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Using a Fragment-Based Approach To Target Protein-

Protein Interactions

Duncan E. Scott,” Matthias T. Ehebauer,™ ¥ Tara Pukala,”™ ¢ May Marsh,® Tom L. Blundell,”*’
Ashok R. Venkitaraman," Chris Abell,”” and Marko Hyvénen*™!

The ability to identify inhibitors of protein-protein interactions
represents a major challenge in modern drug discovery and in
the development of tools for chemical biology. In recent years,
fragment-based approaches have emerged as a new method-
ology in drug discovery; however, few examples of small mole-
cules that are active against chemotherapeutic targets have
been published. Herein, we describe the fragment-based ap-
proach of targeting the interaction between the tumour sup-
pressor BRCA2 and the recombination enzyme RADS5T; it
makes use of a screening pipeline of biophysical techniques
that we expect to be more generally applicable to similar tar-
gets. Disruption of this interaction in vivo is hypothesised to

Introduction

Interactions between cellular proteins are crucial to many reg-
ulatory functions, playing important roles in signal-transduc-
tion pathways, apoptosis and DNA repair." Until recently, dis-
rupting protein-protein interactions with small molecules for
chemical biology or the development of therapeutics had
been largely neglected. The identification of small molecules
that interrupt protein—protein interactions presents unique
challenges, mostly due to the nature of the interaction sur-
face.” Proteins often interact across large, relatively featureless
contact areas (~750-1500 A%)™ that lack the grooves, clefts or
pockets that define the small-molecule binding sites tradition-
ally targeted for drug discovery.
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give rise to cellular hypersensitivity to radiation and genotoxic
drugs. We have used protein engineering to create a monomer-
ic form of RAD51 by humanising a thermostable archaeal or-
thologue, RadA, and used this protein for fragment screening.
The initial fragment hits were thoroughly validated biophysi-
cally by isothermal titration calorimetry (ITC) and NMR tech-
niques and observed by X-ray crystallography to bind in a shal-
low surface pocket that is occupied in the native complex by
the side chain of a phenylalanine from the conserved FxxA in-
teraction motif found in BRCA2. This represents the first report
of fragments or any small molecule binding at this protein-
protein interaction site.

Alanine-scanning mutation studies, albeit on a relatively
small number of protein-protein interfaces, have shown that
for some interactions a few surface residues can contribute
most of the binding energy.**’ Computational methods such
as HSPred® are being developed to predict protein—protein
interaction (PPI) hotspots and their druggability. Dr PIAS"® is
a web-based service for assessing the druggability of PPIs, and
ANCHOR™ identifies key “anchor” residues at interacting pro-
tein surfaces. Pocket prediction has been implemented with
algorithms such as Q-SiteFinder™ and was used in a study by
Fuller etal. to demonstrate key differences in the nature of
PPIs and other protein-ligand interactions.""” Hand-curated da-
tabases of protein:protein complexes and their inhibitors, such
as 2P2IDB"? and TIMBAL," have been constructed to facilitate
the specific study of protein—protein interactions. Further to
these, experimental approaches to druggability have been de-
veloped based upon a correlation between the physical prop-
erties of protein pockets and NMR screening hit rates."” The
presence of these “hot-spots” on protein interaction surfaces,
the lack of selectivity of many active-site targeted inhibitors
and the discovery of some potent inhibitors of protein—protein
interactions has prompted a re-evaluation of the druggability
of this potentially rich pool of targets.

There is no general strategy for screening small molecules
that disrupt protein—protein interactions. For example, it is
often the case that there is no enzymatic function related to
the disruption of the interaction, and so activity-based assays
cannot be used. This has focused attention onto the use of
a broad range of biophysical techniques such as NMR spectros-
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copy,""¥ surface plasmon resonance (SPR)"® and X-ray crystal-
lography"” to verify hit compounds.

These are the same techniques as are employed in frag-
ment-based approaches, which have emerged in structure-
based drug design, albeit they are typically used for targeting
enzyme active sites."®'? It is thought that the fragments iden-
tified as hits in a screen will have a weak affinity that reflects
a high intrinsic binding enthalpy overcoming the entropic pen-
alty of binding.”?®?" As such, fragments can be very efficient Ii-
gands and thus provide good starting points for chemical elab-
oration.”? However, given the relatively featureless nature of
protein surfaces and the general weak potency of fragments, it
is not evident that fragments would bind in shallow surface
pockets. One strategy that was adopted to address this prob-
lem was “tethering” disulfides to a covalently modified cysteine
residue suitably located on the surface.”*** The general applic-
ability of tethering is limited in part by the necessity for a suita-
bly positioned cysteine residue with precisely the required ge-
ometry to allow a thiol fragment to explore its optimum inter-
action with the protein, and also by the modest range of disul-
fide fragments that are commercially available.

Noncovalent binding of proteins on protein surfaces has
been detected by 'H,”N or 'H,"*C HSQC NMR experiments, and
has provided invaluable structural information to guide frag-
ment elaboration, that is, in the development of Bcl-X, inhibi-
tors.”™ HSQC NMR screening has also been used successfully
to screen fragments against the bromodomains of PCAF? and
CREB binding protein®®” and against KRas.”® Such NMR experi-
ments require an assignment of the protein spectra from iso-
topically labelled protein, which can be time-consuming and
costly. In addition, the technique is limited to proteins typically
smaller than 30 kDa. Ligand-based NMR experiments such as
CPMG,?” WaterLOGSYE? and STD®" use less protein and are
quicker to run and process. Although used primarily in frag-
ment-based screens against non-PPI targets,®**>” an STD NMR
fragment screen has been reported recently against GTPase
KRas; three fragments that bound in a surface pocket located
proximal to the end of an a-helix motif of SOS were identi-
fied.®®¥ Chung et al. have reported the use of a fluorescence
anisotropy assay to identify fragments that bind to the BET
bromodomains BRD2, BRD3 and BRD4 with approximately
10 um affinity.®¥ In an alternative screening strategy, Parks
et al. have reported a methodology exemplified by the change
in thermal stabilisation of HDM2 to discover antagonists of the
HDM2-p53 interaction."®*"" Although the most potent hits
demonstrated nanomolar affinity for HDM2, these compounds
were relatively large and more akin to hits from a typical high-
throughput screening campaign than a fragment screen.
Fersht et al. have used a thermal-shift screen in conjunction
with a WaterLOGSY NMR screen against a surface cavity that is
present in the Y220C mutant of p53, even though this is not
strictly a protein—protein interaction.”?

Here we present a methodology of thermal-shift screening
and subsequent competitive NMR screens with fragments per-
formed against a protein—protein interaction. Fragment hits
from the initial thermal-shift screen were then biophysically va-
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lidated by isothermal titration calorimetry (ITC), NMR spectros-
copy and X-ray crystallography.

In this work we have targeted the protein—protein interac-
tion between the tumour suppressor BRCA2 and the recombi-
nation enzyme RAD51. The interaction is mediated through
eight repeated peptide motifs, the BRC repeats, found in an
evolutionarily conserved region of BRCA2. Several lines of evi-
dence demonstrate that the BRC repeat-RAD51 interaction is
essential in cells for the repair of DNA double-strand breaks by
homologous DNA recombination, thus engendering cellular
hypersensitivity to radiation and genotoxic drugs.* In vitro,
the 1127-residue region of human BRCA2 that encodes all
eight BRC repeats promotes RAD51-dependent DNA strand-ex-
change reactions.*¥ Recent in vitro evidence suggests that this
arises from the differential effects of the BRC repeats in stabilis-
ing the binding of RAD51 to single-stranded (ss) DNA, whilst
inhibiting the binding of RAD51 to double-stranded (ds) DNA.
These opposing effects mutually reinforce one another to pro-
mote RAD51-dependent strand exchange.***¥ Thus, small mol-
ecules that interfere with the RAD51-BRC repeat interaction
should inhibit DNA repair by homologous DNA recombination,
thereby providing a valuable tool for chemical biology and for
the possible development of therapeutic agents. To date, no
well validated inhibitors or fragments for this site have been
reported, despite its potential therapeutic importance.

Pellegrini et al. have reported the crystal structure of the
fusion protein of human RAD51 joined by a linker peptide to
one of the eight BRC repeats, BRC4 (PDB ID: 1NOW).*¥ The
structure showed that BRC4 utilises an evolutionarily con-
served motif with the amino acid sequence “FXXA” to bind
RAD51. BRC4 is in contact with RAD51 over 28 amino acids,
with well-defined pockets for the side chains of Phe1524 and
Ala1527; this reveals a structural basis for the conservation of
this “FXXA” motif. In addition, RAD51 uses this same motif to
self-associate, forming various oligomeric structures that are
essential for its cellular function. It is worth noting that the
FXXA binding site of RAD51 is unlike the deep a-helix binding
clefts common to some other protein—protein binding sites, in-
stead the FXXA sequence of the BRC repeats binds in a linear
conformation across the RAD51 surface. On the other hand, it
has been suggested that proteins that order a continuous
region of flexible peptide upon binding might be more drug-
gable than proteins that partner with large preformed globular
proteins.”% In either case, the small pocket that binds only the
side chain of the phenylalanine in the FXXA motif represents
a significant challenge for any drug-discovery programme. The
phenylalanine pocket is predicted to be important for ligand
binding,”" and running Q-SiteFinder,"” ANCHOR® and Dr
PIAS”® on the RAD51:BRC4 structure identified the phenylala-
nine pocket as a high-scoring binding site.

