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Abstract: Drug discovery is a complex process, and a variety of technologies contribute to its success. Biophysical
methods have gained widespread attention within the last decade, and in particular NMR spectroscopy as the
most versatile biophysical method has seen numerous applications and significant impact to drug discovery. Here
we summarize the potential of NMR to support drug discovery, and highlight a number of recent applications.
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Introduction

Several biophysical methods are now
available to support target-based drug dis-
covery, and have proven useful to aid in the
discovery and optimization of hits and lead
compounds up to clinical candidates.[!
Surface plasmon resonance (SPR) has
been widely applied to measure affinity
and binding kinetics of ligands to macro-
molecular targets. Differential scanning
calorimetry (DSF) is a popular approach
to measure the thermal stabilization of pro-
teins by ligands and is often used as an as-
say to measure ligand binding. Isothermal
titration calorimetry (ITC) can be used
for a detailed measurement of thermody-
namic parameters upon ligand binding,
and emerging methods such as microscale
thermophoresis (MST) have the potential
to complement and enhance existing meth-
ods to quantify protein-ligand association
with even higher throughput and lower
protein requirements.

Nuclear magnetic resonance (NMR)
spectroscopy is the most versatile and
robust of all biophysical methods ap-
plied to drug discovery, and principles of
NMR in drug discovery, especially using
fragment-based approaches, have been
the subject of multiple reviews.[! Its ver-
satility allows tailor-made solutions to
particular problems and its robustness
makes it ideally suited for the discovery of
allosteric inhibitors of enzymes and pro-
tein—protein interactions (PPIs). Whereas
other biophysical methods often rely on
competitive binding experiments and are
thus better suited for drug discovery at or-
thosteric sites, or allosteric sites for which
tool compounds exist, NMR can reliably
detect ligand binding even in the absence
of tool compounds. Both features, the ver-
satility and robustness of NMR, have been

employed in the drug discovery examples
below.

In the following, we will review recent
examples of drug discovery projects where
NMR was able to provide support by bind-
ing data and/or structural information. All
examples describe the discovery of allo-
steric inhibitors. Such kinds of inhibitors
are typically difficult to identify because
they are not always picked up in standard
assays, and biophysical techniques are not
always straightforward if there is no pre-
cedence, i.e. if no tool compounds exist
to validate assays and provide molecules
for competition experiments. However, al-
losteric inhibitors often have the preferred
mode of action because they potentially
have better selectivity profiles and can be
combined with orthosteric inhibitors to
provide greater efficacy.

Discovery of ABL001, an Allosteric
Bcr-Abl Inhibitor

Chronic myelogenous leukemia is
caused by a reciprocal chromosomal trans-
location by which part of chromosome 9,
carrying the ABLI gene, is fused to part of
chromosome 22, carrying the BCR gene.
The resulting ‘Philadelphia chromosome’
contains the fusion protein Bcr-Abl, in
which Abelson (Abl) kinase is constitutive-
ly activated, leading to uncontrolled pro-
liferation, lack of differentiation, and re-
duced apoptosis of haematopoietic cells.[3!
The activity of c-Abl is tightly regulated
by an autoinhibitory mechanism that in-
volves binding of myristate, which is co-
valently linked to the N-terminus of c-Abl,
to a pocket in the C-terminal lobe of the
catalytic domain (Fig. 1).[4] The so-formed
assembled inactive state lacks the flex-
ibility and conformational freedom neces-
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Fig. 1. Abl kinase in the assembled inac-

tive state (pdb: 2FQ00).*" The SH3 (blue) and
SH2 (cyan) domains dock against the kinase
domain, caused by binding of N-terminally
attached myristate (magenta sticks) into the
myristate pocket. The ATP-pocket is filled with
PD166326 (yellow sticks). Within the kinase
domain, helix | is colored orange, helix C is col-
ored green, and the activation loop is colored
red.

sary for catalytic function, and needs to be
disrupted for the kinase to become active.
The fusion protein, Ber-Abl, lacks the co-
valently bound myristate, and correspond-
ingly lacks the regulatory element required
for autoinhibition, thus promoting its con-
stitutive activation.

A chemical modality that restores au-
toinhibition by binding to the myristate
pocket and inducing the assembled inac-
tive state could have therapeutic potential
as a novel Ber-Abl inhibitor. Highly potent
Ber-Abl inhibitors exist, such as imatinib,
nilotinib or dasatinib, and are in clinical
practice. They all bind to the ATP-binding
site of Abl and are clinically very effica-
cious. However, some patients are intoler-
ant or become resistant to these therapies,
so that there is still a medical need for new
inhibitors, preferably with a novel mode of
action.

