novel fragments with similar profiles to known
starting points. The field approach has been used before to
identify kinase inhibitors60 but is complicated by the need to
consider multiple conformers of each compound. Since small
molecules can adopt few distinct conformers, this approach
would be particularly well suited to fragments.

As apparent from Figure 7, a minority of fragment pairs with
high field similarity scores have dissimilar activity profiles. We
examined extreme outliers from the fragment set (fragments with
high field similarity, yet different inhibition profiles) to see if
these could be explained.
Fragments with High Field Similarity. The 2-azaindole 4

and 6�8 are examples of fragments with high field similarity to
one another (Supporting Information, Figure S5). Unsurpris-
ingly, 6 and 7 have profiles similar to one another (Figure 8a, red
and green lines). The profile of fragment 4 is also broadly similar,
but it shows weaker inhibition of most kinases (Figure 8a, black
line). This illustrates the increased activity arising from the
addition of a simple amino group, which can be interpreted as
the formation of an additional hydrogen bond to the hinge. This
can be visualized by comparing the crystal structure of 4 bound to

Figure 7. Dependence of fragment inhibition profile on field similarity
for pairs of fragments.Figure 6. Selectivity index (S) of fragments (fraction of the 30 kinases

inhibited by 30% or more) vs selectivity index of their associated lead-
sized molecules (fraction of the 203 kinases bound with % control of
<10). This is depicted as a box plot in Supporting Information Figure S4.

Figure 8. (a) Profiles of 4, 6, 7, and 8. (b) Left: X-ray structure of CDK2
with bound 2-azaindole.55 Right: X-ray structure of JAK2 with bound
3-amino 5-bromo 2-azaindole.61 Hydrogen bonds are shown as magenta
dotted lines.
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CDK255 to that of a bromine analogue of 6 bound to JAK261

(Figure 8b). Interestingly, even though this part of the hinge is
similar in most protein kinases, the SAR suggests that this interac-
tion is subtle and is more important for some kinases than others.
Another similar fragment, 8, is of comparable size to 4 but

generally much weaker (Figure 8a, blue). This reflects the
preference for aromaticity rather than an aliphatic ring within
the adenine pocket of all kinases in the panel.
Fragments 9 and 10 are another interesting pair of fragments

with high field similarity. Elaborated compounds containing the
imidazopyridazine fragment 9 have been found active against
several kinases, notably DAPK3. In contrast, the imidazotriazine
10 shows weaker inhibition of most kinases tested in our panel
(Figure 9a). This can be rationalized by referring to the crystal
structure of an elaborated imidazopyridazine in DAPK362

(Figure 9b). If the carbon at the 8-position of the imidazo[1,2-
b]pyridazine core were replaced by nitrogen in this binding
mode, the nitrogen would lie within 3.1 Å of the outer-hinge
carbonyl oxygen of Val96, an unfavorable electrostatic interac-
tion. This backbone carbonyl is spatially conserved across multi-
ple protein kinases, explaining the general trend for lower activity
of fragment 10. There are a few exceptions for which 9 and 10
show similar activity. There is no obvious explanation for this in
B-Raf and FES, but it can be rationalized for p38R, as it is known
that the presence of a glycine residue proximal to the hinge
region (Gly110) can allow sufficient flexibility for the carbonyl to
rotate to point away from inhibitors of this kinase.63 The PI3
kinases also differ from most protein kinases in the space
available to ligands around this region of the hinge.
To conclude this section, fragments have distinct inhibition

profiles that are related to their 3D features so that similar
fragments tend to show similar kinase profiles. When they do
not, the reason for the discrepancy can often be rationalized by

structure-based modeling. This adds further weight to the
interpretation of the single-concentration screening results and
also suggests that field similarity is one valid virtual screening
approach to discover new fragment inhibitors with kinase profiles
similar to that of a known fragment. However, as discussed above,
it is not necessarily the case that such a fragment can be
optimized without altering its selectivity profile.
All of the discussion to this point has concentrated on

fragments that target the hinge region of the ATP site. We will
now briefly discuss our results for fragments intended to bind
elsewhere.
Fragments beyond the ATP Site. Published examples of

