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ABSTRACT: Fragment-based drug

®

« Lead »
compound

both in academia and pharmaceutical { .
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discovery is a strategy widely used

@,

(

companies, to generate small-
molecule protein inhibitors and drug
Super-additivity

candidates. Among the approaches

reported in the literature (growing, linking and merging), the linking approach theoretically offers the
opportunity to rapidly gain in binding energy. Nevertheless, this approach is poorly represented when
considering the compounds currently in clinical trials. Here, we report an exhaustive view of the cases
published so far in the literature, together with the methods used to identify the two initial fragments

either simultaneously or successively. We review the different types of linkers published and discuss

how these linkers are designed to obtain the lead compound. Mixing merging and linking methods,
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where the linker is duplicated from a known inhibitor appears as an interesting strategy. To reach
super-additivity, we propose to grow one of the fragments in order to minimize the distance between

the two binders, and then link the resulting compounds using flexible alkyl-derived linkers.

1. INTRODUCTION

Fragment-based drug discovery (FBDD) has been acknowledged in the past two decades as a powerful
tool for rational design of drug leads.'® The first step of the FBDD process consists in the identification
of fragments that weakly bind the target protein, typically in the micromolar to millimolar affinity range.
Fragments are defined as low molecular weight (< 300 g/mol) and highly soluble organic molecules.
Jhoti and co-workers’ proposed a rule of three to describe the physicochemical properties of the
fragments, by analogy to Lipinski’s rule of five. Due to the weak affinity of the fragments for their
targets, biophysical techniques sensitive towards micromolar to millimolar affinities are required to
identify hits; among them Nuclear Magnetic Resonance (NMR), X-ray crystallography and Surface
Plasmon Resonance (SPR) are the most widely used.'?** In a second, iterative and time-consuming
step, the fragments that form high quality interactions are optimized into lead compounds exhibiting
higher affinity and selectivity, through the so-called fragment growing, fragment merging or fragment
linking strategies. As we will see in the examples discussed below, fragment linking may include
growing or merging steps and distinguish between the three strategies may be ambiguous.
Vemurafenib,”® the first drug originating from a fragment screen, was approved in 2011 by the Food and
Drug Administration (FDA), and two other drugs (venetoclax’ and erdafitinib'®) were approved in 2016
and 2019, respectively. Vemurafenib and erdafitinib exemplify the growing approach, while venetoclax
illustrates the linking method. To have an overview of the fragment-based development of therapeutic
compounds, we report in Table 1 the 43 small-molecules currently in clinical trials (phase 1, 2 and 3)
and the 3 FDA-approved compounds. We indicate the therapeutic target and the fragment-based strategy
used. As reported in Table 1, most of the compounds in the clinic were obtained using the growing
approach, where chemical groups are progressively added to the fragment hit to maximize the favorable

interactions with the binding site residues. In some cases, fragment hits can be merged, as reported for
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the induced myeloid leukemia cell differentiation protein (MCL1) (Table 1). Here, we focus on the
fragment linking approach, where two fragments that bind at distinct protein pockets are linked together
to obtain a new compound. While this approach theoretically represents a very attractive methodology
to rapidly gain in binding affinity from the initial fragments, it faces two major challenges. First, the
observation of two fragments binding simultaneously at two distinct binding pockets of a protein is not
systematic. This is related to the non-equivalence of the corresponding hot-spots in the binding pockets.
As reported in Table 2, a second screening to identify fragments capable to bind in the second pocket
may be necessary. In addition, the fragments do not necessarily bind to the protein in suitable positions
for linking. The second challenge remains the design of a linker that will maintain the protein-fragment
interactions. Fesik and co-workers'""'? first successfully used the fragment linking methodology through
their Structure-Activity Relationships (SAR) by NMR approach (Figure 1), with the generation of
nanomolar compounds for the FK506-binding protein (FKBP), a prolyl isomerase belonging to the
immunophilin family. Due to its binding properties to the immunosuppressant molecule FK506, FKBP
is a target for neurodegenerative disorders.

In 2011, Whittaker and colleagues'® reviewed examples where the fragment linking approach was used
and focused their discussion on the super-additivity concept. The concept of super-additivity (also called
positive cooperativity) was defined by Jencks.'* It stipulates that the affinity of the linked compound
should be greater that the affinity resulting from the addition of the binding energies of the two
fragments. The super-additivity energetic term includes changes in translational and rotational entropy,
loss of binding energy due to the linker and change in binding orientation of the two fragments. When
the orientation of the fragments is not disturbed, changes in translational and rotational entropy
dominate. Whittaker and colleagues'® proposed that one key criterion to achieve super-additivity is to
maintain the binding modes of the initial fragments. To be successful, linking should therefore involve
one fragment that interacts with the protein through polar interactions and a second fragment that
interacts via van der Waals interactions, as the latter will be more tolerant to changes in binding mode.
This statement will be further discussed later in the perspective.

Here we have reviewed, to the best of our knowledge, all cases where the fragment linking approach

has been used, through 2018. To our point of view, the first step that consists in the identification of two
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fragment hits is not straightforward. As we report below, two fragments bound in two distinct protein
pockets were directly identified in 22 cases out of 39, while 17 cases required the conduction of two
successive screens. Once two fragments have been identified, the main challenge is the design of the
linker, in particular when the distance between the two fragments is large (> 3A). One possibility
consists in reducing the distance between the two fragments. To do so, one of the two fragments is
selected and a growing approach is applied until the distance is close to 3A. Regarding the chemical
structure of the linker, simple linkers such as alkyl of different lengths are widely used. More
sophisticated linkers include functional groups, which may be utilized to fit particular geometries such
as 90° bends required to conserve the positions and orientations of the fragments. Such functionalized
linkers also enable the addition of interactions between the designed compound and the protein.