Results
Engineering an archaeal surrogate for human RAD51

Given the low potency of fragment hits in general, it is essen-
tial that any screening is carried out against unliganded pro-
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tein with an accessible FXXA binding site. The RAD51-BRC4
complex structure was determined by using a covalent fusion
construct between the fourth BRC repeat of BRCA2 and the C-
terminal ATPase domain of RAD51.”% Several attempts to gen-
erate a monomeric RAD51 by removing the fused BRC4 pep-
tide from this construct or to weaken the self-association by
mutagenesis resulted in highly unstable RAD51 protein. Con-
sequently an alternative strategy using the RAD51 orthologue
RadA from the thermophilic organism Pyrococcus furiosus was
employed. Given its high sequence and structural similarity to
human RAD51 (Figure 1A), RadA was anticipated to be a suita-
ble surrogate for the human enzyme for the purpose of frag-
ment-based inhibitor design. Shin et al. have previously crystal-
lised full-length wild-type archaeal RadA in a oligomeric form
and shown that, when suitably humanised, it can bind BRC re-
peats and form nuclear foci in human cells in a BRCA2-depen-
dent fashion similar to human RAD51.%? Consequently the N-
terminal domain of RadA, which contains the self-associating
FXXA sequence, was removed to prevent RadA filament forma-
tion, and the resulting monomeric protein with an exposed
FXXA binding region was found to be stable and suitable for
screening.

Figure 1. A) Structural overlay of human RAD51 (red) bound to a BRC4
repeat (cyan; PDB ID: TINOW) and wild-type monomeric P. furiosus RadA
(green, PDB ID: 1PZN). B) Highlight of the FXXA binding pocket indicating
the six mutations that were introduced into humanised RadA. The phenyl
group of the FHTA sequence of BRC4 (cyan) is shown in the Phe pocket for
reference.

From a comparison of the crystal structures of RAD51 and
RadA in the immediate vicinity of the FXXA binding pocket, six
key residues were identified that differed between the two
proteins (Figure 1B). Five surface residues Tyr201, Val202,
Glu219, Asp220 and Lys221, which are located around the rim
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of the phenylalanine binding pocket, and Ile169, which forms
the base of the pocket, were all mutated to the corresponding
residue found in RAD51 in order to humanise the binding
pocket. This “humanised” monomeric mutant of RadA is
henceforth referred to as “MAYSAM” RadA. Precise details of
the humanisation will be reported elsewhere (M.M. et al., un-
published results). The dissociation constant of the FHTA tetra-
peptide (FXXA motif of BRC4) for the humanised MAYSAM
RadA mutant was measured by ITC to be (250=+50) pm, similar
to that of wild-type RadA (170 um). The quadruple mutant
“MAYM”, which lacks the E219S and D220A mutations, the side
chains of which point away from the Phe pocket and do not
contribute to the shape of the Phe pocket, was found to crys-
tallise more readily in a form suitable for compound soaking
and was used for all subsequent crystallographic work. As a fur-
ther validation of the surrogate system, crystals of humanised
MAYM RadA were soaked with the tetrapeptide FHTA, and the
structure was determined at high resolution. As expected, the
FHTA peptide bound in the FXXA binding region of the pro-
tein. A superposition of the MAYM RadA:FHTA complex with
the crystal structure of human RAD51:BRC4 complex (PDB ID:
TNOW) reveals a good degree of overlap between the two li-
gands, with similar interactions between the peptide and the
protein (Figure 2). These data confirm that the FHTA tetrapep-
tide can mimic the key interaction between RAD51 and BRCA2,
and that it can be used as a site-specific displacer in fragment
hit validation.

Screening methodology

The principle behind the screening cascade is to prioritise
those biophysical techniques that are quick, cheap and higher
throughput and reserve the expensive and slower techniques
for later in the triage process. This is guided by the desire to
only start chemistry with well-validated hits. Initial screening
results provide basic information about binding, with later
screens having a much higher information content (frontline
X-ray screening at Astex and HSQC NMR screening at Abbott
being notable exceptions).”** The consequence of this priori-
tisation is that, with each round of screening, the pool of com-
pounds decreases, but confidence in the validity of the remain-
ing hits increases. In the methodology presented here, an ini-
tial thermal-shift screen is used to identify a set of compounds
that appear to bind to the protein and to disregard those that
show no effect or destabilise the protein. Aggregating com-
pounds can be spotted at this stage. Clearly, no information is
gathered about binding location or target affinity and, taken in
isolation, a small thermal shift is very weak validation of a hit.
To build confidence in the hits, a much smaller, but enriched
set of compounds is then taken forward into competitive STD
NMR screening. Information about binding location can be
gained through displacement experiments and an estimation
of the K; made from the degree to which a known binder is
displaced. Although STD NMR screens are not immune to false
positives from aggregating compounds, displacement experi-
ments with a well-behaved displacer and control experiments
with no protein should identify these compounds. The nature
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Figure 2. A) FHTA binding to MAYSAM RadA measured by ITC, K;=

(250 +50) pm. B) X-ray structure of FHTA (yellow) in complex with MAYM
RadA (PDB ID: 4B3B). MAYM RadA was superimposed on human RAD51
(INOW) and the BRC4 peptide backbone, shown as a cyan ribbon, with the
Phe1524 and Ala1527 side chains shown as sticks.

of the subsequent ITC experiments means they are much
more resilient to false positives from compound aggregation.
Therefore, this increasingly validated set can be taken through
to ITC to quantify the binding constant directly at the expense
of relatively large amounts of protein and time. Performing ITC
experiments in competition mode also increases confidence in
the binding pocket hypothesis. Finally, a collection of com-
pounds that have shown good behaviour throughout the bio-
physical screening process is generated, and their structures in
complex with the protein are then solved by X-ray crystallogra-
phy. This provides the definitive evidence that the compound
is well behaved and crucially identifies the mode of binding.

Thermal-shift screening

The first step in the biophysical screening of the fragment Ii-
brary was a thermal-shift screen against the MAYSAM mutant
of RadA. Briefly, the technique works by monitoring the ther-
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mal unfolding temperature (T,,) of the protein by using an en-
vironmentally sensitive dye that fluoresces when the protein
unfolds.*" A compound that binds to and stabilises the protein
will cause an increase in the melting temperature. The thermal
shift, AT,, is calculated as the difference between the T,, of the
protein incubated with the fragment and the T,, of the apo-
protein control. A total of 1249 fragments were screened
against the humanised MAYSAM RadA protein in 96-well
plates. One fortuitous consequence of introducing the six hu-
manising mutations was to lower T, from >95°C for the wild-
type RadA to 81.0°C for MAYSAM RadA, thus facilitating ther-
mal-shift screening as complete denaturation curves can be re-
corded. A positive shift in the melting temperature of the pro-
tein in the presence of a fragment was interpreted as the for-
mation of a more stable protein:ligand complex. One advant-
age of thermal-shift screening is that negative thermal shifts
indicate fragments that denature the protein and so can be re-
jected from further analysis.”” In kinetic- or competition-based
assays, such as fluorescence polarisation with labelled reporter,
such compounds would appear as false positives.

From the fragments screened, 96 compounds were disre-
garded during the analysis as they produced complex thermal
melting profiles, presumably arising either from optical inter-
ference in the assay or compound insolubility and aggregation
problems. The majority of fragments, 60%, caused no signifi-
cant shift (between —0.5 and +0.5°C) of the protein T, and
22% gave a AT,, more negative than —0.5°C. A shift of greater
than 1°C (two standard deviations) was considered as a hit.
Ranking these hits by AT, the top two fragments were found
to share a common indole core. These were 5-hydroxyindole
(1) and 5-methylindole (2), which gave thermal shifts of +2.0
and +1.5°C, respectively (Figure 3).

