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Abstract

Cancer will directly affect the lives of over one-third of the population. The DNA Damage
Response (DDR) is an intricate system involving damage recognition, cell cycle regulation, DNA
repair, and ultimately cell fate determination, playing a central role in cancer etiology and therapy.
Two primary therapeutic approaches involving DDR targeting include: combinatorial treatments
employing anticancer genotoxic agents; and synthetic lethality, exploiting a sporadic DDR

defect as a mechanism for cancer-specific therapy. Whereas, many DDR proteins have proven
“undruggable”, Fragment- and Structure-Based Drug Discovery (FBDD, SBDD) have advanced
therapeutic agent identification and development. FBDD has led to 4 (with ~50 more drugs
under preclinical and clinical development), while SBDD is estimated to have contributed to the
development of >200, FDA-approved medicines. Protein X-ray crystallography-based fragment
library screening, especially for elusive or “undruggable” targets, allows for simultaneous
generation of hits plus details of protein-ligand interactions and binding sites (orthosteric or
allosteric) that inform chemical tractability, downstream biology, and intellectual property. Using
a novel high-throughput crystallography-based fragment library screening platform, we screened
five diverse proteins, yielding hit rates of ~2-8% and crystal structures from ~1.8 to 3.2 A.

We consider current FBDD/SBDD methods and some exemplary results of efforts to design
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inhibitors against the DDR nucleases meiotic recombination 11 (MRE11, a.k.a., MRE11A),
apurinic/apyrimidinic endonuclease 1 (APEL, a.k.a., APEX1), and flap endonuclease 1 (FEN1).

Keywords

Fragment-based drug discovery; Structure-based drug discovery; X-ray crystallography; Cancer
therapeutics; DNA damage Response; DNA repair; MRE11; APEL; FEN1

1. Introduction

1.1.

History of and milestone advances in fragment-based screening technologies

Fragment-Based Drug Discovery (FBDD), as it is commonly known now, started about 25
years ago. In its earliest years, it was often referred to as “Fragment-Based Lead Design”
and later on (and even now sometimes) as “Fragment-Based Drug Design”. The FBDD
approach relies on hit generation by starting with stable molecular fragments that share
common features: typically, a molecular weight of <300 Da, cLog P < 3 (a measure

of hydrophilicity, with low values enhancing absorption), and number of hydrogen bond
donors, or acceptors, of 3 or less. The number of rotatable bonds of <3 and polar surface
area <60 A2 may also be useful criteria for FBDD. Such fragments are smaller than regular
lead-like molecules in drug discovery and are said to be Rule of Three (Ro3) compliant
based on their chemical size and composition (Congreve et al., 2003). The first example of
FBDD can be traced back to seminal work published from Abbott Laboratories, IL, USA
on structure-activity-relationships “SAR by NMR” in 1996 (Shuker et al., 1996). Since then
and until ~2010, FBDD played a prominent role in the early drug discovery programs of
many pharmaceutical companies, including Abbott, Astex, Plexxikon, Syrxx, Genentech,
SGX Pharma, Vernalis, Vertex, and AstraZeneca, among others. Since then, FBDD has
grown to be an integral part of many drug discovery efforts in both industry and academia.

Multiple biophysical techniques are used for the initial screening of fragment libraries for
hit generation in FBDD, with two of the most popular methods being nuclear magnetic
resonance (NMR) (Gossert and Jahnke 2016) and surface plasmon resonance (SPR)
(Navratilova and Hopkins 2010). Other biophysical methods include thermal shift assay
(TSA), isothermal titration calorimetry (ITC) (Ciulli 2013), capillary electrophoresis (CE)
(Austin et al., 2012), microscale thermophoresis (MST) (Linke et al., 2016), biolayer
interferometry (BLI) (Wartchow et al., 2011), weak affinity chromatography (WAC)
(Duong-Thi et al., 2011), photoaffinity probes (Grant et al., 2020; Parker et al., 2017), plus
new approaches for fragment screening by grating-coupled interferometry (GCI) and Cryo-
EM (Saur et al., 2020). Some FBDD strategies also utilize computational/virtual screening
and biochemical screening. Computational screening methods have made significant
advances and can be used to virtually screen millions of compounds and analyze fragment
hits to narrow down on a few hundred to a few thousand fragments. However, results may
exhibit varying degrees of reliability, and many screening campaigns additionally employ
orthogonal screening strategies with the goal of advancing overlapping hits. Experimental
structure determination is still required to determine the precise atomic details and to
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evaluate protein-ligand interactions to guide medicinal chemistry efforts (Kumar et al. 2012;
Lolli and Caflisch 2016).

Among the potential drug discovery methaods, the only one that can best provide detailed
atomic level 3D protein-ligand interactions is protein X-ray crystallography (PX). PX is an
essential component of FBDD and structure-based drug discovery (SBDD), since it is the
gold standard for determining the exact orientation of a fragment bound to a target protein
(Murray and Blundell 2010). PX probes the widest range of molecular affinities, from
millimolar to nanomolar (Price et al. 2017), a key benefit in FBDD as initial fragment hits
will likely bind weakly. Unlike other structure determination techniques, PX is independent
of protein size, and is free from false positive issues that plague biophysical methods
(Silvestre et al., 2013; Schiebel et al., 2015), as the electron density of bound fragments
will be visible in the final electron density maps. Despite these advantages, PX can be
expensive and inefficient as a primary screening process, and thus other methods are

often used to pre-filter fragments prior to pursuing co-crystal structures. In typical drug
discovery campaigns, only a relatively small number of the best fragment hits (and their
analogs) from biophysical, computational and biochemical screening efforts are advanced to
crystallographic studies. The need to limit the number of hits stems from the challenges and
complexities associated with generating co-crystal structures. For example, several steps are
needed to transfer crystals into fragment-soaks followed by crystal harvesting and freezing
for X-ray diffraction experiments. These processes are typically involved and error-prone,
particularly when dealing with hundreds of fragments and crystals, and need extensive
optimization. Fragment cocktails (of 3e10 molecules) have therefore been used to improve
the efficiency of fragment soaking for crystallography (Verlinde et al., 2018; Nienaber et al.,
2000), but other challenges remain.