kinase FBDD have tended to concentrate on ATP-site fragments,
as does our targeted fragment set. Binding of small molecules
away from the hinge has been reported,65 although usually with
lower efficiency than hinge-binding fragments, and without
reporting cross-kinase profile data. To learn more about frag-
ments binding away from the ATP site, several compounds
thought likely to do this were included in the set.
DFG-Out Fragments. The first report of a fragment conclu-

sively shown to bind outside the ATP pocket of a kinase domain
with submicromolar affinity was a biarylurea binding to the DFG-
out pocket of p38R.66 The DFG-out conformation, involving a
rearrangement of the DFG motif, has been seen in inhibitor-
bound X-ray complexes with several kinases other than p38R,
mainly tyrosine kinases (e.g., c-Abl67 and B-Raf68). Many have
suggested that targeting this pocket should increase the selec-
tivity of inhibitors for these kinases.
Biarylureas or biarylamides are the simplest known substruc-

tures able to take advantage of the DFG-out conformation of a
number of kinases. The selectivity profiles of such fragments
containing the DFG-out pharmacophore have not been reported.
We therefore included a number of biarylureas (11�15) in the
compound set. The results are shown in Table 1 and Figure 10.
The apparent activity of 15 against SYK was unexpected, since
this kinase has not been reported to bind compounds in a DFG-
outmode, so 15was retested in dose�responsemode. The high%
I activity was not reproduced (IC50 > 660 μM, 1 of only 4 out of
58 compounds showing >80% I against SYK that failed to give a
fitted dose�response curve).
As expected, the biarylureas with a 3-substituted aryl ring

(11�14) inhibited p38R and B-Raf. The unsubstituted urea 15
had the lowest p38R activity (Figure 10), consistent with SAR
from elaborated analogues, which require the occupation of a
lipophilic pocket within the DFG-out pocket by a substituent at
the 3-aryl position for potency.69,70 In general, other than those

Figure 9. (a) Profiles of 9 and 10. (b) Crystal structure of DAPK3 with
a bound imidazopyridazine.62 The single hydrogen bond to the hinge
(magenta dotted line) and the 3.1 Å contact between the 8-position and
the Val96 carbonyl (black solid line) are shown. (c) Crystal structure of
PIM1 with a bound imidazopyridazine.64

Figure 10. Profiles of biarylureas 11�15.
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mentioned above, most kinases tested showed little consistent
evidence of inhibition by DFG-out fragments (Figure 10). There
are several possible interpretations of this result. Different
chemotypesmay be needed to stabilize theDFG-out conformation
of these kinases. The biarylamide or biarylurea motif interacts with
all kinases to which they have been seen to bind crystallographically
through structurally conserved catalytic residues, but we note that
the first reported PDK1 and IGF-1R DFG-out binding inhibitors
have quite different chemicalmotifs.15,71,72 Alternatively, the ability
to adopt a low-energy DFG-out conformation may be limited to a
subset of kinases. In some tyrosine kinases, mutation of wild-type
threonine gatekeeper residues to larger amino acidsmay destabilize
the DFG-out conformation.73 Consistent with this, out of the
kinases in our panel apart from p38R and B-Raf, only RIP2 and
the three members of the Erb family have threonine gatekeepers,
while all of the rest are larger. Another possibility is that this confor-
mation may not be accessible to some of the active kinases used in
these biochemical assays, but activity-based screens have fre-
quently been used to detect DFG-out inhibitors of various
kinases.70,74�79 Whatever the reason, these data suggest that for
most kinases in this panel the development of DFG-out
inhibitors may be challenging.
Other Nonhinge Binding Fragments. Compounds bind-

ing primarily in the ATP site can gain considerable affinity and
specificity from interactions in neighboring pockets. An example
from our own p38R work is the cyclopropylamide 16, which
binds into the back pocket and to the DFG motif catalytic
residues without inducing the DFG-out conformation. Elabo-
rated compounds containing the cyclopropylamide fragment
were weaker than analogues containing a DFG-out pharmaco-
phore but were more ligand-efficient and more selective.70