Biophysical fragment validation of fragments 1 and 2

The ability of the fragments 1 and 2 to bind to the MAYSAM
RadA protein was demonstrated by saturation transfer differ-
ence (STD) NMR spectroscopy experiments. For example, frag-
ment 1 produced no proton signals in an STD NMR spectrum
in the absence of protein but produced strong signals in the
presence of protein, thus indicating binding (Figure 4). These
signals were greatly reduced upon addition of the RadA N-ter-
minal oligomerisation peptide (Ac-NLGTFMRADEYLKKR-NH,, Kj
against MAYSAM RadA=3.3 um, Figure S1 in the Supporting
Information), thereby suggesting competition with a common
binding site. To quantify the binding of each fragment, the dis-
sociation constant Ky was measured by ITC. Both 1 and 2 were
found to bind with a K; of 2.1 mm (Figures 4 and S2). These
are typical affinities for fragment binding; their ligand efficien-
cies of 0.36 kcalmol™' were also encouraging. In order to pro-
vide further evidence for the binding site of the fragments,
competition experiments were performed by ITC. A titration of
FHTA against protein preincubated with 5mm fragment
showed no binding of the peptide; this suggests competition
between the two ligands. Conversely, a titration of ATP against
protein preincubated with 5 mm fragment showed no effect
on ATP binding at the distal ATP binding site (Figure S3). These
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results together with the thermal
shifts and STD NMR spectrosco-
py experiments provide evi-
dence that the fragments are
behaving competitively with the
FHTA ligand for the protein
binding site, and not behaving
as general denaturants. To gain
further insight into the binding
of the fragments, both were
soaked into crystals of human-
ised MAYM RadA.

The 5-hydroxyindole  frag-
ment 1 is found buried in the
hydrophobic phenylalanine
pocket, packing particularly
closely against the side chains of
Met169, Ala218 and Met221 (Fig-

D)

75

7.0

A1y (Ppm)

6.5 6.0

Figure 4. Biophysical validation of fragment hit 5-hydroxyindole 1 by A) ITC, K;=1.9 mm and B) STD NMR spectroscopy; from top: 'H NMR of aromatic region
of 5-hydroxyindole, STD experiments in the absence of protein, with MAYSAM RadA and upon addition of 100 um oligomerisation peptide. C) Crystal structure
of 1 (orange) bound in the phenylalanine pocket of MAYM RadA, with the FHTA peptide (green) overlaid. D) Cross-section through the FXXA binding site

with 1 shown as a space filling model.
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ure 4C and D). Towards the base of the pocket, the indole NH
forms a hydrogen bond with the backbone carbonyl of Ala201.
The 5-hydroxy group makes two hydrogen bonds to the side
chain of GIn217 and a water molecule coordinated to the
backbone of Met221 and GIn217. The fragment is anchored at
both ends by hydrogen bonds, with the indole scaffold contri-
buting hydrophobic interactions with the pocket in addition to
rigidly presenting both the indole NH and hydroxyl group to
the protein in the suitable geometry. Interestingly, replacement
of the 5-hydroxy group by a methyl group, as in fragment 2,
makes the indole core flip in the pocket to orientate the
methyl group away from the water molecule, which remains
bound in the crystal structure by residues Met221 and GIn217,
rather than being displaced. The indole nitrogen proton forms
a hydrogen bond with the backbone carbonyl group of
Leu214.

STD NMR screening

Ideally when advancing a fragment programme, it is desirable
to identify a collection of fragments that present a variety of
chemical scaffolds, vectors for fragment growth and physico-
chemical properties. Having characterised the binding of the
indoles identified by thermal shift as specifically accessing the
surface phenylalanine pocket of humanised MAYSAM RadA,
a competitive STD NMR screen was devised to identify further
fragments that competed directly for this pocket. It was decid-
ed to use 5-hydroxyindole (1) as a “reporter” ligand and to
monitor the STD NMR signals in the presence of the
humanised protein, and the degree to which the can-
didate fragments could compete with the Phe
pocket by the decrease in the STD signals of 1. The
tetrapeptide FHTA was also considered as a reporter
molecule, but the coupled proton system of the
phenyl moiety gave a weaker spectrum in STD ex-  B)
periments than did 1. The H-3 and H-4 proton signals
of the reporter molecule were largely distinct from
the competing fragment peaks and could be moni-
tored conveniently (Figure 5). A clear advantage of
performing this STD screen as a series of competitive
experiments with a known fragment 1, rather than as
direct STD experiments of candidate fragments to
apo-protein, is that the degree of displacement of D)
1 allows the relative affinity of the competing frag-
ment to be easily ranked and a crude estimate of Ky
to be made.’™ It would not have been possible to
confidently rank hits from a STD screen performed
without a reporter ligand due to the variability of
STD response arising from the compound-dependent
kinetics of binding, binding mode and spin diffusion
properties. In addition, the competitive STD screen

E)

displaced and recording STD spectra for every experiment in
the absence of protein allows aggregating compounds to be
readily identified. Finally the experiments potentially allow the
detection of cooperatively binding fragments or fragments
bound in other pockets by observing the emergence of new
signals corresponding to the screened fragment but with no
concomitant change in the STD signals of 1. A small library of
42 compounds was selected for STD screening; it comprised
fragments designed to investigate structure-activity relation-
ships around the indole core and other fragments that showed
a weakly positive AT, of less than 1.0°C in the prior thermal-
shift screen. Each compound was screened at 1 mm as a single-
ton in the presence of fragment1 and the humanised
MAYSAM RadA protein. Control competitive STD experiments
with FHTA demonstrated that the binding of indole 1 was
completely abrogated by the tetrapeptide to baseline levels,
similar to the control spectrum obtained in the absence of pro-
tein.

Most fragments screened had no significant effect on the
signals of ligand 1, for example, 3-aminoaniline (3, Figure 5C).
One of the most potent hits, 4-methylester indole (4), caused
a 60% decrease in the H-3 signal of 1, and new peaks indicat-
ing binding of 4 were also observed (Figure 5D). Indazole 5
was seen to produce a 55% decrease in the H-3 signal of
1 (data not shown). In all cases the controls of the fragment
singletons and 1 showed no significant STD response in the
absence of protein. The two fragments identified from this STD

H2 H4 H3

Heé HO.
N _y2
H® N

B G A A

&MWWWNW\MMMWWW

%g%

answers a specific question about the location of
binding, which was of interest, as well as defining
the threshold of potency to find compounds that
were at least comparable to, if not better than, the
reporter ligand in terms of potency. The use of
a well-behaved reporter ligand that can be cleanly
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Figure 5. Example results from the first STD screen. A) '"H NMR spectrum of “reporter”
ligand 1. STD spectra of 1 in the presence of MAYSAM RadA protein (B) and in compe-
tition with C) 3-amino aniline 3, D) 4-methyl ester indole 4 and E) tetrapeptide FHTA.
F) Control STD spectrum of 1 in the absence of protein.
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screen (hit rate ~5%), 4 and 5, were confirmed by
ITC and the K values measured as 1.3 and 1.0 mm,
respectively, Table 1.

Following on from the initial STD screen, a second
competitive STD screen was performed with a larger
set of fragment-like compounds. 4-Methyl ester
indole (4) was chosen as the reporter ligand rather
than fragment 1. The increased potency of 4 as com-
pared to 1 sets the dynamic range of the experiment
such that the potency required to displace 4 is in-
creased, excluding more weakly binding fragments.
In total, 120 compounds, selected from a combination
of in silico screening and inspection of commercially
available fragment-like compounds, were screened in
60 cocktails of two. The H-3 and H-5 protons of 4
were distinct from observed new STD signals and
could be monitored to quantify the percentage dis-
placement of 4 in order to rank the cocktails. As an
example, the cocktail comprising 2-aminobenzothia-
zole (6) and 2-amino-6-chlorobenzoxazole (7) pro-
duced a 40% decrease in the STD signals of 4 and
the appearance of peaks corresponding to 2-amino

A H5 H7 Ha MeO O
m H3 s 5
He n Hﬁg’uz
H® N
H’ H 4
AP s WA A S A
| -
S—NH,
B) * A) + s 6
% Cl o)
T
N7
Rt ‘ e N,
) A) + FHTA
A Al MMWWWVWW
D)
e o T O T e (1 e P S R
8.‘0 7!9 7f8 7‘.7 7!6 7i5 714 7?3 7!2 711 710 GI.Q 6‘.8
01y (pPm)