A strong interest has remained in enabling primary fragment screening using PX (Davies
and Tickle 2012), particularly when used in parallel with complementary biophysical

and computational screens. With the advent and development of high-throughput PX in
structural genomics (Zarembinski et al., 1998), especially programs from 2000 to 2015
under the NIH/NIGMS Protein Structure Initiative (Montelione 2012; Burley et al., 2008),
like the Joint Center for Structural Genomics (JCSG) (Elsliger et al., 2010) and Berkeley
Structural Genomics Center (BSGC) (Shin et al., 2007), as well as similar global efforts
like The Structural Genomics Consortium (SGC) (O. Gileadi et al., 2005; Opher Gileadi

et al., 2007), it has become feasible to consider PX as a primary screening method in
FBDD. Notably, this advance is paradigm-shifting for hit generation in early discovery, as
it immediately provides hit location and information on critical protein-ligand interactions.
In addition, the methodology permits biologists and biochemists to assess the potential
biological and biochemical value of hits at a particular site, and chemists to determine
chemical tractability and synthesis strategies very early in the process. The progress since
2015 has culminated in the setup of the XChem fragment screening facility at the Diamond
Light Source, Oxford, UK (Collins et al., 2018) and the ABS-OneStep™ fragment screening
platform at Accelero Biostructures, San Francisco, USA, thereby allowing a path for the
transition and translation of learning from structural genomics and high-throughput PX
into PX-based primary screening of fragment libraries for FBDD. Based on the success

of XChem, a couple of other synchrotrons in Europe are working to set up fragment-

Prog Biophys Mol Biol. Author manuscript; available in PMC 2021 December 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wilson et al.

1.2.

Page 4

based screening facilities. Another important contribution related to XChem has been the
development of the PanDDA method (Pearce et al., 2017) that is powerful in extracting
information about the binding of fragments by using data sets from a large number of
crystals, which allows the detection of even weak binders to be picked up from what may
otherwise be challenging interpretation, by conventional methods, of electron density maps.

Drug discovery successes using fragment-based screening approaches

FBDD is an important strategy for developing high-affinity lead compounds and has

been widely adopted in the pharmaceutical industry over the last 10e15 years with

proven success. Small molecule fragments (<300 Da MW), which typically bind with

low millimolar affinity, are used as building blocks to develop potent drug-like molecules
(Erlanson 2011). FBDD allows efficient sampling of chemical space (Hall et al. 2014; Boyd
and de Kloe 2010) and has found success in generating leads for targets that have failed in
high-throughput screening (Hajduk and Greer 2007).

Once fragment hits against a target are obtained, the hits are ranked by priority score.

This ranking depends on the method used to obtain the hits. Where hits are obtained by
crystallography, rankings can be based on the electron density of the bound fragment. When
hits are obtained by biophysical screening, the ranking can be based on estimated affinities.
Hits are then advanced into iterative molecular optimizations combining computational
chemistry, medicinal chemistry, synthetic chemistry, and biophysical and biochemical
assays. These are used to grow the size of the fragments by adding functionalities through,
for example, amination, arylation and alkylation. In cases where there is evidence of
multiple fragments bound in proximity, fragment linking can be another way to increase
compound size. The number of hits that are advanced to fragment growth or linking
strategies depends on chemistry and other resources available for downstream work. Where
crystal structures of protein-ligand complexes are available, these can be used directly for
adding functional groups by computational chemistry. In cases where crystals structures are
unavailable, compounds can be docked at the binding sites by computational chemistry prior
to functional group elaborations. This iterative process to grow the fragment hits, which are
usually weak binders, into regular small molecule compounds, increases the potencies of
the compounds as the molecular weight increases to ultimately lead to a useful inhibitor, as
for example in the “SAR by Space” approach used in FBDD of bromodomain containing
protein 4 (BRD4) (Borysko et al., 2018) and the “anchored plasticity” approach used in
development of nitric oxide synthase inhibitors (Garcin et al., 2008).

FBDD programs have led to four approved drugs (Plexxikon’s Vemurafenib, a B-Raf kinase
inhibitor, FDA approved in 2011; Plexxikon’s Pexidartinib, a CSF1R and c-Kit inhibitor,
approved in 2019; Astex/J&J’s Erdafitinib, a pan FGFR1-4 inhibitor, approved in 2019,

and AbbVie/Genentech’s Venetoclax, a Bcl-2 inhibitor, approved in 2016). In addition, ~50
compounds have entered clinical trials (see list at http://practicalfragments.blogspot.com/
2020/03/fragments-in-clinic-2020-edition.html). As it is still early in its implementation
phase, expanded use of FBDD presents many opportunities to identify novel chemical matter
for a range of therapeutically relevant proteins, including those that function as part of the
DNA Damage Response (DDR). As will be discussed next, the DDR is a critical system
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in not only the prevention of disease, but in several treatment paradigms, most notably
the eradication of cancer; and understanding DDR network complexity makes efficient
identification of inhibitors for multiple targets key to advance both biology and medicine.