Consistent with this, the fragment showed inhibition of p38R
(Table 1) but was weaker than the DFG-out fragments 11�14,
and binding of 16 to most other kinases was minimal.
Another nonhinge binding fragment included in this set was

the aniline 17. This was included on the basis of observations
that bis-aryl anilines are frequently present in ATP-site kinase
inhibitors.80 Even when lacking the hinge-binding hydrogen
bond acceptor functionality, anilines frequently bind in lipophilic
kinase pockets. For most kinases tested, this simple lipophilic
fragment was too weak to show convincing inhibition (Table 1).
While it did show reproducible inhibition of two kinases, ErbB4
and ITK, the activity is low compared to the hinge-binding
fragments tested.
Finally, we will turn our attention to some of the atypical

kinases in our screening panel. We aimed to determine whether
inhibitors of these would be found within a fragment set targeting
the ATP site interactions of typical protein kinases.
Atypical Kinase 1: PIM1. Numerous hits from the fragment

set were found that inhibit PIM1. This is surprising, since PIM1 is
an atypical kinase with a proline hinge residue, rendering it
incapable of forming the canonical ATP-site hydrogen bond
interaction used as the basis for the design of the compound set.64

In general, fragments that inhibited PIM1 frequently inhibited
other protein kinases. Out of 115 compounds showing g80%
PIM1 inhibition, 89 inhibited at least one other protein kinase
at the same threshold. To exclude the possibility of assay
interference, because PIM1 was screened as an IMAP assay, we
examined the frequency with which these compounds were
active in the 11 TR-FRET assays (which as shown earlier have
little correlation with the IMAP format). Fifty-two compounds
exhibitedg80% inhibition of at least one of these other kinases.

It has been noted before that groups that might be expected to
bind to the hinge of a typical kinase can bind to the opposite side
of the ATP-binding site of PIM1, through hydrogen bonds to the
conserved catalytic residues K67 and E89 and associated water
molecules. A very recent publication reported the identification
of fragments related to cinnamic acid that make the same
interaction via a carboxylate.81 The hydrogen-bonding and steric
requirements for a ligand to bind in this way are similar to those
required for a conventional hinge-binding motif. This has been
seen crystallographically with the imidazopyridazine template,
which binds in different modes to PIM1 and to DAPK362,64

(Figure 9b and Figure 9c). Our results suggest that it might be
very common for conventional hinge-binding fragments to
interact with the catalytic region of PIM1.
Atypical Kinase 2: Lipid Kinases.The kinase panel contained

three lipid kinases, the PI3KR, -γ, and -δ isoforms, that had not
been the subject of FBDD before. While this manuscript was in
preparation, the first report of the discovery of PI3K fragments
was published.82 This study used a molecular docking ap-
proach to select fragments for test against a panel of four PI3
kinase AlphaLISA assays. A detailed discussion of our PI3K
results is beyond the scope of this manuscript. However, we
note the following:
(1) Therewas a high hit-rate against all three PI3Ks (Supporting

Information Figure S3). 156 fragments inhibited bothR and
δ isoforms with 50% or greater inhibition.

(2) The results from the PI3KR assay correlated closely with
those from the PI3Kδ assay (r2 = 0.70, Figure 1), con-
sistent with their close homology. 156 fragments inhibited
both isoforms with >50% I. The correlation between
these isoforms and PI3Kγ was lower (r2 = 0.47 and 0.39,
Supporting Information Figure S2), but these values are
still greater than the correlation coefficient between PI3Kγ
and any other kinase, apart from the others screened in the
FP format.

(3) There was a high incidence of crossover between PI3K
activity and activity against protein kinases. 154 of the 156
fragments that inhibited PI3KR and PI3Kδ with >50%
inhibition also inhibited at least one protein kinase by
50% or more. This number dropped to 152 when the FP
assays were excluded and to 128 when only the 11 TR-
FRET assays (with the lowest potential interference rate)
were considered.