Figure 6. Example results from second STD screen. A) STD spectra of 4 in the presence of
MAYSAM RadA protein. B) Displacement of 4 and binding of fragment 6 upon addition
of a cocktail comprising 2-aminobenzothiazole (6) and 2-amino-6-chlorobenzoxazole (7).
Blue asterisks indicate new signals from binding of fragment 6. C) Control displacement
with tetrapeptide FHTA. D) Control STD spectrum of 4 with cocktail and no protein.
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Table 1. Summary of fragments identified from the screening pro-
gramme by a methodology pipeline of thermal shift and STD NMR
screening. benzothiazole (6, Figure 6B). The identification of 6 as the
active component was confirmed by performing ITC titrations
Compound Screening K [mm] LE®  LLE® . . . .
technique with each compound against the humanised protein. A Ky of
730 pm was measured for fragment 6, but binding was not
ACFHTA-NH, - 0.21 01469 observed for 7; this is consistent with the results of the NMR
HO screen (Figure S4). In each case, deconvolution of cocktail hits
1 m TS 21 036 15 to identify the active component was achieved by individual
” ITC titrations of the cocktail members against protein. In total,
A four new fragments were identified in this second STD screen:
2 N TS 2.1 036 06 6, L-methylester tryptophan (8), naphth-1-ol (9) and naphth-2-
H ol (10).
MeO__O
4 & STD NMRY 1.3 030 15 Discussion
N
H For each fragment identified and validated by this methodolo-
Q , a crystal structure in complex with the humanised MAYM
N 9y, y
5 N STD NMR 1.0 046 1.2 RadA protein was solved to confirm the binding of that frag-
: ment in the Phe pocket (Figure 7). With the exception of frag-
6 @[ H—NH;, STD NMRY 073 043 07 ment 10, all of the fragments identified by the STD NMR
s screen make a hydrogen bond with the backbone carbonyl of
y Leu214, in a similar fashion to indole 2. From the crystal struc-
8  L-methyl ester tryptophan  STD NMRY  0.57 028 27 o
ture of 9 bound to the protein, it is clear that the hydroxy sub-
OH stituent at the 2-position of fragment 10 would not be tolerat-
9 STD NMRY 043 042 05 ed in the bottom of the pocket if 10 bound in an analogous
OO manner to 9. Instead 10 is positioned with the hydroxy group
OH projecting to the solvent, in a vector towards the alanine
10 STD NMRY 046 041 07 pocket. Indazole 5 forms a hydrogen bond with the side chain
of GIn217, in addition to the interaction with Leu214. The
[a] Ligand efficiency. [b] Lipophilic ligand efficiency. clogP calculated in methyl group of the ester of 8 displaces a water molecule
ChemBioDraw Ultra 12.0. [c] Screen performed with fragment 1 as a re- bound to Met221 and GIn217 that is normally present in apo
porter ligand. [d] Secondary screen performed with fragment 4 as a re- and other liganded structures and might contribute a favoura-
porter ligand. . . L
ble entropic term to its binding energy.
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Figure 7. Side view through the Phe pocket of crystal structures of validated fragments
and FHTA in complex with MAYM RadA A) Indazole (5), B) 4-methylester indole (4),

C) naphth-1-ol (9), D) naphth-2-ol (10), E) L-methylester tryptophan (8), F) 2-aminobenzo-
thiazole (6), G) 5-hydroxy indole (1), H) 5-methyl indole (2), I) FHTA tetrapeptide. Weight-
ed 2mF,—DF, electron density maps of the partially refined structures before inclusion of
the ligands.

An overlay of the FHTA and fragment complexes with MAYM
RadA reveals that the majority of side chains and backbone
atoms in the vicinity of the phenylalanine pocket show little
variation in conformation. However, the side chain of GIn217
adopts a variety of conformations. Comparing the crystal struc-
tures of FHTA and 6 bound to humanised RadA, the Ca of
GIn217 is seen to shift by 1.7 A, bowing the o-helix slightly
and widening the Phe pocket to allow 6 to bind and make
hydrogen bonds to both Leu214 and GIn217. It is not known
what the energetic costs to the binding energy of such side
chain and helix movements are; however it is supposed that
a single conformation is induced by the ligand from a distribu-
tion of relatively low energy conformers of this side chain. In-
terestingly, the six-membered ring of the indole fragments and
indazole superimpose very well with the most buried ring of
the naphthol fragments. Only fragment 6, in which the shape
of the Phe pocket is changed, is not superimposable in this set
of fragments; this potentially offers different vectors for chemi-
cal elaboration to the other fused 5-6 bicyclic heterocycles
identified. In general, the high degree of structural overlap of
the fragment scaffolds might mean that a successful strategy
to grow one fragment could be expected to be analogously
applied to another fragment.

In the crystal structures in complex with the fragments, a
water molecule mimics the tetrapeptide by forming hydrogen
bonds to the backbone amide of Tyr202 and is displaced when

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FHTA binds. The tetrapeptide also forms other hydro-
gen bonds between the backbone alanine nitrogen
and the carbonyls of Leu197 and 1le200. Therefore,
one strategy is to target these interactions by grow-
ing out from the fragment. A small hydrophobic
group might then be positioned in the alanine
pocket. There might also be potential for a m-stack
on the phenolic ring of Tyr202 or interaction with the
His210 side chain.

Thermodynamic analysis of fragment binding

The K, values determined by ITC, the thermodynamic
parameters and the corresponding ligand efficiencies
(LE) and lipophilic ligand efficiencies (LLE) for FHTA
and all the fragments identified are summarised in
Table 1. For these weak affinity ligands, it has been
proposed that reliable measurements of AG can be
obtained by ITC but that estimates of AH and there-
fore AS must be treated with some caution.”” An en-
thalpy/entropy compensation effect is observed for
the fragments, as increases in AH appear partly offset
by increases in —TAS. It is therefore difficult to inter-
pret and relate the structural information to the ther-
modynamic and K, data. Interestingly, the FHTA tetra-
peptide has a comparable AH to fragments 1 and 2
but a favourable entropic contribution to binding,
possibly from displacement of surface-bound waters
around the alanine pocket.

Potency, LE and LLE are useful drivers in deciding
which fragments to chemically elaborate. Ligand effi-
ciency is defined as the Gibbs free energy of binding divided
by the number of non-hydrogen atoms.*™ A high LE is pre-
ferred, typically greater than 0.3. Polar fragments to which lipo-
philic groups can be attached are also favoured, so as to
ensure the best chance that an elaborated fragment series
does not become too hydrophobic. The LLE metric attempts
to capture some penalty for hydrophobicity by subtracting
log P from the pKjy or plCs,, a higher LLE value indicating more
potency for less lipophilicity.®" It is interesting to note that, of
the fragments identified, tryptophan derivate 8 has the lowest
LE (0.28) and possesses the highest LLE of 2.7. Conversely,
solely on potency and LE, naphthols 9 and 10 look attractive
but score poorly on LLE. On this basis alone, the synthetic
elaboration of fragment 8 to a lead series might be more tract-
able than that of naphthols 9 and 10.

Conclusions

We have performed a thermal-shift fragment screen by using
a surrogate protein designed to emulate the interaction site of
the BRC4 repeat of human BRCA2 on RAD51. We have been
able to identify efficient low-molecular-weight fragments that
bind on the protein surface at the FHTA interaction site. The
very low hit rate of ~0.2% in the thermal shift screen, as com-
pared to similar screens conducted against enzyme active
sites, is indicative of the challenges inherent to this type of
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target site. The top two hits from the screen were validated by
biophysical techniques, and the crystal structures in complex
with the protein were solved; these suggested suitable vectors
for future chemical elaboration.

One of the fragments identified, 5-hydroxyindole (1), was
subsequently used as a probe in a competitive STD NMR
screen that identified other fragments competitive for the Phe
pocket and enabled the relative potency of the fragments to
be ranked. This provided a further small-molecule probe for
a second, larger NMR screen. A panel of fragments was identi-
fied and further validated by ITC, and crystal structures in com-
plex with the target protein were determined. In retrospect, it
is noteworthy that the initial fragment 1 showed specific bind-
ing behaviour in STD NMR experiments and that such a mod-
estly potent fragment could be used effectively to identify fur-
ther hits.

All the fragments identified were found to bind in a small
pocket on the surface of the protein in a fragment “hotspot”
that naturally accommodates only the benzene ring of phenyl-
alanine in the FXXA motif. For such a shallow binding pocket,
it is somewhat surprising that the discovered fragments were
able to bind with typical fragment affinities of low mm and
that they possessed good ligand efficiencies of between 0.28-
0.46, thus providing promising starting points for fragment
elaboration. For these reasons, it is encouraging that other tar-
gets with similarly shallow binding sites might also be amena-
ble to fragment screening. The use of a stabilised protein sur-
rogate might also be a useful general tool for generating
stable monomers, particularly in the field of protein—-protein in-
teractions in which it might not always be possible to study
and screen unpartnered apo-proteins. The methodology of this
screening and biophysical validation pipeline is hoped to be
more generally applicable to interrogating other protein—pro-
tein interactions, and to expanding the toolbox of techniques
available to identify fragments for this challenging and under-
exploited set of targets. In conclusion, investment in a platform
of orthogonal biophysical assays and screens is crucial for pro-
gression into a programme of medicinal chemistry. The elabo-
ration of poorly validated hits not only has a high likelihood of
failure, but without a variety of robust assays in place, the risk
of being misled by badly behaving compounds increases.