1.3. DNA damage formation and consequences

DNA damage is generated by intrinsic and extrinsic mechanisms (Chatterjee and Walker
2017). The intrinsic processes include (i) spontaneous hydrolysis, (ii) attack by intracellular
reactive chemicals [most notably reactive oxygen species (e.g., the hydroxyl radical)], (iii)
misincorporation errors during DNA replication, and (iv) replicative stress that arises when
a progressing replication fork is interrupted by an obstructive lesion, difficult to copy
sequence (e.g., repetitive elements) or active transcription. Some of the most common
extrinsic sources include sunlight, ionizing radiation, and many chemicals found in the
environment, food and water (e.g., aflatoxin, heavy metals, tobacco components, certain
emissions, etc.). Extrinsic DNA-damaging agents also consist of the numerous genotoxins
used as front-line therapeutics in the eradication of rapidly dividing cells, such as observed
in cancer (discussed below).

The types of DNA damage generated are vast but are comprised of primarily (i) simple base
modifications that might alter the coding properties of the nucleotide without disrupting the
helical structure and (ii) more complex lesions that involve bulky chemical additions, strand
breakage, or crosslinking of neighboring bases (intrastrand crosslinks) or the complementary
strands (interstrand crosslinks), often promoting gross conformational changes to the duplex.
Depending on the nature of the modification, persistent DNA damage can lead to (i) altered
genomic landscapes that disrupt gene regulatory networks, (ii) inaccurate copying during
chromosome duplication, (iii) replication fork collapse and the formation of one-ended
double-strand breaks or complex DNA intermediates, or (iv) transcription stalling or errors.
These molecular events trigger cellular outcomes such as transformation, senescence or
apoptosis, endpoints that underlie cancer development, degenerative disease and premature
aging (Tiwari and Wilson 2019).

1.4. Responses to DNA damage and DNA repair mechanisms

To prevent the deleterious consequences of persistent DNA damage, organisms have evolved
coping mechanisms that entail damage recognition, cell cycle checkpoint modulation, and
activation of the appropriate response. In situations of manageable damage, DNA repair
mechanisms are called into action to remove substrate lesions or intermediates, preserving
genome integrity and restoring normal biochemical operations. However, when DNA
damage is excessive, the cell will activate pathways that promote death (typically apoptosis)
or arrested growth, such as senescence, preventing almost certain genomic instability and
associated dysfunction. Collectively, the protective mechanisms are known as the DDR, a
global system designed to choose shrewdly between cell survival or elimination (Pilie et al.,
2019).

The major DNA repair mechanisms include the following, with many of them involving
specialized sub-pathways: (i) direct reversal (DR), (ii) mismatch repair (MMR), (iii)
base excision repair (BER), (iv) single-strand break repair (SSBR), (V) ribonucleotide
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excision repair (RER), (vi) nucleotide excision repair (NER), and (vii) double-strand break
repair (DSBR), which includes non-homologous end-joining (NHEJ) and homologous
recombination (HR). It is not our intent to provide a comprehensive discussion of the
different DNA repair mechanisms, but instead, we have provided Table 1 to summarize the
major repair pathways, DNA substrates, and protein participants, and direct the reader to
reviews for further information (Soll et al. 2017; Fedeles et al., 2015; Modrich 2016; Krokan
and Bjgras 2013; Andres et al., 2015; Mullenders 2018; Scully et al., 2019; Sun et al., 2020;
Chaplin and Blundell 2020).

1.5. Overview of the DDR in cancer etiology and treatment

Individuals that harbor a germline defect in a key component of the DDR commonly
exhibit cancer predisposition as a primary clinical phenotype (Torgovnick and Schumacher
2015; Romero-Laorden and Castro 2017). Given that DNA damage can drive mutagenic
events and genomic instability, outcomes known to underlie transformation and consequent
carcinogenesis, the association between ineffective DNA repair and cancer development

is obvious. Indeed, the connection between DDR defects and neoplasia is seen in genetic
syndromes involving inefficient MMR (e.g., Lynch syndrome), BER (MUTYH- or NTHL1-
related colorectal cancer syndromes), NER (e.g., xeroderma pigmentosum), and replicative
stress or DSBR (e.g., Fanconi anemia, Bloom syndrome, Nijmegen breakage syndrome,
ataxia telangiectasia). In addition to the inherited mutations, sporadic, deleterious genetic
changes can arise in DDR genes. Such events can give rise to DNA repair deficiency and

a consequent mutator phenotype driving the multi-hit theory of carcinogenesis that involves
several genetic and biochemical changes that culminate in unregulated cell growth (Ma et
al., 2018).

Beyond their function as tumor suppressor mechanisms, the DDR and discrete DNA repair
pathways operate prominently in dictating the efficacy of many anti-cancer therapies. As
alluded to earlier, several of the agents used to destroy cancer cells act via the introduction
of toxic DNA damage or intermediates (Table 2) (Helleday et al., 2008). The concept is

that complex DNA alterations will induce lethal stress responses (mainly due to collapsed
replication events) in rapidly dividing cells, such as found in cancer. Consistently, defects

in the DDR are associated with increased sensitivity to many of the DNA-damaging agents
employed in anticancer chemo or radiotherapy. Furthermore, increased DNA repair capacity,
a phenotype often seen in cancer cells, is associated with genotoxin agent resistance.