The article is organized as follows. First, we summarize the methods used for the identification of the
two fragments that will be further linked. This includes successive identification as well as simultaneous
identification of the two fragment hits. We also review the particular case of fragment dimerization.
Then we discuss the second challenge of the linking process and analyze different types of linkers that

have been designed to generate the new linked compounds.
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1
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Z Fragment 1 o OH Fragment 2
- K 3ooOH Q K, 6 mM
8 Compound 1
9 K 1.4uM (BCL-X) _ § - O O
10 g
11
12 :
13
14 navitoclax
15 Phase 2 (BCL-2 and BCL-X|)
16 K, < 500 pM (BCL-X,)
17
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N =
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0=S
21 o '\(\) © NH
2 SAGe
CH
23 3 K/O

CHa
24
25 H
;? venetoclax {l;E\NJ\
28 Approved (BCL-2) 0
29 K. <10 pM
N

31 o

36 Figure 1. Fragment linking approach with venetoclax. The initial fragments discovered through “SAR
38 by NMR” were linked with an alkene moiety. Navitoclax, exhibiting high affinity for both BCL-X; and
BCL-2, was generated and finally, medicinal chemistry led to venetoclax, a selective BCL-2 inhibitor.

The drug was first approved for use in patients with chronic lymphocytic leukemia and 17p deletion.
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Table 1. Fragment-based compounds in clinical trials or approved (From clinicaltrials.gov, 2020
January)

oNOYTULT D WN =

Drug* Initial fragment
Company Status
Biological target strategy
Erdafitinib
Johnson & Johnson / Astex Approved Growing
FGFR
Vemurafenib
Plexxikon Approved Growing
BRAF-V600E
Venetoclax
AbbVie / Genentech, Inc. Approved Linking
BCL-2
Asciminib
Novartis Phase 3 Growing
BCR-ABL
PLX3397
Plexxikon Phase 3 Growing
CSF1R, KIT, FLT3
Verubecestat
Merck Phase 3 Growing
BACE1
AZD3293
Astex [ AstraZeneca / Lilly Phase 2/3 Growing
BACE1
ABT-737
AbbVie Phase 2 Linking
BCL-2 & BCL-X.
AT7519
CDK1, CDK2, CDK4, CDK5 Astex Phase 2 Growing
& CDK9
AT9283
Astex Phase 2 Growing
Aurora & JAK2
AUY922
Novartis, Vernalis Phase 2 Growing
HSPS0
AZD5363
AstraZeneca / Astex Phase 2 Growing
AKT
CPI-0610
Constellation Phase 2 Growing
BET
eFT508
eFFECTOR Phase 2 Growing
MNK1 & MNK2
Indeglitazar
Plexxikon Phase 2 Growing
PPAR agonist
LY3202626 Lilly Phase 2 Growing
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BACE1
LY517717

FXa

Navitoclax
BCL-2 & BCL-X.
Onalespib
HSP9O
PF-06650833
IRAK4
PF-06835919
KHK

AMG 510
KRAS
ASTX029
ERK1 & ERK2
ASTX660
XIAP & clAP1
LY2886721
BACE1
MAKG683
PRC2
ABBV-075
BRD2
ABT-518
MMP2 & MMP9
AT13148

AKT, S6K1 & ROCK
AZD3839
BACE1
AZD5099
Bacterial topoisomerase |l
AZD5991
MCL1

BCL201

BCL-2
BI691751
LTA4H
ETC-1907206
MNK1 & MNK2

Journal of Medicinal Chemistry

Lilly / Protherics

AbbVie

Astex

Pfizer

Pfizer

Amgen

Astex

Astex

Lilly

Novartis

AbbVie

AbbVie

Astex

AstraZeneca / Astex

AstraZeneca

AstraZeneca

Vernalis / Servier / Novartis

Boehringer Ingelheim

EDDC / A*STAR Research

Entities

Phase 2

Phase 2

Phase 2

Phase 2

Phase 2

Phase 1/2

Phase 1/2

Phase 1/2

Phase 1/2

Phase 1/2

Phase 1

Phase 1

Phase 1

Phase 1

Phase 1

Phase 1

Phase 1

Phase 1

Phase 1

ACS Paragon PI?JS Environment

Growing

Linking

Growing

Growing

Growing

Growing

Growing

Growing

Growing

Growing

Growing

Linking

Growing

Growing

Growing

Merging

Growing

Growing

Growing
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GDC-0919
IDO1
GDC-0994
ERK2
HTLO014242
mGlub
IC-776
LFA1
LP-261
Tubulin
LY2811376
BACE1
PLX5568
RAF
SGX-393
BCR-ABL
SGX-523
MET
SNS-314
Aurora
$64315
MCL1

Journal of Medicinal Chemistry

Genentech, Inc.

Genentech, Inc.

Sosei Heptares

Lilly / 1ICOS

Locus Pharmaceuticals

Lilly

Plexxikon

SGX Pharmaceuticals

SGX Pharmaceuticals

Sunesis Pharmaceuticals

Servier / Novartis / Vernalis

* Drugs are listed alphabetically within each phase.