Significance

Protein-protein interactions remain a difficult and unexplored
source of targets for future drugs. So far only a subset of these
interactions has been considered druggable; they are based
on deep hydrophobic a-helix-binding channels or clefts. In this
work, however, we have taken inspiration from the interaction
between the recombinase RAD51 and BRCA2, which is charac-
terised by shallow phenylalanine and alanine binding pockets
that interact with the conserved FXXA motif in interacting
partners. A small molecule to abrogate this interaction could
have applications in sensitising tumour cells to DNA damaging
agents. By creating a stable monomeric form of RAD51 by hu-
manising a related orthologue, a robust methodology of solu-
tion-based biophysical screens and X-ray crystallography was

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

created to discover a series of heterocyclic fragment hits. De-
spite the shallow nature of the binding site, it was possible to
identify several fragments that had potencies typical of frag-
ments reported in the literature and that possessed very en-
couraging ligand efficiencies. Although this stage represents
a starting point for fragment elaboration, future work should
enable the development of these fragments into more potent
lead molecules. In general, the ability to bind fragments in
such shallow surface pockets adds confidence that similar PPIs
can be successfully targeted by using fragment-based meth-
ods, thus expanding target space for small-molecule inhibition.

Experimental Section

Thermal denaturation assay: The thermal-shift denaturation assay
was performed on an iCycler iQ Real Time Detection System (Bio-
Rad) in 96-well iCycler iQ PCR plates sealed with optically clear lids.
The fluorescent dye Sypro Orange (a red-shifted dye used to mini-
mise any optical interference from the fragments, Life Technologies
Ltd., Paisley, UK) was used to report protein unfolding.”” In a total
volume of 100 pL, each well contained the MAYSAM RadA mutant
(6.3 um), 2.5x Sypro Orange, Tris (20 mm, pH7.5) and NaCl
(100 mm). Fragments were used at a final concentration of 5 mm in
5% DMSO. Prior to use, the plates were spun for 2 min at
2000 rpm to remove air bubbles and solution from the lids. The
plates were heated from 25 to 95°C at a rate of 0.5°Cmin~". The
fluorescence was monitored continuously with 1,,=490 nm and
Aem="530 nm. To determine the thermal denaturation temperature,
T for each well, the minimum of the negative derivative of the
thermal melting curve was found. AT, was calculated as the differ-
ence between the T, of the protein/fragment mixture and that of
a 5% DMSO protein control.

Isothermal titration calorimetry: ITC experiments were performed
at 25°C on a MicroCal ITC-200 (GE Healthcare). Humanised RadA
(600 um) in 2-morpholinoethane sulfonic acid (MES, 20 mm,
pH 6.0), NaCl (100 mm) and EDTA (0.5 mm) was diluted with Tris
(200 mm, pH 7.5) containing NaCl (100 mm), and DMSO was added
to match the ligand solution. Fragments in DMSO were diluted
into the same buffer to give a final concentration of 10-15 mm
ligand in 10% DMSO and buffer. Care was taken to ensure that the
DMSO concentrations in the protein and ligand solutions were well
matched so as to avoid artefacts arising from heats of dilution of
DMSO. In a typical experiment, protein (60 um) was loaded in the
sample cell, and 16 injections (2.4 pL) of 4.8 s duration were made
at 80 s intervals from a syringe loaded with ligand (10-15 mm) and
rotating at 1000 rpm. In all titrations, an initial injection of ligand
(0.4 pL) was made and discarded during data analysis. Control titra-
tions of ligand to buffer were performed and subtracted from the
ligand-to-protein titrations. The thermodynamic parameters were
obtained by fitting the data to a single-site-binding model by
using Origin software and fixing the stoichiometry as 1.0 for weak
binding ligands.>*¢?

Saturation-transfer difference NMR spectroscopy: Samples for
competitive STD NMR experiments were prepared typically with
fragment(s) (1 mm) in 1% DMSO, [D,13-(trimethylsilyl)propionic
acid as an internal standard (20 um), D,O (10%, v/v), with and with-
out protein (20 um). Each sample was made up to a final volume
of 200 pL with Tris buffer (20 mm, pH 7.5) and NaCl (20 mm) in
NMR tubes of 3 mm diameter (Hilgenberg, Malsfeld, Germany). A
peptide concentration of 50 um was used in displacement experi-
ments with the RadA oligomerisation peptide. The experiments
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were performed on a Bruker Avance 700 MHz Ultrashield with a
TXI cryoprobe equipped with a BACS-60 autosampler.

Crystallography: C-terminal ATPase domain of P furiosus RadA
(residues 108-349, with deletion of the “L2" loop residues 288-
301) was expressed in the BL21(DE3) strain of E. coli under isopro-
pyl-B-p-thiogalactopyranoside (IPTG)-inducible pBAT4 vector.®® The
soluble fraction of cells, lysed in MES (50 mm, pH 6.0), was heated
at 65 °C for 10 min to denature most of the E. coli proteins. Soluble
supernatant was purified on a 5mL HiTrap Sepharose SP HP
cation-exchange column at pH 6.0. The main peak fraction was
concentrated and further purified by gel filtration on a Superdex
75 16/60 HiPrep column equilibrated with MES (20 mm, pH 6.0),
NaCl (100 mm), and EDTA (0.5 mm). Pure protein was concentrated
to 0.5mm and flash frozen in liquid nitrogen. The MAYM RadA
mutant was crystallised with 6-12% PEG 1000 and Na/K phosphate
(100 mm, pH 5.6-6.2) by the vapour-diffusion method. The frag-
ments were soaked into the crystals of MAYM RadA for 15-20 h at
100 mMm concentration in 8% PEG 1000, Na/K phosphate (100 mwm,
pH 6.2), 20% glycerol and 10% DMSO. The crystals were flash
frozen in liquid nitrogen in the same solution for later data collec-
tion. Data were collected at ESRF and Diamond synchrotron radia-
tion sources, then processed by using the XDS package; structures
were solved by using programs from the CCP4 package.® Models
were iteratively refined and rebuilt by using Refmac5,%® Phenix®®
and Coot™ programs. Fragment coordinates were generated from
SMILES strings by using the OpenEye software package, and re-
straints for crystallographic refinement were calculated by using
the PRODRG program.”®® Coordinates have been deposited in the
Protein Data Bank under accession codes 4b3c, 4d3d, 4b35, 4b2i,
4b34, 4b2L, 4b32, 4b33 and 4b3b. Data collection and refinement
details are found in Table S1.

Acknowledgements

We would like to thank Dr. Mahmud Shivji for the clone of P. fur-
iosus RadA. This work was funded by the Wellcome Trust under
the Translational Award scheme and the Seeding Drug Discovery
Initiative. We thank Diamond Light Source for access to beamline
104 (proposal MX315), ESRF for access to beamline ID23-1 (propos-
al MX-705 and MX-857) and Swiss Light Source for access to
beamline pxlll, all of which contributed to the results presented
here. Instant JChem (ChemAxon, http://www.chemaxon.com) was
used for structure and activity database management.

Keywords: DNA repair - drug design - fragment-based drug
discovery - protein—protein interactions - RAD51

[1] J. Wells, C. McClendon, Nature 2007, 450, 1001 -10009.
[2] M. Arkin, J. Wells, Nat. Rev. Drug Discovery 2004, 3, 301-317.
[3] L. Lo Conte, C. Chothia, J. Janin, J. Mol. Biol. 1999, 285, 2177 -2198.
[4] T. Clackson, J. Wells, Science 1995, 267, 383 -386.
[5] A. A. Bogan, K. S. Thorn, J. Mol. Biol. 1998, 280, 1-9.
[6] S. Lise, D. Buchan, M. Pontil, D. T. Jones, PLoS One 2011, 6, e16774.
[7] N. Sugaya, T. Furuya, BMC Bioinf. 2011, 12, 50.
[8] N. Sugaya, K. Ikeda, BMC Bioinf. 2009, 10, 263.
[9] L. M. Meireles, A.S. Domling, C. J. Camacho, Nucleic Acids Res. 2010, 38,
W407 -W411.
[10] A.T. Laurie, R. M. Jackson, Bioinformatics 2005, 21, 1908-1916.
[11] J. C. Fuller, N. J. Burgoyne, R. M. Jackson, Drug Discovery Today 2009, 14,
155-161.
[12] R. Bourgeas, M. J. Basse, X. Morelli, P. Roche, PLoS One 2010, 5, €9598.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[13]

[14]
[15]

[16]

[17]

[18]
[19]

[20]
[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

A. P. Higueruelo, A. Schreyer, G. R. Bickerton, W. R. Pitt, C. R. Groom, T. L.
Blundell, Chem. Biol. Drug Des. 2009, 74, 457 - 467.