Inspired by the serendipitous discovery
of GNF-5,151 we started a fragment-based
screening campaign to identify novel allo-
steric inhibitors of Ber-Abl that bind to the
myristate pocket. We started by screening
our fragment library against the imatinib-
bound form of Abl kinase, so that all iden-
tified hits would automatically be alloste-
ric, and used NMR spectroscopy because
of its robustness. Much to our satisfaction,
the hit rate was quite high (6%), and some
hits bound with an extraordinary ligand ef-
ficiency (0.6). However, none of the hits
was active in any functional assay, leading
us to contemplate the essential features of
allosteric Abl inhibition. We realized that
a conformational change in the C-terminal
helix I was required for inhibition, and any
ligand that acts as an inhibitor has to induce

this conformational change, referred to as
‘bending’ of the helix. Crystallographic
studies, medicinal chemistry and the de-
velopment and analysis of an NMR-based
conformational assay!®! (Fig. 2) allowed us
to modify our fragment hits and follow-up
compounds, and convert them into func-
tional inhibitors. This finally resulted in
the development of ABL0O1, a potent and
selective allosteric inhibitor of Bcr-Abl,
which is currently in clinical development
for the treatment of CML.[7]

In parallel to these drug discovery
efforts, and in a collaboration with the
Biocenter at the University of Basel, we
characterized the behavior of Abl kinase
complexed with several ATP-site and al-
losteric inhibitors. Surprisingly, a hitherto
undescribed novel conformation of Abl ki-
nase was discovered, termed the open in-
hibited state.[81 This state, which is adopted
after binding of ATP-site inhibitors such as
imatinib, nilotinib or dasatinib, is charac-
terized by the release of the SH2 and SH3
domains from the kinase (SH1) domain.
This conformation can be thought of as an
intermediate conformation between the as-
sembled inactive state (Fig. 1) and the fully
active state, in which the SH2 domain is
positioned on top of the N-lobe of the ki-
nase domain.[®! Hence, there are three lev-
els that characterize the activation state of
Abl kinase: 1) The accessability of the ac-
tive site for ATP binding; 2) the position of
the activation loop in a DFG-in (‘active’)
or DFG-out (‘inactive’) conformation; 3)
formation or release of the assembled inac-
tive state. While ATP-site inhibitors block
access of ATP to the active site and may
bind in DFG-in or DFG-out conformations,
we now know that they actually disrupt the
assembled inactive state. Allosteric inhibi-
tors, on the other hand, stabilize the assem-
bled inactive state but do not block access
to the ATP-site. A combination of ATP-site
and allosteric inhibitors,['9 however, can
block the active site, induce the DFG-out

(‘inactive’) conformation of the activation
loop, and stabilize the assembled inactive
state, thus balancing every possible knob
towards Abl inhibition.

Discovery of Allosteric Inhibitors of
Farnesyl Pyrophosphate Synthase
(FPPS), the Bisphosphonate Target

Bisphosphonates, such as zoledronate,
risedronate, or alendronate, are widely
used drugs against bone diseases such as
osteoporosis, bone metastases and Paget’s
disease. Their excellent safety profile
comes from their peculiar pharmacoki-
netic properties, which are dominated by
rapid and strong binding to bone mineral,
resulting in low blood levels shortly af-
ter administration. Also, bisphosphonates
have low cellular permeability and do not
rapidly enter non-endocytic cells. They are
selectively taken up by osteoclasts — their
desired target cells — through endocytosis,
while being bound to bone mineral.

Within the past decade, several addi-
tional therapeutic effects for bisphospho-
nates have been described in animal mod-
els or in clinical studies. The best studied
and documented ‘beneficial side effect’” of
zoledronate (as opposed to effects on bone)
is its direct anti-tumor effect observed in
breast cancer!! 'l and multiple myeloma pa-
tients.[!21In essence, the breast cancer study
suggests that zoledronate, when added to
endocrine therapy, significantly reduces
the risk of relapse after surgery. Other
beneficial effects of bisphosphonates, al-
though not yet proven clinically, include
anti-parasitic activity in Chagas disease
and Leishmanias,!!3l increased longevity in
a mouse model of progeria,['*l and reduced
risk of atherosclerosis.!'5! Although the ex-
act mechanism of action has not been elu-
cidated for all of these beneficial effects, it
is likely that they all occur via inhibition of
farnesyl pyrophosphate synthase (FPPS),
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Fig. 2. NMR-based conformational assay to detect the conformation of helix | in the extended

(blue, left) or bent state (orange, right).[!
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an essential enzyme in the mevalonate
pathway that provides the lipids required
for post-translational prenylation of G pro-
teins, as well as cholesterol, dolichol and
other essential metabolites.