Phase 1

Phase 1

Phase 1

Phase 1

Phase 1

Phase 1

Phase 1

Phase 1

Phase 1

Phase 1

Phase 1

Growing

Growing

Growing

Growing

Growing

Growing

Growing

Growing

Growing

Growing

Growing
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2. SECOND-SITE SCREENING FOR IDENTIFICATION OF A SECOND FRAGMENT

As widely reported in the literature, it can be necessary to perform a second screening to identify a
fragment bound in another binding site (Table 2). To do so, it may be worth occupying the first site to
block its entry. This is partly due to the fact that the fragments typically bind a preferred hot-spot on the
protein surface. Moreover, the detection of second-site ligands is generally more difficult because these
fragments tend to have a weaker affinity for the target than the first-site ligands. We present below six
different strategies that have been used in the literature to identify second-site fragments. The strategies

are illustrated in Figure 2.

2.1. Screening using protein-observed NMR or “SAR by NMR”. NMR is an established technique
for fragment screening and is particularly attractive for linking strategies. In protein-detected
experiments, the protein is typically N or "*C labeled and two-dimensional heteronuclear NMR
experiments are used to observe the protein NMR peak modifications upon ligand addition. Most of the
published cases deal with small to medium-sized proteins, such as protein domains, for which the NMR
assignment is not a difficult task. Fesik and collaborators''"'? at Abbott established the “SAR by NMR”
approach to design a potent inhibitor of the FKBP binding domain. Two fragments bound in two pockets
were identified from the NMR experiments and a linker was elaborated using structural data from '"N-
BC-filtered protein-ligand Nuclear Overhauser Effect (NOE) (Table 2, entry 1). With the same
approach, a linked compound was designed for the stromelysin protein (Table 2, entry 2)."> Navitoclax,

1618 which led to venetoclax,” was discovered using the SAR by NMR

the orally active anti-cancer drug,
strategy (Figure 1). In another study, the group of Hadjuk' designed a highly potent B-cell lymphoma
2 (BCL-2) inhibitor using a library of 17,000 compounds for a first screen and a small library of 70
compounds for a second screen (Table 2, entry 3). Another specific inhibitor of B-cell lymphoma-extra-
large (BCL-Xy) was designed by Souers and colleagues.?’ In this case, the first site was blocked using a
compound derived from High-Throughput Screening (HTS) and medicinal chemistry. 875 fragments

were screened to identify a second-site ligand that could be linked to the first-site compound (Table 2,

entry 4). The fragment linking approach was also successfully applied to the heat shock protein 90
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(HSP90) (Table 2, entry 5)*' and to the protein tyrosine phosphatase-1B (PTP1B) (Table 2, entries 6,

7).22,23

2.2. Screening using ligand-observed 'H NMR. Ligand-observed NMR offers different opportunities
for identifying second-site ligands that bind at the vicinity of a first-site ligand. By contrast to the “SAR
by NMR” approach, ligand-observed experiments are performed for medium-size to very large proteins.
One strategy is to use 2D Nuclear Overhauser Effect Spectroscopy (NOESY) experiments that allow the
identification of compounds that bind near (~5A) a first-site ligand through the observation of Inter-
Ligand NOEs (ILOEs).*?¢ It is possible to modify the first-site ligand through the addition of methyl
group(s), allowing the generation of a suitable NOESY probe for the observation of strong NOESY
cross peaks in a spectral region with little overlap. Such experiments, referred as “SAR by ILOE”, have
been used for the design of protein-protein interaction inhibitors for the targets BCL-X;. and MCL1
(Table 2, entry 8).%”® In addition to the identification of second-site ligands, the ILOE experiment can
be used to assess the orientation of the second-site ligand relative to the first-site ligand, as shown by
the group of Abell for the Mycobacterium turberculosis pantothenate synthetase (PS) (Table 2, entry
9)* and confirm previously results obtained by X-Ray crystallography.*’

Another strategy is to use paramagnetic labeling,*'*

taking advantage of the paramagnetic enhancement
(PRE) obtained thanks to the paramagnetic labeling of a first-site ligand. Typically, a 2,2,6,6-
tetramethylpiperidin-1-oxyl (TEMPO) moiety is used. The transverse relaxation rate of the protons
located within a radius of ~10A of the first-site ligand is drastically enhanced, which significantly

reduces the NMR signal intensities.**** This approach has been successfully applied for the development

of nanomolar E-selectin antagonists by Ernst and co-workers®® (Table 2, entry 10).

2.3. Screening using ligand-observed "’F NMR. "°F NMR spectroscopy is another tool for fragment
screening, with the possibility to screen large mixtures of more than 20 fragments, taken advantage of
the chemical shift dispersion of the '°F nucleus. '’F NMR is also used to search for second-site ligands,

as exemplified for inhibitors of the Alzheimer target beta-secretase 1 (BACE1) (Table 2, entry 11).2%%7
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FAXS-NMR screening (fluorine chemical shift anisotropy and exchange for screening) was used to
identify a novel class of HSP90 inhibitors. The principle is to use a fluorinated molecule as a spy to
recognize fragments that competitively bind with the spy molecule. A fragment hit selected from a 1,200
fragments library was further characterized by X-ray crystallography and linked to the known HSP90

ligand resorcinol, leading to a low nanomolar compound (Table 2, entry 12).3*

2.4. Second-site ligand resulting from elaboration of a first-site ligand. Fragment growing may also
generate a new ligand that bind in a pocket that differs from the one of the initial fragment hit. This is
exemplified by the group of Dalgarno®” who screened 735 fragments against the lactate deshydrogenase
A (LDHA) using Saturation Transfer Difference (STD) NMR. A fragment bound in the substrate pocket
and part of the cofactor site was identified by X-ray crystallography. Fragment growing led to a new
compound that do not bind in the cofactor binding site. Therefore, the initial fragment and the optimized

compound were linked to generate the final structure (Table 2, entry 13).