P.J. Hajduk, J. R. Huth, S. W. Fesik, J. Med. Chem. 2005, 48, 2518-2525.
D.H. H. Tsao, A.G. Sutherland, L.D. Jennings, Y. Li, T.S. Rush I, J. C.
Alvarez, W. Ding, E. G. Dushin, R.G. Dushin, S. A. Haney, C.H. Kenny,
A. K. Malakian, R. Nilakantan, L. Mosyak, Bioorg. Med. Chem. 2006, 14,
7953-7961.

J. W. Tilley, L. Chen, D. C. Fry, S.D. Emerson, G. D. Powers, D. Biondi, T.
Varnell, R. Trilles, R. Guthrie, F. Mennona, G. Kaplan, R. A. LeMahieu, M.
Carson, R.-J. Han, C.-M. Liu, R. Palermo, G. Ju, J. Am. Chem. Soc. 1997,
119, 7589-7590.

B. L. Grasberger, T. Lu, C. Schubert, D. J. Parks, T. E. Carver, H. K. Koblish,
M. D. Cummings, L. V. LaFrance, K. L. Milkiewicz, R.R. Calvo, D. Maguire,
J. Lattanze, C.F. Franks, S. Zhao, K. Ramachandren, G.R. Bylebyl, M.
Zhang, C.L. Manthey, E.C. Petrella, M. W. Pantoliano, etal., J. Med.
Chem. 2005, 48, 909-912.

A. Ciulli, C. Abell, Curr. Opin. Biotechnol. 2007, 18, 489 -496.

M.S. Congreve, C. Gianni, T. Dominic, A.J. Woodhead, J. Med. Chem.
2008, 51, 3661 -3680.

G. G. Ferenczy, G. M. Keseru, J. Chem. Inf. Model. 2012, 52, 1039-1045.
C. W. Murray, M. L. Verdonk, J. Comput.-Aided Mol. Des. 2002, 16, 741 -
753.

C.W. Murray, T.L. Blundell, Curr. Opin. Struct. Biol. 2010, 20, 497 -507.
D. Erlanson, J. Lam, C. Wiesmann, T. Luong, R. Simmons, W. DeLano, .
Choong, M. Burdett, W. Flanagan, D. Lee, E. Gordon, T. O'Brien, Nat. Bio-
technol. 2003, 21, 308-314.

D. Erlanson, A. Braisted, D. Raphael, M. Randal, R. Stroud, E. Gordon, J.
Wells, Proc. Natl. Acad. Sci. USA 2000, 97, 9367 -9372.

M. Bruncko, T. Oost, B. Belli, H. Ding, M. Joseph, A. Kunzer, D. Martineau,
W. McClellan, M. Mitten, S. Ng, P. Nimmer, T. Oltersdorf, C. Park, A.
Petros, A. Shoemaker, X. Song, X. Wang, M. Wendt, H. Zhang, S. Fesik, S.
Rosenberg, S. Elmore, J. Med. Chem. 2007, 50, 641 -662.

L. Zeng, J. Li, M. Muller, S. Yan, S. Mujtaba, C. Pan, Z. Wang, M. M. Zhou,
J. Am. Chem. Soc. 2005, 127, 2376 -2377.

Sachchidanand, L. Resnick-Silverman, S. Yan, S. Mutjaba, W.J. Liu, L.
Zeng, J. J. Manfredi, M. M. Zhou, Chem. Biol. 2006, 13, 81-90.

Q. Sun, J. P. Burke, J. Phan, M. C. Burns, E. T. Olejniczak, A. G. Waterson,
T. Lee, O.W. Rossanese, S.W. Fesik, Angew. Chem. 2012, 124, 6244-
6247; Angew. Chem. Int. Ed. 2012, 51, 6140-6143.

P.J. Hajduk, E.T. Olejniczak, S.W. Fesik, J. Am. Chem. Soc. 1997, 119,
12257 -12261.

C. Dalvit, M. Fasolini, M. Flocco, S. Knapp, P. Pevarello, M. Veronesi, J.
Med. Chem. 2002, 45, 2610-2614.

M. Mayer, B. Meyer, Angew. Chem. 1999, 111, 1902-1906; Angew. Chem.
Int. Ed. 1999, 38, 1784-1788.

P. A. Brough, X. Barril, J. Borgognoni, P. Chéne, N. G. M. Davies, B. Davis,
M. J. Drysdale, B. Dymock, S. A. Eccles, C. Garcia-Echeverria, C. Fromont,
A. Hayes, R. E. Hubbard, A. M. Jordan, M. R. Jensen, A. Massey, A. Mer-
rett, A. Padfield, R. Parsons, T. Radimerski, et al., J. Med. Chem. 2009, 52,
4794 -4809.

R.A. Ward, C. Brassington, A.L. Breeze, A. Caputo, S. Critchlow, G.
Davies, L. Goodwin, G. Hassall, R. Greenwood, G.A. Holdgate, M.
Mrosek, R. A. Norman, S. Pearson, J. Tart, J. A. Tucker, M. Vogtherr, D.
Whittaker, J. Windfield, J. Winter, K. Hudson, J. Med. Chem. 2012, 55,
3285-3306.

S.J. Taylor, A. Abeywardane, S. Liang, I. Muegge, A.K. Padyana, Z.
Xiong, M. Hill-Drzewi, B. Farmer, X. Li, B. Collins, J. X. Li, A. Heim-Riether,
J. Proudfoot, Q. Zhang, D. Goldberg, L. Zuvela-Jelaska, H. Zaher, J. Li,
N. A. Farrow, J. Med. Chem. 2011, 54, 8174-8187.

A. Davidson, D. W. Begley, C. Lau, G. Varani, J. Mol. Biol. 2011, 410, 984 -
996.

J.R. Medina, S. W. Grant, J. M. Axten, W. H. Miller, C. A. Donatelli, M. A.
Hardwicke, C. A. Oleykowski, Q. Liao, R. Plant, H. Xiang, Bioorg. Med.
Chem. Lett. 2010, 20, 2552 - 2555.

K. Bodoor, V. Boyapati, V. Gopu, M. Boisdore, K. Allam, J. Miller, W. D.
Treleaven, T. Weldeghiorghis, F. Aboul-ela, J. Med. Chem. 2009, 52,
3753-3761.

T. Maurer, L. S. Garrenton, A. Oh, K. Pitts, D. J. Anderson, N. J. Skelton,
B. P. Fauber, B. Pan, S. Malek, D. Stokoe, M. J. Ludlam, K. K. Bowman, J.
Wu, A. M. Giannetti, M. A. Starovasnik, I. Mellman, P. K. Jackson, J. Ru-