The above-mentioned peculiar pharma-
cokinetic profile of bisphosphonates sug-
gests that they may not be the ideal drugs
for the treatment of non-bone diseases.
However, bisphosphonates are substrate
mimetics of dimethylallyl pyrophosphate,
and any attempt to modify the bisphospho-
nate moiety has proven unsuccessful.

In order to discover non-bisphospho-
nate inhibitors of FPPS, we performed a
fragment-based screen (on the apo protein)
using NMR spectroscopy. We were quite
surprised about the high hit rate, since
none of the fragments in our library was
close to bisphosphonates. Crystallographic
analyses revelead that all fragments bound
to anewly discovered allosteric site, situat-
ed in the vicinity but not overlapping with
the active site (Fig. 3). The significance
of this discovery stems from the fact that
this allosteric pocket can be filled by non-
bisphosphonate compounds, which is not
readily possible for the active site.

Using  crystallography, medicinal
chemistry and structure-based design, the
fragment hits could rapidly be improved
and developed into nanomolar non-
bisphosphonate inihbitors of FPPS, which
are completely devoid of any bone affin-
ity.[16] This initial lead series has recently
been complemented by two additional che-
motypes with even higher potency. These
compounds can now be evaluated for use
in non-bone diseases. In addition, the che-
motypes have been modified with a bone-
affinity tag to confer upon them weak and
adjustable bone affinity, while potentially
retaining oral bioavailability. An NMR-
based bone binding assay was developed
for this purpose and was used to quantify
the affinity to bone mineral.['”] This allows
the manipulation of bone affinity as an

Fig. 3. Structure of farnesyl pyrophosphate
synthase (FPPS). The picture shows the FPPS
homodimer and indicates the position of the
substrate binding sites (blue and red sticks)
and the allosteric pocket (green cloud).!'®!

additional parameter for the treatment of
bone diseases.

Discovery of Allosteric Pak1
Inhibitors

PAKSs (or p21-activated kinases) are a
family of serine/threonine protein kinases
that are effectors of Rac/Cdc42 GTPases.
They play an important role in cell prolifer-
ation, survival, motility and angiogenesis,
and some PAK isoforms (particularly Pak1
and Pak4) are considered as targets for on-
cology.l'81 Since kinase selectivity is gen-
erally an issue not only for the therapeutic
use of inhibitors, but also for their use as
tool compounds to elucidate the roles of in-
dividual Pak isoforms, we were interested
in the discovery of allosteric Pakl inhibi-
tors with selectivity against other kinases
and against other Pak isoforms.

For this project, fragment screening
was part of an integrated lead finding
strategy including high-throughput screen-
ing and in silico approaches. The Novartis
fragment library['9l was screened by NMR
against Pakl, and multiple hits were ob-
tained, among them typical kinase hinge
binders, and (hopefully) allosteric ligands.
In order to distinguish the (truly interest-
ing) allosteric inhibitors from the (less in-
teresting) hinge binders, all hits were ini-
tially reviewed for lack of a hinge-binding
motif, and for non-planar shape. Similarity
searches and data mining from a previous
high-throughput screen gave candidates
for allosteric Pakl ligands, but no crystal
structure could initially be obtained for a
definite proof. Only after a rigorous search
for analogs that were highly soluble, had
low crystallinity, and lacked non-specific
binding even at high concentrations could
a crystal structure be obtained. This crys-
tal structure showed the compound binding
to the allosteric backpocket of the kinase,
underneath the C helix. The structure al-
so explained the competitive behavior of
these allosteric compounds with ATP-site
ligands: Even though the compound binds
at a different site, the position of the activa-
tion loop allows for binding of one com-
pound only in the absence of the other, i.e.
binding of ATP-site ligands and allosteric
ligands is mutually exclusive. These allo-
steric ligands were further optimized into
potent and highly selective Pak1 inhibitors,
which could be used as tool compounds to
investigate the role of Pakl in tumor main-
tenance.[20]

Conclusions
The three examples above show that al-

losteric ligands can be extremely selective,
and have dramatically different pharmaco-

kinetic properties compared to orthosteric
ligands. NMR is an ideal method for the
discovery and characterization of alloste-
ric ligands, due to its robustness and sensi-
tivity for weak interactions. Furthermore,
NMR is an extremely versatile biophysi-
cal method which can be used to provide
tailor-made solutions, as shown here by the
development of a conformational assay for
Abl kinase, or the development of a bone-
binding assay for FPPS inhibitors.

Clearly, NMR is only one technology
out of the entire toolbox for drug discov-
ery. It is important to choose the method
that is best suited to solve the particular
problem. In general, multiple technologies
are needed for any given drug discovery
project, and tight integration of NMR with
other methods, most notably X-ray crys-
tallography, but also SPR, DSF and other
biophysical methods, can generate best
success.
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