1.6. DDR as a target in combinatorial and synthetic lethality treatment paradigms

A current emphasis in the effort to improve anti-cancer therapies is to (i) selectively
regulate the DDR in cancer cells, thereby increasing sensitivity to applied genotoxins or
(ii) exploit distinctive genetic alterations in the DDR that give rise to cancer, particularly
those originating sporadically (Fig. 1) (Gavande et al., 2016). The former strategy, while
typically more complicated in terms of specificity, entails co-administration of a specific
DNA repair inhibitor with a relevant genotoxin, aiming to augment the killing effect of the
DNA-damaging agent in highly replicative cells. The latter approach, commonly known as
“synthetic lethality”, involves disabling an essential compensatory pathway that takes on
greater importance in the absence of a specific DDR gene/function.
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1.6.1. Combinatorial therapies—The use of cytotoxins in the treatment of cancer
stems largely from observations made following the employment of nitrogen mustards
during the first and second world wars (Chabner and Roberts 2005). In particular, soldiers
exposed to these chemical warfare agents suffered from depleted bone marrow and
reduced lymph nodes, suggesting possible benefits of the compounds in the eradication

of lymphatic tumors. After the advent of more stable chemical forms of nitrogen mustards,
pre-clinical and clinical application of the drugs was shown to regress the growth of (i) a
transplanted lymphoid tumor in mice and (ii) the mediastinal and lymphatic masses of a
non-Hodgkin lymphoma patient, albeit only temporarily. This work was followed by the
tactical administration of antifolates, such as aminopterin, in the treatment of leukemia,

an approach similarly revealed to be effective in inducing disease remission, although
again, only briefly. Some years later, it was discovered that both nitrogen mustards and
antifolates elicit their lethal effects via the induction of DNA damage and replicative
stress. The success of targeting DNA to selectively kill rapidly dividing cancer cells
prompted the development and administration of several genotoxins (broadly defined in
Table 2), including temozolomide (TMZ), cisplatin, doxorubicin, 5-fluorouracil, etoposide,
and gemcitabine.

With the addition of DNA-damaging chemicals to the anticancer arsenal, which already
included ionizing radiation, a physical agent that directly and indirectly induces DNA
modifications (mainly toxic DSBs and multiply-damaged sites) to kill cells, the interest

of basic and clinical researchers in the development of DNA repair inhibitors for
combinatorial treatments amplified around 1980. Again, the concept was that inhibition

of the DDR would improve the efficacy of a relevant genotoxin, although specificity

to cancer cells was an obvious hurdle, particularly for therapies involving systemic
administration of chemical agents. Some of the earliest DNA repair targeting work

focused on poly(ADP)ribose polymerase (now known as PARP1), an enzyme shown to

be specifically activated in response to DNA strand breaks (Alemasova and Lavrik 2019).
Association of PARP1 at either a single- or double-strand break results in an enzyme-
catalyzed consumption of NAD+ that facilitates both auto-modification of the protein and
ribosylation of other DDR factors, such as X-ray cross complementing 1 (XRCC1). Auto-
modification promotes consequent release of PARP1 from DNA, permitting subsequent
repair and response measures. Given that many DNA-damaging agents, including alkylators
and ionizing radiation, promote PARP1-driven repair reactions, the idea of selectively
inhibiting the enzyme was an attractive approach for therapeutic agent sensitization. While
the combinatorial strategy with PARP inhibitors and a relevant anti-cancer genotoxin

has passed many preclinical tests, the application of DNA repair inhibitors as part of
standard genotoxin-based therapy often suffers from off-target toxicity and thus remains
unsatisfactorily proven (Lupo and Trusolino 2014). It was not in fact until the observation of
synthetic lethality between PARP inhibitors and defects in HR (see later) that such inhibitors
received clinical traction.

Around the same time investigators were pursuing PARP inhibitors, studies revealed a
correlation between the expression of O6-methylguanine-DNA-methyltransferase (MGMT)
and cellular sensitivity to clinical alkylators, such as nitrosourea (Pegg 2011). Human
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MGMT, and its conserved homologues in many other organisms, functions as a DNA
repair protein by directly transferring a methyl group from the O6 position of guanine to
an active site cysteine residue, leading to ‘suicide’ inactivation and targeting of the protein
for degradation. Persistent O6-methylguanine lesions can cause mutagenic or inappropriate
DNA transactions, ultimately leading to cell death. Like PARP inhibitors, small molecules
generated to inactivate and consequently deplete cells of MGMT are effective at increasing
relevant genotoxin sensitivity in pre-clinical paradigms, both cell culture and xenograft
models. However, clinical trials using an MGMT-inactivating pseudosubstrate (or guanine
analogue), such as O6-benzylguanine, in combination with an alkylator have revealed that
many of the intended synergistic drug effects occur against non-target tissue, e.g., the

bone marrow, leading to myelosuppression and general toxicity. Thus, while combinatorial
strategies involving a systemic genotoxin remain of great therapeutic interest, improved
cancer-specific targeting is necessary when it comes to DDR inhibitor use in the clinic.
Some success has been attained for brain cancers, where local administration of drugs

can be achieved via a slow-release polymer (e.g., the Gliadel wafer) that is precisely
implanted during surgical resection of the primary tumor (Wait et al., 2015). In addition,
since radiotherapy can be directed locally to eradicate cancer cells, there remains a push to
apply DDR inhibitors, mainly against components of the DSBR response, as radiosensitizers
(Gavande et al., 2016). Still, outside of the above example, to our knowledge, no
combinatorial therapy involving a DNA repair inhibitor and genotoxic agent is being
employed as front-line care in the treatment of cancer, indicating a need for better agents,
treatment designs (namely targeting) or both.