ChemBioChem 2013, 14, 332-342 341


http://dx.doi.org/10.1038/nature06526
http://dx.doi.org/10.1038/nature06526
http://dx.doi.org/10.1038/nature06526
http://dx.doi.org/10.1038/nrd1343
http://dx.doi.org/10.1038/nrd1343
http://dx.doi.org/10.1038/nrd1343
http://dx.doi.org/10.1006/jmbi.1998.2439
http://dx.doi.org/10.1006/jmbi.1998.2439
http://dx.doi.org/10.1006/jmbi.1998.2439
http://dx.doi.org/10.1126/science.7529940
http://dx.doi.org/10.1126/science.7529940
http://dx.doi.org/10.1126/science.7529940
http://dx.doi.org/10.1006/jmbi.1998.1843
http://dx.doi.org/10.1006/jmbi.1998.1843
http://dx.doi.org/10.1006/jmbi.1998.1843
http://dx.doi.org/10.1371/journal.pone.0016774
http://dx.doi.org/10.1186/1471-2105-12-50
http://dx.doi.org/10.1186/1471-2105-10-263
http://dx.doi.org/10.1093/nar/gkq502
http://dx.doi.org/10.1093/nar/gkq502
http://dx.doi.org/10.1093/nar/gkq502
http://dx.doi.org/10.1093/nar/gkq502
http://dx.doi.org/10.1093/bioinformatics/bti315
http://dx.doi.org/10.1093/bioinformatics/bti315
http://dx.doi.org/10.1093/bioinformatics/bti315
http://dx.doi.org/10.1016/j.drudis.2008.10.009
http://dx.doi.org/10.1016/j.drudis.2008.10.009
http://dx.doi.org/10.1016/j.drudis.2008.10.009
http://dx.doi.org/10.1016/j.drudis.2008.10.009
http://dx.doi.org/10.1371/journal.pone.0009598
http://dx.doi.org/10.1111/j.1747-0285.2009.00889.x
http://dx.doi.org/10.1111/j.1747-0285.2009.00889.x
http://dx.doi.org/10.1111/j.1747-0285.2009.00889.x
http://dx.doi.org/10.1021/jm049131r
http://dx.doi.org/10.1021/jm049131r
http://dx.doi.org/10.1021/jm049131r
http://dx.doi.org/10.1016/j.bmc.2006.07.050
http://dx.doi.org/10.1016/j.bmc.2006.07.050
http://dx.doi.org/10.1016/j.bmc.2006.07.050
http://dx.doi.org/10.1016/j.bmc.2006.07.050
http://dx.doi.org/10.1021/ja970702x
http://dx.doi.org/10.1021/ja970702x
http://dx.doi.org/10.1021/ja970702x
http://dx.doi.org/10.1021/ja970702x
http://dx.doi.org/10.1016/j.copbio.2007.09.003
http://dx.doi.org/10.1016/j.copbio.2007.09.003
http://dx.doi.org/10.1016/j.copbio.2007.09.003
http://dx.doi.org/10.1021/jm8000373
http://dx.doi.org/10.1021/jm8000373
http://dx.doi.org/10.1021/jm8000373
http://dx.doi.org/10.1021/jm8000373
http://dx.doi.org/10.1021/ci200608b
http://dx.doi.org/10.1021/ci200608b
http://dx.doi.org/10.1021/ci200608b
http://dx.doi.org/10.1023/A:1022446720849
http://dx.doi.org/10.1023/A:1022446720849
http://dx.doi.org/10.1023/A:1022446720849
http://dx.doi.org/10.1016/j.sbi.2010.04.003
http://dx.doi.org/10.1016/j.sbi.2010.04.003
http://dx.doi.org/10.1016/j.sbi.2010.04.003
http://dx.doi.org/10.1038/nbt786
http://dx.doi.org/10.1038/nbt786
http://dx.doi.org/10.1038/nbt786
http://dx.doi.org/10.1038/nbt786
http://dx.doi.org/10.1073/pnas.97.17.9367
http://dx.doi.org/10.1073/pnas.97.17.9367
http://dx.doi.org/10.1073/pnas.97.17.9367
http://dx.doi.org/10.1021/jm061152t
http://dx.doi.org/10.1021/jm061152t
http://dx.doi.org/10.1021/jm061152t
http://dx.doi.org/10.1021/ja044885g
http://dx.doi.org/10.1021/ja044885g
http://dx.doi.org/10.1021/ja044885g
http://dx.doi.org/10.1002/ange.201201358
http://dx.doi.org/10.1002/ange.201201358
http://dx.doi.org/10.1002/ange.201201358
http://dx.doi.org/10.1002/anie.201201358
http://dx.doi.org/10.1002/anie.201201358
http://dx.doi.org/10.1002/anie.201201358
http://dx.doi.org/10.1021/ja9715962
http://dx.doi.org/10.1021/ja9715962
http://dx.doi.org/10.1021/ja9715962
http://dx.doi.org/10.1021/ja9715962
http://dx.doi.org/10.1021/jm011122k
http://dx.doi.org/10.1021/jm011122k
http://dx.doi.org/10.1021/jm011122k
http://dx.doi.org/10.1021/jm011122k
http://dx.doi.org/10.1002/(SICI)1521-3757(19990614)111:12%3C1902::AID-ANGE1902%3E3.0.CO;2-O
http://dx.doi.org/10.1002/(SICI)1521-3757(19990614)111:12%3C1902::AID-ANGE1902%3E3.0.CO;2-O
http://dx.doi.org/10.1002/(SICI)1521-3757(19990614)111:12%3C1902::AID-ANGE1902%3E3.0.CO;2-O
http://dx.doi.org/10.1002/(SICI)1521-3773(19990614)38:12%3C1784::AID-ANIE1784%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/(SICI)1521-3773(19990614)38:12%3C1784::AID-ANIE1784%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/(SICI)1521-3773(19990614)38:12%3C1784::AID-ANIE1784%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/(SICI)1521-3773(19990614)38:12%3C1784::AID-ANIE1784%3E3.0.CO;2-Q
http://dx.doi.org/10.1021/jm900357y
http://dx.doi.org/10.1021/jm900357y
http://dx.doi.org/10.1021/jm900357y
http://dx.doi.org/10.1021/jm900357y
http://dx.doi.org/10.1021/jm201734r
http://dx.doi.org/10.1021/jm201734r
http://dx.doi.org/10.1021/jm201734r
http://dx.doi.org/10.1021/jm201734r
http://dx.doi.org/10.1021/jm201129m
http://dx.doi.org/10.1021/jm201129m
http://dx.doi.org/10.1021/jm201129m
http://dx.doi.org/10.1016/j.jmb.2011.03.039
http://dx.doi.org/10.1016/j.jmb.2011.03.039
http://dx.doi.org/10.1016/j.jmb.2011.03.039
http://dx.doi.org/10.1016/j.bmcl.2010.02.091
http://dx.doi.org/10.1016/j.bmcl.2010.02.091
http://dx.doi.org/10.1016/j.bmcl.2010.02.091
http://dx.doi.org/10.1016/j.bmcl.2010.02.091
http://dx.doi.org/10.1021/jm9000659
http://dx.doi.org/10.1021/jm9000659
http://dx.doi.org/10.1021/jm9000659
http://dx.doi.org/10.1021/jm9000659
www.chembiochem.org

[39]

[40]

[41]

[42]

[43]
[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]
[54]

[55]

BIO

dolph, W. Wang, G. Fang, Proc. Natl. Acad. Sci. USA 2012, 109, 5299 -
5304.

C.W. Chung, A. W. Dean, J. M. Woolven, P. Bamborough, J. Med. Chem.
2012, 55, 576 -586.

D. Parks, L. Lafrance, R. Calvo, K. Milkiewicz, V. Gupta, J. Lattanze, K.
Ramachandren, T. Carver, E. Petrella, M. Cummings, D. Maguire, B. Gras-
berger, T. Lu, Bioorg. Med. Chem. Lett. 2005, 15, 765-770.

M. C. Lo, A. Aulabaugh, G. Jin, R. Cowling, J. Bard, M. Malamas, G. Elle-
stad, Anal. Biochem. 2004, 332, 153-159.

N. Basse, J.L. Kaar, G. Settanni, A.C. Joerger, T.J. Rutherford, A.R.
Fersht, Chem. Biol. 2010, 17, 46-56.

A. R. Venkitaraman, Annu. Rev. Pathol. Mech. Dis. 2009, 4, 461 -487.

M. K. Shivji, O. R. Davies, J. M. Savill, D. L. Bates, L. Pellegrini, A. R. Venki-
taraman, Nucleic Acids Res. 2006, 34, 4000-4011.

A. Carreira, J. Hilario, I. Amitani, R. J. Baskin, M. K. Shivji, A. R. Venkitara-
man, S. C. Kowalczykowski, Cell 2009, 136, 1032-1043.

R.B. Jensen, A. Carreira, S. C. Kowalczykowski, Nature 2010, 467, 678-
683.

J. Liu, T. Doty, B. Gibson, W. D. Heyer, Nat. Struct. Mol. Biol. 2010, 17,
1260-1262.

T. Thorslund, M. J. Mcllwraith, S. A. Compton, S. Lekomtsev, M. Petroncz-
ki, J. D. Griffith, S. C. West, Nat. Struct. Mol. Biol. 2010, 17, 1263 -1265.
L. Pellegrini, D. S. Yu, T. Lo, S. Anand, M. Lee, T. L. Blundell, A. R. Venki-
taraman, Nature 2002, 420, 287 -293.

T. L. Blundell, B. L. Sibanda, R. W. Montalvao, S. Brewerton, V. Chelliah,
C.L. Worth, N.J. Harmer, O. Davies, D. Burke, Philos. Trans. R. Soc.
London Ser. B 2006, 361, 413-423.

A. Winter, A.P. Higueruelo, M. Marsh, A. Sigurdardéttir, W. R. Pitt, T. L.
Blundell, Q. Rev. Biophys. 2012, 45, 383 -426.

D.S. Shin, L. Pellegrini, D.S. Daniels, B. Yelent, L. Craig, D. Bates, D.S.
Yu, M. K. Shivji, C. Hitomi, A.S. Arvai, N. Volkmann, H. Tsuruta, T. L. Blun-
dell, A. R. Venkitaraman, J. A. Tainer, EMBO J. 2003, 22, 4566 -4576.

T. G. Davies, I. J. Tickle, Top. Curr. Chem. 2012, 317, 33 -59.

P. G. Wyatt, A. J. Woodhead, V. Berdini, J. A. Boulstridge, M. G. Carr, D. M.
Cross, D. J. Davis, L. A. Devine, T.R. Early, R.E. Feltell, E.J. Lewis, R.L.
McMenamin, E. F. Navarro, M. A. O’Brien, M. O'Reilly, M. Reule, G. Saxty,
L. C. Seavers, D. M. Smith, M. S. Squires, G. Trewartha, M. T. Walker, A. J.
Woolford, J. Med. Chem. 2008, 51, 4986 -4999.

J. R. Huth, C. Park, A. M. Petros, A. R. Kunzer, M. D. Wendt, X. Wang, C. L.
Lynch, J. C. Mack, K. M. Swift, R. A. Judge, J. Chen, P.L. Richardson, S.