We conclude that despite the differences between the binding
sites of protein and PI3 kinases, both are able to bind an over-
lapping range of fragments. As the compound set was designed
primarily to target protein kinases, it is not possible to say from our
results whether lipid kinases can routinely bind chemotypes other
than those expected to target protein kinases.
To conclude, both PIM1 and the PI3 kinases are highly

tractable targets for FBDD. Fragments designed to bind to the
hinge region of typical protein kinases are rich in potential
starting points for these targets.

’DISCUSSION

The main aim behind the creation of this fragment set was to
discover hits for lead optimization. In this, the approach was
highly successful, with multiple hits found against all kinases
screened. These include targets very different from those en-
visaged when the set was created, and the FBDD approach seems
well suited to atypical kinases such as PIM1 and the PI3 kinases.
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Numerous hinge-binding fragments of typical protein kinases
also bind to these targets, although because of differences else-
where in their ATP-binding sites, we expect that optimization to
selective molecules should be possible.

Here we have highlighted general points of interest learned
from the exercise. First,we gained insights into strategies for fragment
screening and detection. We believe that to gain confidence
to embark on the optimization of a fragment hit, it is important
to demonstrate both target engagement and inhibition of ki-
nase activity. Binding is necessary but may not be sufficient if,
for example, the compound binds to a site with no functional
relevance. Biochemical screens are typically high throughput and
in an industrial setting are generally already in existence for other
hit-finding approaches when a fragment screen is run. Even if
thesemay need to be reconfigured and checked for suitability as a
high-compound concentration screen, the resource required to
screen a fragment set through them is likely to be relatively low.

Therefore, we used a biochemical screen as the first pass in our
fragment cascade, followed by IC50 confirmation. This may have
disadvantages if the biochemical assay is prone to interference,
but the impact of this can be reduced. We have shown that the
degree of interference varies between different screening tech-
niques, and some are quite insensitive to artifacts. Even the assays
with the highest interference rates gave useful hits that could be
triaged readily by a lower-throughput approach. As many of these
artifacts arise from compound fluorescence, biochemical assays
that do not rely on fluorescent readouts (e.g., MS) may provide
an even better solution. Having obtained the biochemical read-
out, lower-throughput biophysical methods were used to confirm
on-target binding of as many of the hits as possible (e.g., an NMR
STD experiment in our PDK1 example25).

Second, we gained experience in prioritizing fragment hits for
progression. It is intuitively attractive to begin to optimize the
most ligand-efficient starting points. However, our set typically
yielded many hits with comparable efficiency, and it is difficult to
say in advance which will retain this during optimization. Potent
literature inhibitors frequently contain hinge-binding fragments
that themselves show only relatively low efficiency for their target.
We therefore found it beneficial to carry as many fragments as
possible through to the biophysical confirmation step.

Confirmed binders then formed the basis for substructure
searches in databases of available molecules. Analogues from
these searches were useful in many ways, from learning about the
SAR of the template to allowing the determination of X-ray
structures when attempts to crystallize the initial fragment failed.
With the SAR information in hand, the chemical tractability of
each template was assessed. To assist in this, information about
the fragments’ binding mode was used in order to consider the
opportunities for making them more potent and selective. When
crystallography is not available, kinases represent a special class
where it is sometimes possible to infer the binding mode with
some confidence using information from related fragments in
other kinases.14,83

Third, we gained insights into the selectivity profiles of kinase
hinge-binding fragments. They show complex profiles analogous
to those of larger inhibitors, so it is not surprising that making use
of this information is complex and difficult to generalize. It is
appealing to prioritize more selective starting points over un-
selective ones. However, one of our findings is that selective
inhibitors can be made from unselective hinge-binding starting
points and that compounds containing selective hinge-binding
fragments are not necessarily selective themselves. From this, it

follows that a given fragment can be used as a starting point for
making inhibitors of multiple kinases. Therefore, one valuable
outcome of fragment profiling is the identification of novel hinge-
binding templates that can form the basis for pan-kinase system-
based arrays of leadlike molecules. It is likely that these will have
properties (selectivity, DMPK, etc.) that are more predictive of
the properties of optimized compounds than the fragments.