2.5. Second-site ligand following tethering-based first-site ligand. Wells and colleagues®’ have
developed an alternative strategy to identify fragments that bind to proteins, using a cysteine residue
that can form a disulfide bond with disulfide containing fragments. The disulfide bond of the fragments
that display affinity for the protein are entropically stabilized while the other disulfide bonds can be
easily reduced. Tethered compounds were then recognized by Mass Spectrometry (MS). The approach
was used to generate a novel non-peptidic inhibitor of caspase 3 (Table 2, entry 14).*! The methodology
was also used by Raimundo and co-workers.* They developed a potent small-molecule inhibitor of

interleukin 2 (IL2) starting from a library of 7,000 disulphide-containing fragments (Table 2, entry 15).

2.6. Second-site ligand screening with focused libraries. To identify second-site ligands, another
strategy is to screen a fragment library that is chemically oriented to bind a particular protein-binding
pocket. For example, the group of Hudson® screened a focused library of 450 fragments containing
acids to find hits able to bind to the negatively charged region of the LDHA protein. The hit fragment

was then linked to another fragment bound in the adenine region of the cofactor nicotinamide adenine
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dinucleotide (NADH) (Table 2, entry 16). Another example was published by Gaul and co-workers**
regarding disruptor of telomeric silencing 1-like (DOT1L), a potential therapeutic target involved in
leukemias. The first site was blocked with a DOTIL inhibitor to search for fragments that bind in the
cofactor S-adenosylmethionine (SAM) pocket using NMR (Table 2, entry 17). In parallel, a focused
virtual screening followed by a biochemical screen was performed for the cofactor pocket. The NMR
and biochemical hits were further studied by X-ray crystallography. Modeling studies suggested to link

a fragment and a second-site binder, which led to a new structure with low nanomolar affinity.
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6 [22]
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X-Ray & NMR
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degenerative
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Figure 2. Schematic representation of methods for second-site screening for identification of a

second fragment hit. A) Screening using protein-observed NMR or “SAR by NMR”. A first hit (pink)
is identified through chemical shift perturbations of a 2D 15N or 13C labeled protein spectrum.
Chemical shifts perturbations observed in a second site of the protein (grey) indicate the binding of a
second fragment. B) Screening using ligand-observed 'H NMR: the ILOE method. A first fragment hit
is used as a spy to discover a second fragment hit that binds in the vicinity of the first binder (distances
(~5A), through NOESY correlations observed between the two adjacent ligands. C) Screening using
ligand-observed '"H NMR : the PRE method. A first fragment hit is used as a spy labeled with
paramagnetic tag using a 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) moiety. The second fragment
hit displays reduced NMR signal intensities due its proximity to the TEMPO moiety. D) Screening using
ligand-observed '’F NMR. A spy molecule is labeled with a fluorine tag to identify fragments that
competitively bind with the spy molecule. E) Second-site ligand resulting from elaboration of a first-

site ligand. Fragment growing generates a new ligand that bind in a distinct pocket. F) Second-site ligand

ACS Paragon P][LZS Environment



oNOYTULT D WN =

Journal of Medicinal Chemistry

following tethering-based first-site ligand. A first fragment is covalently bound to the protein through a
cysteine residue. A second cysteine residue is used to form a disulfide bond with disulfide containing
fragments. Tethered compounds are identified by Mass Spectrometry. G) Second-site ligand screening
with focused libraries. When the nature of a second pocket is known, a focused library can be used to

identify a second-site binder.
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3. DIRECT IDENTIFICATION OF FRAGMENTS BOUND TO TWO DISTINCT BINDING

SITES

When techniques such as X-ray crystallography, NMR or virtual screening are used, the identification
of two fragments that bind in two distinct sites can be a direct outcome of the screening process. As
discussed below, additional methods have also been used to identify two fragments that simultaneously

bind the protein. The different strategies are summarized in Figure 3.

3.1. Screening using X-ray crystallography. X-ray crystallography is a particularly attractive
technique in FBDD as it directly gives the 3D structure of the protein-fragment complex. Using a
focused library of 80 fragments on the protein thrombin,® Astex Therapeutics observed fragments
bound to the S1 pocket of the enzyme and one compound that bound to the S2-S4 region. The X-ray
structures then helped the design of a linked compound (Table 3, entry 18). The group of Yarnold*
identified, using biochemical screening followed by X-ray crystallography, fragments that bound to
separate sub-sites within the ATPase pocket of HSP90 (Table 3, entry 19). In another example, Guichou
and colleagues*’ used computational screening of 34,409 fragments to identify fragments of the
cyclophilin D (CYPD) active site as well as the gatekeeper pocket. Fourteen X-ray structures were
obtained, showing four fragments bound to the catalytic site of the protein while five fragments were
observed in the gatekeeper pocket (Table 3, entry 20). Using a thermal shift assay followed by X-ray

crystallography, Barral and co-workers*#

identified 3 compounds that bind near the S-
Adenosylmethionine (AdoMet) binding pocket of the NS5 AdoMet-dependent mRNA
methyltransferase (MTase) domain, highlighting a new targetable site (Table 3, entry 21). More recently,
Spring et al.>*** found a fragment bound at multiple sites on the protein casein kinase 2 (CK2), including
a previously unreported site adjacent to the adenosine triphosphate (ATP) site. The fragment was

modified to generate a compound that specifically binds the newly identified pocket and linked with

ATP-site ligands (Table 3, entry 22).
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3.2 Screening using protein-observed NMR. Protein-observed NMR experiments can also be used to
identify two different fragments that bind simultaneously two distinct protein pockets. The group of
Fesik™ examined 14,976 fragments of replication protein A (RPA) by NMR and found compounds that
bind to two distinct sites in the basic cleft of RPA70N. X-ray structures revealed the binding modes of

the fragments, suggesting a strategy for fragment optimization and linking (Table 3, entry 23).