1.6.2. Synthetic lethality therapies—While around for many decades, the application
of synthetic lethality in situations involving the DDR gained widespread attention as a
strategy in cancer treatment when the Helleday and Ashworth laboratories reported that
chemical inhibitors of PARP1 induce killing of cells deficient in either breast cancer 1
(BRCA1L) or BRCA2, proteins that operate in recombinational repair (Bryant et al., 2005;
Farmer et al., 2005). The mechanism underlying cell death appears to involve inhibition

of PARP1-mediated SSBR, resulting in the accumulation of strand breaks that are tightly
bound by trapped PARP1, replication fork collapse, and the formation of one-ended DSBs,
an outcome that HR-deficient cells are unable to handle, leading to replicative stress and
the activation of apoptotic cell death. Similarly, inhibitors of the PARG glycohydrolase

that removes poly-ADP ribose and releases PARP1 are also under active preclinical cancer
investigation (Houl et al., 2019). Since the identification of the synthetic lethal relationship
between SSBR and HR (overviewed in Fig. 1, right), albeit one that involves a dominant
effect of PARP1 inhibition (Zimmermann et al., 2018; Murai et al., 2012; D’Andrea 2018),
numerous other compensatory relationships have been reported involving DDR mechanisms,
including a situation in which cancers that exhibit microsatellite instability (commonly
associated with MMR defects) require WRN helicase function for survival (Chan et al.,
2019; Lieb et al., 2019; Kategaya et al., 2019). Given that large-scale sequencing efforts
have revealed that many cancers arise due to sporadic genetic defects in components of the
DDR, a molecular outcome that likely provides a survival and adaptability advantage, there
has been growing interest in exploiting DNA repair alterations in the treatment of neoplasia
(Yar et al., 2020; Klinakis et al. 2020; Yap et al., 2019; Motegi et al., 2019).
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FBDD approach for the development of inhibitors against selected DNA repair targets

Many DDR targets have been considered “undruggable”, primarily due to the challenge

of developing compounds that can interfere with the typically large interface of protein-
nucleic acid interactions, as compared to the discrete pockets or cavities found in many
other classically druggable targets, such as protein kinases. In some cases, as for example
with apurinic/apyrimidinic endonuclease 1 (APE1; see below), hits have been identified by
conventional screening methods, but have failed to advance to effective clinical inhibitors.
It is reasonable to hypothesize that the lack of experimental structural information to verify
ligand poses and drive compound optimization hindered the progress of these programs.
The approach with ABS-OneStep™ provides a significant value proposition for DDR

drug discovery, offering a multi-pronged approach to inhibitor discovery and design: target-
specific fragment hit generation with target-specific, structure-based hit expansion and
linking.

Results from ABS-OneStep™ for hit generation on 5 diverse proteins are shown in Table
3, and include DDR targets, meiotic recombination 11 (MRE11) and APE1, chosen for
their therapeutic potential in cancer, as well as our extensive experience in crystallography,
structural biochemistry, and biology of DNA-binding and DNA repair proteins, including
polymerases, transcription factors and nucleases (Das and Georgiadis 2004; Hayashi et al.,
2015; Das et al., 2010; H. He, Chen, and Georgiadis 2014; Trilles et al., 2019; Singh et

al., 2018; Goodwin et al., 2010; Crowther et al., 2004; M. Li and Wilson 2014; Mol et

al., 2000). The ABS-OneStep™ platform (Fig. 2) involves: (i) the generation of hundreds
of crystals, (ii) efficient fragment soaking of crystals optimized for each target of interest,
and (iii) high-volume X-ray diffraction data collection, processing, structure determination
and analysis. The platform can currently handle screening of ~500 fragments in ~2 days,
permitting scaling to 1000-2000 in approximately 1 week. We next discuss advances thus
far on three DDR nucleases. These DDR nucleases are DNA damage structure-specific and
offer the advantage that their specificity for damaged DNA enables precise targeting of DDR
features to achieve inhibition (Tsutakawa et al. 2014).

1.7.1. MRE11—The MRE11 (a.k.a., MRE11A) nuclease, which forms a complex with
the RAD50 ABC ATPase and Nijmegen breakage syndrome 1 (NBS1), plays a central role
in the repair of cytotoxic and mutagenic DNA DSBs. MRE11 enzymes are present in all
kingdoms of life and share significant sequence similarities in their nuclease domain. The
MRN complex mediates DSB detection and facilitates resolution via HR or NHEJ (or non-
canonical NHEJ such as microhomology-mediated end joining (MMEJ)) by processing and
tethering DNA ends during the repair process (Syed and Tainer 2018; Dutta et al., 2017).
DSBs can occur as intermediates during normal cellular processes, such as meiosis, mating
type switching or VV(D)J recombination, as well as through the action of environmental

or therapeutic agents, such as ionizing radiation and genotoxic chemicals. MRE11 is the
central player in the eukaryotic triad of MRN proteins (MRE11-RAD50-NBS1/XSR2)
(Lafrance-Vanasse et al. 2015) and in the prokaryotic MR (MRE11-RAD50) assembly
that is crucial to the DSBR process. MRE11 has broad substrate recognition and can

act on single-stranded DNA (ssDNA), double-stranded DNA (dsDNA), and DNA hairpin
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structures. Its functionality is characterized by ssDNA endonuclease activity and dsDNA
3’5 exonuclease activity (Paull and Gellert 1998).

Recent interest and investigations have focused on discovery and development of inhibitors
for MRE11. This ambition is driven by the role of the protein in genotoxin agent

resistance, particularly agents that generated DSBS, such as ionizing radiation; as well

as the synthetic lethality relationship with FEN1 described below. Since we elucidated

the first crystal structure of a bacterial MRE11 from Thermotoga maritima, TmMMRE11
(Das et al., 2010) (<20% sequence identity to human MRE11), we (J.A.T) have pursued
different inhibitors against TMMRE11, which we hypothesize could be employed as
chemical probes to specifically interrogate its endonuclease or exonuclease activities
(Shibata et al., 2014; Moiani et al., 2018). Toward this end, the following compounds

were indentified and used: PFM39, which is an aryl-pseudothiohydantoin, has exonuclease
inhibitor activity and binds close to the active site; PFM03, which is an aryl-rhodanine,