We have also learned about the selectivity profiles of fragments
that bind outside the ATP-binding site, especially those targeting
the DFG-out conformation. These inhibited p38R and B-Raf
but not other kinases from our panel. Even if this is due to our
choice of fragments, assay format or the protein activation state,
rather than intrinsic differences between the kinases, it seems that
developing potent and efficient inhibitors that bind in this
manner to the other kinases in our panel might be challenging.

Finally, we note that pairs of fragments with high field similarity
are likely to share similar kinase profiles. This suggests that this
approach might be a useful way to identify novel alternatives with
similar profiles to known fragments.

As with other approaches, fragment-based drug discovery
has been established for some time as a successful strategy for
kinases. The wealth of information available about the binding
determinants for the kinase ATP site makes a focused approach
particularly attractive for this target class. We and others have
demonstrated the broad utility of the strategy to discover starting
points for multiple kinases. Here we have focused on learn-
ings gained from the exercise, and the application of this
approach to specific targets of interest will be the subject of
future publications.

’METHODS

Targeted Fragment Set Creation. The initial purpose for the
creation and screening of this set was to find backup leads for IKKβ.
Focused screening had identified fragment hits that had been success-
fully optimized without the aid of a crystal structure,83 so it was decided
to extend the approach by assembling a set of fragment-sized molecules
targeting mainly but not exclusively the ATP site. This was also made
available for screening against other kinases.

The set was constructed using public and proprietary knowledge
about the kinase system. Briefly, the selection of compounds was carried
out as follows:

(1) A list of plentifully available solid samples was assembled from
the GSK collection and from external suppliers. An initial cutoff
of 25 or fewer heavy atoms was used to reduce the list to a
manageable number. Although step 5 below resulted in most
fragments chosen being much smaller than this, some exceptions
were included through step 6.

(2) A list of >300 filters for reactive or undesirable functional groups
was applied. These substructures were based on the evolving
experience of GSKmedicinal chemists over time and include, for
example, electrophilic groups liable to interact irreversibly with
biomolecules or features that are unstable to storage, which
would complicate interpretation of the results.84

(3) Crude substructure filters were applied to discard structures
without any suitable kinase hinge-binding hydrogen-bond ac-
ceptor functional group. These groups include aromatic nitrogen
atoms, other sp2 ring nitrogen atoms that are not formally
aromatic, phenolic oxygen or sp2 oxygen atoms adjacent to a
ring, and cyclic and acyclic amides. The overwhelming majority
of crystal structures of potent ATP-site inhibitors of typical
kinases show a hydrogen-bonding interaction between one of
these groups and the hinge residue backbone.



5140 dx.doi.org/10.1021/jm200349b |J. Med. Chem. 2011, 54, 5131–5143

Journal of Medicinal Chemistry ARTICLE

(4) A 3D-pharmacophore approach was then used to flag which of
the remaining 18 000 candidate fragments contain a hinge-
binding H-bond acceptor group backed by a hydrophobic ring.
No H-bond donor feature was enforced. Excluded volume
spheres were added to describe the approximate shape of a
generic ATP site. This pharmacophore was used to mark
fragments to help to prioritize their selection in step 5 but was
not used as an absolute filter.

(5) The fragments were clustered by a variety of cheminformatic
methods and examined one cluster at a time, taking account of
the pharmacophore information and the precedent of similar
fragments occurring as hinge-binding groups in kinase crystal
structures. A subjective selection was made taking account of
“rule of three” principles as guidelines.85

(6) A small number of additional fragments not targeted at the ATP
site were added. These include fragments directed at known
allosteric pockets as well as other simple groups lacking the
hinge-binding hydrogen bond. Some of these compounds fall
outside the space recommended by the rule of three guidelines
but were included regardless, as they could provide useful
information.

Set Creation and QC. A total of 1065 compounds were selected
and dissolved in DMSO to 10 mM before being subjected to LC�MS
quality analysis. Compounds not matching the reported structure were
submitted for NMR structural analysis. Compounds with less than 90%
purity by LC�MS were still screened, and indeed some provided hits
that were later validated crystallographically. The data reported here
were gathered over a period of over a year, after which the QC analysis
was repeated. Data from compounds failing QC have been excluded
from this analysis, which only considers the 936 compounds that
retained their structural integrity throughout the entire process.