3.3. Screening using MS. Similarly to the “SAR by NMR”, a “SAR by MS” approach has been
proposed. Ibis Therapeutics® used MS to screen fragments against the 1061 region of bacterial 23S
ribosomal ribonucleic acid (rRNA). This process includes a first step where compounds are screened
against the RNA by MS. SAR is obtained by chemical modification of the hits and MS experiments.
Data obtained for structurally modified hits, for which competition or absence of competition in the MS
experiments was observed, led to distant restraints between initial fragments that were then linked (Table

3, entry 24).

3.4. Screening using biochemical assays. Biochemical assays constitute straightforward screening
methods that require knowledge of the biochemical protein functions. A proof of concept of the linking
strategy was reported by Green® with biotin analogues binding avidin, illustrating the super-additivity
that can be achieved with the fragment linking approach (Table 3, entry 25). Another report™® showed
that the knowledge of the 3D structure of the target was not crucial. Ellman and co-workers screened at
high concentration a library of oximes and a small library of di-hydroxylamine linkers against the
tyrosine kinase c-SRC. They could demonstrate the utility of the method with the identification of a

potent and subtype-selective inhibitor (Table 3, entry 26).

3.5. Fragment self-assembly. We have also considered fragment self-assembly as examples of
fragment linking, even if no linker is designed to obtain the linked compound. The process called
dynamic combinatorial chemistry (DCC) is observed in situ in the presence of a target protein. As a first
example, Huc and Lehn’” reported the generation of carbonic anhydrase (CA) inhibitors by combination

of aldehyde and amine moieties to in situ form imines (Table 3, entry 27). Other applications were
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published for a neuraminidase (NA) inhibitor (Table 3, entry 28)®’ and an aspartic protease
endothiapepsin (Table 3, entry 29).%° Dynamic combinatorial X-ray crystallography, when DCC takes
place inside protein crystals, was demonstrated for the cyclin-dependent kinase 2 (CDK2), using a
mixture of hydrazines and isatins (Table 3, entry 30).®! Another methodology called dynamic ligation
screening (DLS) was reported by Rademann and co-workers®” for the protease caspase 3 (Table 3, entry
31). Using a fluorescent probe attached to a fragment, competitors or fragments that bind cooperatively
to the fluorescent probe are detected with the fluorescence polarization assay. The authors also extended
the approach to form amide bonds (Table 3, entry 32).% Protein-templated click chemistry (PTCC) that
relies on the 1,3-dipolar cycloaddition of azides and alkynes to generate a triazole moiety was also
reported by the team of Sharpless® with the generation of a femtomolar inhibitor of acetylcholinesterase
(Table 3, entry 33). Additional examples concern inhibitors developed for histone deacetylases (Table
3, entry 34),% chitinase B (Table 3, entry 35)° and the aspartic protease endothiapepsin (Table 3, entry
36).%7 The approach can also lead to protein-protein interaction inhibitors, as demonstrated for BCL-Xp.

(Table 3, entry 37).%%¢°

3.6. Inhibitor deconstruction and reconstruction. Deconstruction of known ligands can provide a
useful strategy for the reconstruction of a new compound.”’ Using HTS, two compounds were identified
to bind the human N-myristoyltransferase 1 (NMT1) protein and X-ray crystallography indicated that
the molecules bind in two different pockets.”' To preclude a steric clash upon compound linking, one of
the hits was deconstructed to remove the quinoline moiety (Table 3, entry 38).

The linking approach can be particularly useful to replace a part of a compound that is not suitable. For
example, fragments were searched to substitute a chymase inhibitor benzothiophene moiety that
produced reactive metabolites.”” Takahashi and co-workers screened one thousand fragments and
identified a fragment that binds in the same pocket as the benzothiophene core. The deconstruction and
reconstruction of the initial inhibitor led to a compound with improved metabolic properties (Table 3,

entry 39).
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3.7. Cooperative binding. In some cases, the second binding pocket is only observed in the presence
of a first ligand bound to a distinct pocket. For example, Varani and colleagues’” identified six fragments
capable to bind the human immunodeficiency virus 1 (HIV-1) transactivation response RNA only in the

presence of the first hit, an arginine mimetic.
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Entry [Ref]
Target
(Pathologies)

Method

18 [45]
Thrombin
(Neuro-
degenerative
diseases)
X-Ray

19 [46]
HSP90
(Cancer &
neuro-
degenerative
diseases)

Bioassay & X~

Ray

20 [47]
CYPD

(Viral & neuro-
degenerative
diseases)
X-Ray

21[48,49]
DENV-MTase

(Viral diseases)

X-Ray

22 [50-52]
CK2a
(Cancer)
X-Ray

Table 3. Fragment linking by direct identification of two fragments.
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23 [53]
RPA
(Cancer)
NMR

24 [54]
23S rRNA
(Viral &
bacterial
diseases)
MS

25[55]
Avidin

Bioassay

26 [56]
c-SRC
(Cancer)
Bioassay

27 [57]

CA
(Osteoporosis)
DCC

28[58, 59]
NA

(Viral diseases)
DCC

29 [60]
Endothia-
pepsin
(Infectious, viral
& neuro-
degenerative
diseases)

DCC
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30[61]
CDK2
(Cancer)
DCX