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Jin, S. K. Tahir, E. D. Matayoshi, S. A. Dorwin, U.S. Ladror, J. M. Severin,
K. A. Walter, D. M. Bartley, et al., Chem. Biol. Drug Des. 2007, 70, 1-12.
M. D. Wendt, W. Shen, A. Kunzer, W. J. McClellan, M. Bruncko, T. K. Oost,
H. Ding, M. K. Joseph, H. Zhang, P. M. Nimmer, S. C. Ng, A. R. Shoemaker,
A. M. Petros, A. Oleksijew, K. Marsh, J. Bauch, T. Oltersdorf, B. A. Belli, D.
Martineau, S.W. Fesik, S.H. Rosenberg, S.W. Elmore, J. Med. Chem.
2006, 49, 1165-1181.

P. Cimmperman, L. Baranauskiene, S. Jachimoviciute, J. Jachno, J. Torre-
san, V. Michailoviene, J. Matuliene, J. Sereikaite, V. Bumelis, D. Matulis,
Biophys. J. 2008, 95, 3222 -3231.

Y.S. Wang, D. Liu, D. F. Wyss, Magn. Reson. Chem. 2004, 42, 485-489.
W.B. Turnbull, A.H. Daranas, J. Am. Chem. Soc. 2003, 125, 14859-
14866.

A. L. Hopkins, C.R. Groom, A. Alex, Drug Discovery Today 2004, 9, 430-
431.

P.D. Leeson, B. Springthorpe, Nat. Rev. Drug Discovery 2007, 6, 881-
890.

T. Wiseman, S. Williston, J. F. Brandts, L. N. Lin, Anal. Biochem. 1989, 179,
131-137.

J. Peranan, M. Rikkonen, M. Hyvonen,
1996, 236, 371-373.

Collaborative Computational Project 4,
Crystallogr. 1994, 50, 760-763.

A. A. Vagin, R. A. Steiner, A. A. Lebedey, L. Potterton, S. McNicholas, F.
Long, G. N. Murshudov, Acta Crystallogr. Sect. D Biol. Crystallogr. 2004,
60, 2184-2195.

P.D. Adams, P. V. Afonine, G. Bunkdczi, V. B. Chen, I. W. Davis, N. Echols,
J.J. Headd, L.-W. Hung, G. J. Kapral, R. W. Grosse-Kunstleve, A. J. McCoy,
N. W. Moriarty, R. Oeffner, R.J. Read, D. C. Richardson, J. S. Richardson,
T.C. Terwilliger, P.H. Zwart, Acta Crystallogr. Sect. D Biol. Crystallogr.
2010, 66, 213-221.

P. Emsley, K. Cowtan, Acta Crystallogr. Sect. D Biol. Crystallogr. 2004, 60,
2126-2132.

A. W. Schuttelkopf, D. M. F. Van Aalten, Acta Crystallogr. Sect. D Biol. Crys-
tallogr. 2004, 60, 1355-1363.

L. Kaariainen, Anal. Biochem.

Acta Crystallogr. Sect. D Biol.

Received: August 12, 2012
Published online on January 23, 2013

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemBioChem 2013, 14, 332-342 342


http://dx.doi.org/10.1073/pnas.1116510109
http://dx.doi.org/10.1073/pnas.1116510109
http://dx.doi.org/10.1073/pnas.1116510109
http://dx.doi.org/10.1021/jm201320w
http://dx.doi.org/10.1021/jm201320w
http://dx.doi.org/10.1021/jm201320w
http://dx.doi.org/10.1021/jm201320w
http://dx.doi.org/10.1016/j.bmcl.2004.11.009
http://dx.doi.org/10.1016/j.bmcl.2004.11.009
http://dx.doi.org/10.1016/j.bmcl.2004.11.009
http://dx.doi.org/10.1016/j.ab.2004.04.031
http://dx.doi.org/10.1016/j.ab.2004.04.031
http://dx.doi.org/10.1016/j.ab.2004.04.031
http://dx.doi.org/10.1016/j.chembiol.2009.12.011
http://dx.doi.org/10.1016/j.chembiol.2009.12.011
http://dx.doi.org/10.1016/j.chembiol.2009.12.011
http://dx.doi.org/10.1146/annurev.pathol.3.121806.151422
http://dx.doi.org/10.1146/annurev.pathol.3.121806.151422
http://dx.doi.org/10.1146/annurev.pathol.3.121806.151422
http://dx.doi.org/10.1093/nar/gkl505
http://dx.doi.org/10.1093/nar/gkl505
http://dx.doi.org/10.1093/nar/gkl505
http://dx.doi.org/10.1016/j.cell.2009.02.019
http://dx.doi.org/10.1016/j.cell.2009.02.019
http://dx.doi.org/10.1016/j.cell.2009.02.019
http://dx.doi.org/10.1038/nature09399
http://dx.doi.org/10.1038/nature09399
http://dx.doi.org/10.1038/nature09399
http://dx.doi.org/10.1038/nsmb.1904
http://dx.doi.org/10.1038/nsmb.1904
http://dx.doi.org/10.1038/nsmb.1904
http://dx.doi.org/10.1038/nsmb.1904
http://dx.doi.org/10.1038/nsmb.1905
http://dx.doi.org/10.1038/nsmb.1905
http://dx.doi.org/10.1038/nsmb.1905
http://dx.doi.org/10.1038/nature01230
http://dx.doi.org/10.1038/nature01230
http://dx.doi.org/10.1038/nature01230
http://dx.doi.org/10.1098/rstb.2005.1800
http://dx.doi.org/10.1098/rstb.2005.1800
http://dx.doi.org/10.1098/rstb.2005.1800
http://dx.doi.org/10.1098/rstb.2005.1800
http://dx.doi.org/10.1017/S0033583512000108
http://dx.doi.org/10.1017/S0033583512000108
http://dx.doi.org/10.1017/S0033583512000108
http://dx.doi.org/10.1093/emboj/cdg429
http://dx.doi.org/10.1093/emboj/cdg429
http://dx.doi.org/10.1093/emboj/cdg429
http://dx.doi.org/10.1021/jm800382h
http://dx.doi.org/10.1021/jm800382h
http://dx.doi.org/10.1021/jm800382h
http://dx.doi.org/10.1111/j.1747-0285.2007.00535.x
http://dx.doi.org/10.1111/j.1747-0285.2007.00535.x
http://dx.doi.org/10.1111/j.1747-0285.2007.00535.x
http://dx.doi.org/10.1021/jm050754u
http://dx.doi.org/10.1021/jm050754u
http://dx.doi.org/10.1021/jm050754u
http://dx.doi.org/10.1021/jm050754u
http://dx.doi.org/10.1529/biophysj.108.134973
http://dx.doi.org/10.1529/biophysj.108.134973
http://dx.doi.org/10.1529/biophysj.108.134973
http://dx.doi.org/10.1002/mrc.1381
http://dx.doi.org/10.1002/mrc.1381
http://dx.doi.org/10.1002/mrc.1381
http://dx.doi.org/10.1021/ja036166s
http://dx.doi.org/10.1021/ja036166s
http://dx.doi.org/10.1021/ja036166s
http://dx.doi.org/10.1016/S1359-6446(04)03069-7
http://dx.doi.org/10.1016/S1359-6446(04)03069-7
http://dx.doi.org/10.1016/S1359-6446(04)03069-7
http://dx.doi.org/10.1038/nrd2445
http://dx.doi.org/10.1038/nrd2445
http://dx.doi.org/10.1038/nrd2445
http://dx.doi.org/10.1016/0003-2697(89)90213-3
http://dx.doi.org/10.1016/0003-2697(89)90213-3
http://dx.doi.org/10.1016/0003-2697(89)90213-3
http://dx.doi.org/10.1016/0003-2697(89)90213-3
http://dx.doi.org/10.1107/S0907444904023510
http://dx.doi.org/10.1107/S0907444904023510
http://dx.doi.org/10.1107/S0907444904023510
http://dx.doi.org/10.1107/S0907444904023510
http://dx.doi.org/10.1107/S0907444909052925
http://dx.doi.org/10.1107/S0907444909052925
http://dx.doi.org/10.1107/S0907444909052925
http://dx.doi.org/10.1107/S0907444909052925
http://dx.doi.org/10.1107/S0907444904019158
http://dx.doi.org/10.1107/S0907444904019158
http://dx.doi.org/10.1107/S0907444904019158
http://dx.doi.org/10.1107/S0907444904019158
http://dx.doi.org/10.1107/S0907444904011679
http://dx.doi.org/10.1107/S0907444904011679
http://dx.doi.org/10.1107/S0907444904011679
http://dx.doi.org/10.1107/S0907444904011679
www.chembiochem.org