has endonuclease inhibitor activity and binds closer to the dimerization site; PFMI
((52)-5-[(3-methoxyphenyl)methylidene]-2-sulfanylidene-1,3-thiazolidin-4-one) and PFMJ
((52)-5-[(3,4-dimethoxyphenyl)methylidene]-2-sulfanylidene-1,3-thiazolidin-4-one), which
are also aryl-rhodanine, but without a polar group substitute to the phenyl ring. The crystal
structures of the modulators PFMI and PFMJ bound to TMMRE11 (PDB IDs 6X1Y and
6X1Z) have recently been determined and compared with PFM03 and PFM39 that were
previously reported (PDB IDs 4043 and 405G, respectively) (Moiani et al., 2018), leading
to a tentative pharmacophore (a pharmacophore is a description of molecular features, which
define the molecular interactions between a drug target and its ligand, that are necessary

to trigger or block the biological response of the target). PFMI and PFMJ, which are
aryl-rhodanine, span both endo- and exonuclease inhibitor sites because the aryl moiety
overlaps the endonuclease and the rhodanine moiety overlaps the exonuclease site; but PFMI
and PFMJ, with their substitution, bind in a perpendicular orientation compared to PFM39
and PFMO03 as can be seen in the pharmacophore overlap (Fig. 3).

To find additional chemical moieties to probe nuances in TMMRE11 function, and
demonstrate the power of our approach for hit generation, we performed a small proof-
of-concept fragment screen. TMMREZ11 crystals were reproduced and optimized for this
screening with 30 fragments, resulting in 2 hits as assessed by calculating electron density
maps with PanDDA (Pearce et al., 2017) (Fig. 4), including a hit with a positive control
inhibitor (PFMO01). These structures result in new hypotheses that can be tested, for example:
investigating if and how the new compounds can modulate endonuclease or exonuclease
activity; combining compounds to generate a new scaffold that can modulate MRE11
function; deploying the platform on a larger fragment library to generate additional hits;

and using the new scaffold to test human MRE11 inhibitor design. MRE11 is exemplary for
the power of PX with fragments to provide initial inhibitors that can then be enlarged to gain
added specificity by employing the anchored plasticity approach that yielded high affinity
and isotype specific nitric oxide synthase inhibitors (Garcin et al., 2008).

1.7.2. APE1—APE1 (a.k.a., APEX1) is a multifunctional protein with a primary function
as a DNA repair nuclease and a separate function as a regulator of transcription factor
DNA binding via a redox mechanism (McNeill et al., 2020; Wallace 2014). As an
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apurinic/apyrimidinic (AP) endonuclease, APEL is a central player in the BER pathway,

a process involved in resolving spontaneous, alkylative and oxidative DNA damage (M.

Li and Wilson 2014). Specifically, APE1 cleaves at AP sites generated spontaneously, by
damage-induction, or through the action of DNA glycosylases, which initiate classic BER
by excising a substrate (often damaged) base moiety. Following the APE1-directed incision
event, the remaining abasic fragment is removed, the gap filled, and the nick sealed (McNeill
et al., 2020; Wallace 2014). Due to its prominent role in BER, and since rapidly proliferating
cancer cells often upregulate DNA repair enzymes, such as APE1, the protein has emerged
as a promising anticancer target.

Every day more than 10,000 AP sites are created in each cell under normal metabolic
conditions (Lindahl and Nyberg 1972), and treatment with some chemotherapeutic agents,
as well as ionizing radiation, increases the total number of genomic abasic lesions. If left
unrepaired, non-coding AP sites can lead to mutations or replication fork collapse and
DSBs that are highly cytotoxic (Boiteux and Guillet 2004). The importance of APEL in
BER is highlighted by the fact that the enzyme is responsible for greater than 95% of the
total AP endonuclease activity in human cells (D. M. Wilson 3rd and Barsky 2001) and
that depletion of the protein leads to mammalian cell inviability (Fung and Demple 2005;
Izumi et al., 2005). In addition, siRNA knockdown of APEL increases the sensitivity of
cells to several DNA-damaging agents, most notably alkylators, such as methylmethane
sulfonate (MMS) (Walker et al.,1994; Silber et al., 2002; Wang et al. 2004; Liu et al.,
2003). Thus, APEL is potentially a relevant therapeutic target for a number of cancers and
has been validated in a xenograft model for ovarian cancer, with knockdown of APE1
greatly reducing tumor growth (Fishel et al., 2008). APE1 may be particularly relevant in
glioblastoma for which the alkylator TMZ is the preferred chemotherapeutic, as resistance
to TMZ is in part mediated by elevated levels of APE1 (Silber et al., 2002; M. S. Bobola et
al., 2001; Michael S. Bobola, Finn, et al., 2005a; Michael S. Bobola, Silber, et al., 2005b).
The strategy of combining a DNA-damaging agent with a BER inhibitor, i.e., TMZ with the
PARP inhibitor, Veliparib, is currently being explored in a phase I trial for the treatment of
acute myeloid leukemia (Gojo et al., 2017). An even more effective strategy might be to
employ an APEL1 selective inhibitor with TMZ.

In addition to the promise of targeting APE1 in combinatorial therapies, recent work

has demonstrated that APE1 nuclease inhibitors induce synthetic lethality of cancer cells
deficient in DNA DSBR, i.e., BRCA or ataxia telangiectasia mutated (ATM) defective cell
models (Sultana et al., 2012). Inhibition of APE1 results in the accumulation of DSBs

and G2/M cell cycle arrest, presumably due to AP site accumulation and replication fork
collapse, ultimately leading to genomic instability and cell death. A similar synthetic

lethal relationship has been observed with APE1 inactivation in PTEN-deficient melanoma
cells (Abbotts et al., 2014), which likely suffer from analogous DSBR defects. Thus,
clinically effective inhibitors against APE1 nuclease activity have the potential to be used in
combination with or as an alternative to PARP inhibitors in the treatment of HR deficient
cancers.