31[62]
CASP3
(Neuro-
degenerative
diseases)
DLS

32[63]
FXa
(Bleeding
disorders)
DLS

33[64]
ACHE
(Neuro-
degenerative
diseases)
PTCC

34 [65]
HDAC
(Cancer,

inflammatory &

neuro-
degenerative
diseases)
PTCC

35[66]
SmChiB
(Infectious &
inflammatory
diseases)
PTCC

36 [67]
Endothia-
pepsin

(Infectious, viral

& neuro-
degenerative
diseases)
PTCC
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Figure 3. Schematic representation of methods for direct identification of fragment bounds to two
distinct binding sites. A) Screening using X-ray crystallography. When fragments are screened in
cocktails, fragments bound to distinct sites can be observed. B) Screening using protein-observed NMR.
Two fragments that bind simultaneously two distinct protein pockets can be identified on 2D NMR
protein spectra. C) Screening using MS. Fragment hits identified by MS are modified and competition
experiments are performed to derive structural restraints. D) Screening using biochemical assays. The
example shows the use of the oxime function together with a small library of di-hydroxylamine linkers.
E) Fragment self-assembly in the presence of a target protein: dynamic combinatorial chemistry (DCC).
The example is illustrated with aldehyde and amine moieties that in sifu form imines. F) Inhibitor
deconstruction and reconstruction. A known ligand can be improved by replacing a moiety by a
fragment hit identified in the presence of the deconstructed fragment. G) Cooperative binding. A first

ligand induces a new pocket for a second fragment hit.
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4. DIMERIZATION OF A FRAGMENT HIT

A special application of fragment linking is dimerization. This approach allows one to link together two

copies of the same fragment binding to either adjacent sites or in the same pocket of a protein.

4.1. The fragment binds twice in the protein binding pocket. The first example was reported by
Brimijoin and co-workers™ for the acetylcholine esterase. The observation that two copies of an acridine
analogue could be modelled in the active site led to the design of dimeric compounds with different
linker lengths. An inhibitor that was 1,000-fold more potent than the original molecule was synthesized
(Table 4, entry 40). Another case was reported by Blundell and co-workers” for the transcription factor
from Mycobacterium tuberculosis (EthR), involved in antibiotic resistance. Thermal shift assay
followed by crystallography identified two copies of a fragment hit in the allosteric pocket of the protein,
starting from 1,250 fragments (Table 4, entry 41). Similarly, biochemical assay (enzyme inhibition by
monitoring NADH absorbance) followed by crystallography identified two copies of a fragment hit in
the active site of the protein inosine-5’-monophosphate dehydrogenase (IMPDH) (Table 4, entry 42).7

They synthesized an inhibitor that was 2,500-fold more potent than the original molecule.

4.2. The fragment binds in the same pocket in two protein sub-units. Human mast cell tryptase, a
trypsin-like serine protease, exists as a tetramer. The ligand benzamidine was modified to contain two
benzamidine moieties with a flexible linker region spanning the space between two monomers (Table
4, entry 43).”7 With a similar approach, an anti-cancer pyruvate kinase M2 (PKM2) activator was
designed (Table 4, entry 44)" as well as an inhibitor of the o-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptors (Table 4, entry 45).”
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Table 4. Fragment linking by fragment dimerization

Entry [Ref]
Target
(Pathologies)

Method

40 [74]
ACHE
(Neuro-
degenerative
diseases)
Bioassay

41[75]
EthR
(Infectious
diseases)
Bioassay &
X-Ray

42[76]
IMPDH
(Infectious
diseases)
Bioassay &
X-Ray

43[77]
Tryptase
(Asthma)
Bioassay

441[78]
PKM2
(Cancer)
HTS

45[79]
AMPA
receptor
(Neuro-
degenerative
diseases)
X-Ray
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5. LINKERS

Once two fragments have been identified, a linker is designed, which can be done using various
strategies. From a chemical point of view, we have considered two types of linkers, the alkyl-derived
linkers, and the functionalized linkers. We also report two promising approaches, a first one that we

have called “linkers inspired by known ligands™ and the other one “growing before linking”.

5.1. Alkyl linkers and derivatives. Alkyl linkers of variable lengths are largely used in the literature to
link two fragments bound in two pockets (Table 5). In some studies, the linkers also include more rigid
structures such as phenyl core, alkyne function (Table 5 entry 11) and cyclohexane (Table 5 entry 26).
Typically, the likely binding mode and structural constraints for the lengths are obtained from NMR
experiments (Table 5 entries 1, 2 & 3), crystal structure of fragments (Table 5 entries 4, 6, 18, 38 & 39)
or a combination of crystallography and molecular modelling (Table 5 entries 7, 12, 16, 17, 19, 40, 44
& 45). One publication showed that mass spectroscopy competition experiments can also generate
distance restraints (Table 5 entry 24). Linking strategy with an alkyl chain has also successfully
generated compounds in the absence of structural information, using biochemical data (Table 5 entries
25 & 43).

In a majority of cases, a small set of compounds with varying linker lengths and attachment points are
synthesized to explore the hypotheses. In addition, the linking can start from an ether or an amine moiety,

making chemical synthesis more straightforward.

5.2. Linkers with functional groups. Alkyl functions are more problematic when the linking of the
two molecules requires a non-linear geometry. For example, the team of Barral used a urea function as
suggested by in silico studies (Table 5 entry 21). Hadjuk and co-workers reported a case where a
sulfonamide was chosen as it could bend by 180°. In the same study, in order to position correctly a
furanone moiety included in the fragment with a 90° twist, an acetylene linker was used (Table 5 entry
5). Sulfonamide and acyl sulfonamide were also used by the Abell group to replace ester and amide

moieties in the case of the pantothenate synthase (Table 5 entry 9).
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In some cases, the linker has been carefully optimized in order to add molecular interactions between
the atoms of the linker and the protein residues. For example, Fesik’s team chose to add rigidity and to
introduce interactions between the linker and the protein by introducing a thioamide linker for a BCL-
2 inhibitor (Table 5 entry 23). In the Dalgarno group, the initial ether-based linker was modified with
the addition of functional groups including ester, amide, amine and hydroxyl functions. The eight- atom
linker containing four hydroxyl groups interacting with protein atoms provided the most active
compound (Table 5 entry 13). A further strategy reported in the literature consisted in selecting the
linkers by in silico studies. For example, for the design of a BCL-Xy inhibitor (Table 5 entry 8), several

types of linkers were proposed and led to more active compounds.