Properties of the set (MW, cLogP, H-bond acceptor and donor
counts) are shown in Supporting Information, Figure S6.
Assays. Thirty assays using a variety of formats were used: FP

(fluorescence polarization, measuring the displacement of fluorescently
tagged ATP-competitive inhibitors) and activity-based, measuring the
inhibition of phosphorylation, using TR-FRET, IMAP, and LEADseeker
formats. More detailed descriptions of the 30 assays can be found in
Supporting Information Figure S3. Briefly, in all activity-based screens
the ATP concentration was at or below the Km for the kinase.
Compounds were dissolved in buffer to a final concentration of either
400 or 667 μM, and the percentage inhibition or binding was measured.
Percent inhibition values have been used rather than measures of ligand
efficiency,47 as the aim is to compare compounds across different assays.
Full data are given in Supporting Information. For all but one kinase, the
results are expressed as the mean of at least two runs.

The assays were carried out under different conditions, so neither % I
nor ligand efficiency scores is strictly comparable. The activity based
assays were carried out with [ATP] at or below the Km of the kinase, so
they should be roughly equivalent (assuming ATP competition, they
show a <2-fold shift of IC50 relative to Ki following the Cheng�Prussoff
relationship). Binding (fluorescence polarization, FP) assays are gen-
erally run with a slightly larger (3- to 5-fold) shift in IC50 relative to Ki.
Thus, a theoretical ATP-competitive inhibitor screened at a concentra-
tion equal to its Ki against all the kinases in the panel would show
inhibition in the range 20�50% (33% for those with [ATP] = Km). In
this situation, % I values will be very sensitive to small changes in
compound concentration, so small differences will not be significant. As
it is impossible to estimate an IC50 when a compound’s % I values are
close to zero or 100%, nothing can be said about the relative activity of
two such compounds. IC50 values would give a more precise measure of
affinity, but as these are more time-consuming to measure, many groups
carry out kinase cross-profiling at a single concentration before following
up results of interest at full curve. However, because the % I seems to be

fairly predictive of IC50 (e.g., Supporting Information, Figure S1c), the
precision of these results should be sufficient to support our conclusions.
Comparison of Fragments and Lead-Sized Molecules.

Fragments were first cleaned by removing groups judged to be unfunc-
tional. This process removes all halogen atoms and pendent acyclic alkyl
or ether chains. In general there were few such groups in the set, as
fragments containing them were only included if no analogues without
them were available. Removal of such groups was needed because where
they do appear in fragments they frequently occur in positions that are
substituted in the elaboratedmolecules. The resulting cleaned fragments
were used as individual SMARTS input to carry out substructure
searches against the data set of lead-sized molecules using the Daylight
toolkit.86 Hits were then associated with the fragments from which they
were derived. Visual inspection of the hits and the substructures was
carried out to confirm that the fragment was present in the associated
compounds and not masked by inappropriate substitution (so that the
hinge-binding hydrogen bonds were still accessible, for example).
Activity Similarity. The activity similarity score between pairs of

fragments was calculated as follows, in a similar way as in our previous
publication describing lead-sized molecules.20 The profile of each
compound is reduced to a bit string where each bit represents activity
(1) or inactivity (0). Activity is decided using a fixed activity threshold:
results shown are from a cutoff of 30% inhibition, but other values gave
the same conclusions. The activity similarity between a pair of fragments
is the Tanimoto coefficient of the two profile bit strings and ranges
between 0 (dissimilar) to 1 (similar).
Field Similarity. Field similarity scores between pairs of fragments

were calculated as follows. Fragments were built in 3D, with enumera-
tion of tautomers and undefined chiral centers, using LIGPREP.87 Each
structure was compared to every other, using the Fastqmf module of
FieldScreen.88 The greatest score for all combinations of conformers or
tautomers was taken as the similarity score between fragments.
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’NOTE ADDED IN PROOF

Fragment 5 also inhibits leukotriene A4 hydrolase.89