Efforts to date to identify high affinity, selective small molecule APE1 inhibitors have met
with limited success as evidenced by the few follow-up studies to improve the compounds.
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The published approaches have relied primarily on (i) screening commercially available
compounds that were synthesized for other molecular targets, (ii) computational screening,
and (iii) pharmacophore modeling (Madhusudan et al., 2005; Abbotts et al., 2014; Aiello
et al., 2012; Zawahir et al., 2009; Seiple et al., 2008; Dorjsuren et al., 2012; Rai et al.,
2013; 2012; Simeonov et al., 2009; Sultana et al., 2012; David M. Wilson 3rd and Simeonov
2010). The limited success of these efforts stems in part from the inherent difficulty in
targeting a protein-nucleic acid interaction. In the case of APE1, the DNA binding site

is large, accommodating 9 base pairs of duplex DNA, and is polar (Mol et al., 2000;
Tsutakawa et al., 2013). Thus, a new approach is warranted for the discovery of novel and
selective APEL inhibitors, and this has been addressed by applying the ABS-OneStep™
platform for hit generation to APEL.

Briefly, we first identified a crystallization condition for APE1 that was compatible with
fragment screening, starting with crystals that were optimized to yield the high resolution
crystal structure of apo-APE1 to 1.4 A (PDB ID 4QHE) (H. He, Chen, and Georgiadis
2014). Based on this methodology, we then developed a scalable crystal system for
obtaining hundreds of protein crystals of APE1 with ligands and subsequently screened

a 300-fragment library. We obtained ~25 high quality crystal structures showing unique
and diverse fragment hits bound at the endonuclease site, but also at a previously
unidentified secondary site, thus presenting multiple novel inhibition strategies (for future
publication due to intellectual property considerations at this time). Starting with fragment
hits with low affinity, but for which structural information is available, will allow
successful evolution to high affinity APE1-specific inhibitors by fragment elaboration
using reiterative crystallography, computational modeling, and synthetic chemistry. The
simultaneous discovery of fragment hits, binding sites (orthosteric and potentially allosteric),
and the visualization of protein-ligand interactions at high resolution, will propel the
development of new APE1 lead inhibitors entering the path to clinical development.

1.7.3. FEN1—Flap endonuclease 1 (FEN1) was first isolated from rabbit tissue

as a protein able to cleave 5" ends of double-stranded DNA, thereby liberating 5’ -
mononucleotides, and at the time was termed DNase IV (Lindahl et al. 1969). The
homologous protein was purified over two decades later from murine cells based on its
ability to cleave 5’-flap structures in DNA, and was coined FENL1, its current designation
(Harrington and Lieber 1994). As a structure-specific endonuclease, the enzyme recognizes
and releases 5”-unannealed single-stranded flap regions, creating a nicked duplex product
that is eventually sealed by DNA ligase. 5’-flap removal by FENL1 is critical for Okazaki
fragment processing during lagging strand DNA synthesis or long-patch BER, and in
regulating or facilitating recombination events (Zheng et al., 2011; Balakrishnan and
Bambara 2013). FEN1 has more recently been found to possess gap endonuclease (i.e.
GEN) activity, whereby the protein cleaves single-stranded regions with gaps of four or
more nucleotides to aid in the resolution of stalled replication forks or to promote apoptotic
DNA fragmentation (Zheng et al., 2005).

Studies from Kucherlapati et al., (2002) and Larsen et al., (2003) have demonstrated that
mice carrying a homozygous null genotype (feni-/-) exhibit early embryonic lethality
(E4.5), indicating that FEN1 is essential for animal development. Cells from feni-/-
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blastocysts show increased apoptotic cell death after ionizing radiation, and chicken

cells lacking fen1 display hypersensitivity to DNA alkylating agents, e.g. MMS and N-
methyl-N"-nitro-N-nitrosoguanidine (MNNG), as well as hydrogen peroxide (Matsuzaki

et al. 2002). Furthermore, down-regulation of FEN1 has been shown to sensitize human
glioblastoma cells to MMS, and the clinical drugs TMZ and cisplatin (Nikolova et al. 2009).
These observations indicate that FEN1 deficiency results in failure to repair DNA lesions
generated by DNA alkylating and oxidizing compounds, and possibly crosslinking agents,
and provide evidence for an essential role of the protein in dividing cells and in preserving
genome integrity via its contributions to replication and repair.

FEN1 gene expression has been reported to be increased in many human cancers, including
lung, gastric prostate, pancreatic, brain, and breast cancer (Zheng et al., 2011; Illuzzi and
Wilson 2012). Moreover, FENI expression is induced during cell proliferation and down-
regulated during cell differentiation. These findings suggest that the level of FEN1 may
influence tumor development and/or progression. Additionally, over-expression of FEN1
associates with a high Gleason score, which is reflective of aggressive and malignant
tumors, increased serum prostate-specific antigen (PSA) levels, and seminal vesicle invasion
in prostate cancer specimens (Lam et al., 2006). Elevated FENZ expression also leads to
improved cancer cell survival in response to anticancer therapy, where, for example, high
FENL1 levels in hormone refractory human prostate cancer cells correlate with resistant

to various anticancer agents, including ionizing radiation, doxorubicin, paclitaxel and
vinblastine (Freedland et al., 2003). As noted earlier, studies indicate that down-regulation
or inhibition of FEN1 sensitizes cells to a number of chemotherapeutic agents, such as TMZ
and cisplatin, as well as radiotherapy (Xie et al. 2016; Deshmukh et al., 2017; L. He et

al., 2017; J.-L. Li et al., 2019). The studies collectively suggest that the levels of FENI
expression influence cancer cell function as it relates to proliferation potential, survival and
apoptosis.