5.3. Structural data for the linker design. As illustrated in Table 5, in the large majority of the cases
(26 out of 31 publications), structural information is used to design the linker. X-ray crystallography
appears as the method of choice, alone or in combination with modeling, while NMR is much rarely
utilized. Structural data can also result from the merging strategy, where a known ligand offers an
opportunity to design the linker (see below, 5.4). Also, the growing strategy may be necessary to first
reduce the distance between the fragments before linking, which necessitates structural characterization

of the protein-fragment complexes (see 5.5).

5.4. Linkers inspired by known ligands (mixing merging and linking strategies). Another strategy
for the linker design is to take advantage of the knowledge of natural substrates or other known
inhibitors. For example, Guichou et al. chose to use a urea moiety, after superimposition of fragments
with the known structures of sangliferin A and cyclosporine A, two cyclophilin inhibitors. Two
molecules with two different linkers were obtained and one of them directly showed micromolar activity
(Table 5 entry 20). Abell group similarly merged a previously known inhibitor with two copies of a

fragment hit (Table 5 entry 42), which has led to a successful linker.

5.5. Growing before linking. We want to particularly emphasize one strategy that consists in growing

one of the fragments before linking, when the distance between the two fragments is particularly large.
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This strategy has been used with both alkyl and functionalized linkers. In the report by AstraZeneca
(Table 5 entry 16) on the LDHA protein, growing of one of the fragments was performed until the
distance between the two fragments was reduced to 3A. Then, a molecular study was used to select
suitable linkers. In the case of the protein kinase CK2, due to the long distance between the initial
fragments, Spring and colleagues choose to modify one of the fragments by addition of chemical groups
with different lengths. The synthesized molecules were then evaluated and X-ray data were solved to

measure the resulting distance between the two fragments (Table 5 entry 22), before linking.
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Table 5. Linker chemical structures and structural methods.

Entry
from
tables 2,
3,4 [Ref ]

1011,12]
2[15]
3[19]
4[20]
6[22]
18 [45]
38[71]
39[72]
12[38]
16 [43]
17 [44]
19°[46]
401[74]
44-[78]
451[79]
25 [55]
43[77]

7[23]

11[36,
37]

24 [54]

26 [56]

Structural

methods

NMR

X-Ray

X-ray &
molecular
modeling

X-ray &
molecular
modeling

NMR, X-
ray &
molecular
modeling

MS

Linker structure

Alkyl linkers and derivatives

o

Variable lenghts

SUN<

YN

e Q
Variable lenghts
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5[21]

8[27, 28]

13 [39]

20 [47]

23 [53]

421[76]
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9[29, 30] ;_é_N\H_E S—(ISj—NH

16 21[48,
17 S A

49]

20 X-ray &
molecular
23 modeling

25 22 [50- o o Optimization ¢ 0
26

H

35 0
3 a1[75] i,7)LH“'% ¢S g

43 * Ranking by calculating the internal-strain energies
44 ** Molecular dynamics simulation

6. FUTURE PERSPECTIVES AND CONCLUSION

54 FBDD is a powerful method for the generation of new drug candidates, which so far has led to three
56 FDA-approved drugs and to clinical trials for nearly fifty molecules. While strategies for developing an
58 active molecule from a fragment are typically growing, linking and merging approaches, some examples

60 reported here show that these strategies may be used one after another to increase the chances of success.
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Nevertheless, the literature clearly shows that the growing strategy is by far the most widely used
strategy, even if the linking strategy raised great expectations due to theoretical considerations.'* Are
there some experimental, technical difficulties that might explain the moderate success of the linking
strategy? The first step in this process is the identification of two fragments that bind the protein in two
distinct sub-sites. Screening a fragment library with a structural method offers a clear advantage in this
context. While both NMR and X-Ray crystallography techniques theoretically offer the opportunity to
directly identify two compounds that simultaneously bind the protein target at two different sites,
published examples highlight X-Ray crystallography as the most successful (or used) method. By
contrast, NMR is a method of choice for the iterative identification of a second-site binder.’’ However,
when using NMR as a screening technique, two screens are generally essential. Second-site screening
also offers the opportunity to identify new binding pockets, which may open the route for the design of
highly selective compound such as allosteric molecules. The optimization of the second-site ligands
might be necessary to increase the affinity of those ligands that are typically weaker binders than the
first-site ligands. Once the screening has been performed, the most appropriate method to guide the
linking process will depend on the distance between the two identified binders. NMR can be an
interesting approach for short distances, typically when the two fragments bind in adjacent pockets,
using ILOE 2D experiments that do not require protein labeling. We believe this strategy is particularly
suitable for catalytic sites of enzymes (Table 2, entries 8 & 9). For larger distances, which might be
observed for protein-protein interaction inhibitors or for bivalent compounds targeting two sites (for
example active site and allosteric site), modelisation and X-Ray crystallography are more efficient
techniques than NMR, as the linker design will necessitate the resolution of the complex 3D structure.
NMR would require labeled protein samples.

For the majority of the fragment-linking published examples, super-additivity is not observed. This
might explain why the growing approach remains the preferred strategy. Out of the forty-five examples
reported here, nine only fulfill the super-additivity criterium (Entries 2, 4, 18, 20, 25, 30, 32, 33 & 43),
including the well-known avidin case, one dimerization case and three self-assembly examples. This
shows that achieving super-additivity is challenging. In particular for non-catalytic sites such as protein-

protein interaction sites, protein conformational rearrangement upon compound binding might induce
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changes in the fragment binding modes. Translational and rotational entropy changes due to the linker
also need to be counteracted. It is not straightforward to understand what criteria (regarding the fragment
or the linker) lead to super-additivity. Previously, Whittaker and colleagues'® suggested that successful
linking could be achieved by carefully selecting the pair of fragments to be linked, with one forming
polar interactions with the protein while the second fragment should interact through van der Waals
interactions. The idea is that the binding mode of the fragment that does bind through nonpolar
interactions can be changed without penalty upon linking. There are examples in the literature that
contradict this assumption and successful cases here showed polar interactions for both fragments. To
our point of view, the linking strategy in FBDD essentially depends on the optimization of the two initial
fragments, the geometry required to link the fragments and the length of the linker. As observed for the
compounds for which the super-additivity was reached, the linkers are rather short and flexible, mainly
alkyl-derived linkers. Therefore, these findings tend to suggest that mixing the growing and linking
approaches could be a promising method to achieve the super-additivity. Growing one fragment helps
reduce the length of the linker required. Also, optimization of the fragments before linking may help
adapt the linker in case of protein conformational changes. Another promising approach consists in
mixing merging and linking strategies, where the linker is designed thanks to the imitation of chemical

groups observed in known ligands.
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AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; ACHE, acetylcholinesterase;
AdoMet, adenosylmethionine; AKT, protein kinase B; ATP, adenosine triphosphate; BACEI1, beta-
secretase 1; BCL-2, B-cell lymphoma 2; BCL-X;, B-cell lymphoma-extra-large; BET, bromo- and
extra-terminal domain family; BRAF, v-raf murine sarcoma viral oncogene homolog B; BRD2,
bromodomain-containing protein 2; c-SRC, proto-oncogene tyrosine-protein kinase SRC; CA, carbonic
anhydrase; CASP3, caspase 3; CDK1/2/4/5/9, cyclin-dependent kinases 1/2/4/5/9; cIAP1, cellular
inhibitor of apoptosis protein 1; CK2, casein kinase 2; CSFIR, colony stimulating factor 1 receptor;

CYPD, cyclophilin D; DCC, dynamic combinatorial chemistry; DENV, dengue virus; DLS, dynamic

ACS Paragon P%ugs Environment



oNOYTULT D WN =

Journal of Medicinal Chemistry

ligation screening; DOTI1L, disruptor of telomeric silencing 1-like; ERK1/2, mitogen-activated protein
kinase 3/1; EthR, mycobacterium tuberculosis transcriptional repressor; FAXS, fluorine chemical shift
anisotropy and exchange for screening; FBDD, Fragment-based drug discovery; FDA, Food and Drug
Administration; FGFR, fibroblast growth factor receptors; FKBP, FK506-binding protein; FLT3, fms-
like tyrosine kinase 3; FXa, factor X; HDAC, histone deacetylases; HIV-1, human immunodeficiency
virus 1; HSP90, heat shock protein 90; HTS, high-throughput screening; IDO1, indoleamine-pyrrole
2,3-dioxygenase; IL-2, interleukin 2; ILOEs, inter-ligand NOEs; IMPDH, inosine-5’-monophosphate
dehydrogenase; IRAK4, interleukin-1 receptor-associated kinase 4; JAK2, Janus kinase 2; KHK,
ketohexokinase; KIT, tyrosine-protein kinase KIT; KRAS, kirsten rat sarcoma viral oncogene; LDHA,
lactate deshydrogenase A; LFA1, lymphocyte function-associated antigen 1; LTA4H, leukotriene A4
hydrolase; MCL1, induced myeloid leukemia cell differentiation protein; MET, tyrosine-protein kinase
MET; mGlu5, metabotropic glutamate receptor 5; MNK1/2, MAP kinase-interacting serine/threonine-
protein kinase 1/2; MMP2/9, matrix metalloproteinase 2/9; mRNA, messenger ribonucleic acid; MS,
Mass Spectrometry; MTase, methyltransferase; NA, neuraminidase; NADH, nicotinamide adenine
dinucleotide; NMR, Nuclear Magnetic Resonance; NMT1, N-myristoyltransferase 1; NOE, nuclear
overhauser effect; NOESY, nuclear overhauser effect spectroscopy; PKM2, pyruvate kinase M2; PPAR,
peroxisome proliferator-activated receptor; PRC2, polycomb repressive complex 2; PRE, paramagnetic
enhancement; PS, pantothenate synthetase; PTCC, protein-templated click chemistry; PTP1B, protein
tyrosine phosphatase-1B; RAF, rapidly accelerated fibrosarcoma; ROCK, rho-associated protein kinase;
RPA, replication protein A; rRNA, ribosomal ribonucleic acid; S6K1, ribosomal protein S6 kinase beta-
1; SAM, S-adenosylmethionine; SAR, structure-activity relationships; SmChiB, serratia marcescens
chitinase B; SPR, surface plasmon resonance; STD, Saturation Transfer Difference; TEMPO, 2,2,6,6-
tetramethylpiperidin-1-oxyl; VRE, vancomycin-resistant enterococci; XIAP, x-linked inhibitor of

apoptosis protein
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