McManus et al., (2009) reported on one of the early efforts to identify a synthetic lethal
relationship involving human FEN1. Specifically, they observed that RAD54B-deficient
colorectal cancer cells, which are ineffective in HR, exhibit a proliferation defect and
increased cellular cytotoxicity when FEN1 expression is reduced. Subsequent work revealed
that inhibitors of FEN1 nuclease activity or siRNA knockdown of the protein resulted in
synthetic lethality of cells harboring disrupted MRE11 or ATM activity, two factors central
to the DDR (van Pel et al., 2013; Ward et al. 2017). More recent studies have found that
FENL is synthetically lethal with BRCA1 or BRCAZ2 loss of function (Guo et al., 2020),
substantiating a critical compensatory role for the nuclease in cells defective in resolving
DNA intermediates (most likely DSBs) that arise from replicative stress (Mengwasser et
al., 2019). Additionally, genome wide-based analyses identified FEN1 as the strongest
determining factor in ERa.-positive breast cancer patient prognostication, with high levels
of the endonuclease correlating with poor survival, while complementary preclinical work
provided evidence that pharmacological inhibition of FEN1 is a treatment option for
tamoxifen-resistant cancer cells (Flach et al., 2020).

In light of the findings above, FEN1 serves as an attractive target for the treatment of
many cancer types. Towards the development of FEN1-specific inhibitors, several related
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compounds have been developed with slightly different mechanisms of action, including
the elucidation of the crystal structure of FEN1 in complex with N-hydroxyurea (Exell

et al., 2016) (PDB 5FV7) as well as the crystal structure of FEN1 in complex with

5’-flap DNA (Tsutakawa et al., 2017) (PDB ID 5UM9) (Fig. 5). The crystal structure
revealed coordination of the compound to the catalytic magnesium ions, which assist in

the hydrolysis of phosphodiester bonds in the DNA substrate. We are currently in the
process of interrogating current crystallographic data to optimize inhibitor design as well as
generating FEN1 protein for crystallization and fragment library screening using the ABS-
OneStep™ approach. These FEN1 studies and results may provide foundational insights
and compounds to strategically inhibit other FEN1 family nucleases, including the XPG
nuclease needed for bulky lesion removal in NER, whose structure was recently determined
(Tsutakawa et al., 2020).

2. Closing remarks

Due to the development and implementation of high-throughput “omics” approaches, we are
in the midst of a massive wave of scientific advances in our understanding of molecular
processes that underlie disease risk and etiology. With this huge amount of mechanistic
insight, novel therapeutic targets are being revealed regularly. Yet, despite our capacity

to identify rational drug targets, our ability to develop clinical-grade therapeutic agents
against these targets has been handcuffed for a variety of reasons. With the advent and
continued optimization of FBDD/SBDD, and the development of a hit generation platform
like ABS-OneStep™, we are poised at the cutting edge of advancing early drug discovery
efforts on novel therapeutic targets. Although we focus here on three nucleases, there are
many other DNA metabolizing enzymes with known crystallographic structures that are
suitable targets for cancer therapy, such as WRN that is selectively essential in the context
of microsatellite instability in multiple cancers (Perry et al., 2006; Lou et al. 2019). In light
of their role in both combinatorial and synthetic lethality therapeutic paradigms, and given
its track record as an undruggable space, proteins of the DDR offer prime ground for the
application of FBDD/SBDD methods in the quest to create new clinical agents.
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Fig. 1. Major Anti-Cancer Therapeutic Approaches Involving a DNA Repair Inhibitor. (Left)
Combinatorial Treatment.

Many anticancer treatments involve the use of a genotoxic agent (or DNA interactive drug)
to kill rapidly dividing cancer cells. Thus, DNA repair plays an important role in dictating
anticancer therapy effectiveness, by resolving toxic DNA damage and preserving viability.
Selective inhibition of DNA repair has therefore been considered a logical mechanism for
enhancing therapeutic efficacy of genotoxic agents. (Right) Synthetic Lethality. Many
cancers arise from inherited or sporadic defects in the DDR. For example, mutations in
pathway A (e.g., HR, as shown), which result in repair deficiency, give rise to or promote
cancer development. While these cells may exhibit genomic instability, they are still viable,
largely due to a compensatory mechanism, i.e., pathway B (e.g., SSBR). However, a
selective inhibitor against pathway B (e.g., olaparib, a PARP inhibitor) interferes with

or blocks the compensatory response, leading to an overwhelming accumulation of DNA
damage and ultimately cell death.
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Fragment Target Protein Fragment-bound Structure-based
Library Crystals Crystal Structures Drug Design

Fig. 2. ABS-OneStep™ schematic.
Simplified schematic of the ABS-OneStep™ platform that includes generation of hundreds

of crystals, efficient fragment soaking of crystals optimized for each target, and high-volume
and high-throughput X-ray diffraction data collection, processing, structure determination
and analysis. The platform can currently handle screening of ~500 fragments in ~2 days,
permitting scaling to 1000-2000 in approximately 1 week.
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Fig. 3. TMMREZ11 crystal structures.
Crystal structures of TNnMRE11-PFMI, TmMMRE11-PFMJ, and their superposition with

other MREL11 inhibitor structures. Panels (A) and (B) depict, respectively, metal ions, buffer
and water from crystallization conditions illustrating separately, variations in active site
ligands (inhibitors and crystallization reagents) in different crystals structures determined,;
panels (C) and (D) depict metals, water, buffer and inhibitors all together to illustrate their
relative juxtapositions. (A) TmMMREZ11 dimer in complex with small molecule modulator
PEMI (PDB ID 6X1Y). One PFMI bound to each MRE11 subunit, with the rhodanine ring
aimed toward the metal active site and methoxyphenyl moiety aimed toward dimerization
site. The site of DNA binding has been indicated. (B) TmMMREZ11 dimer in complex with
small molecule modulator PFMJ (PDB ID 6X1Z). One PFMJ bound to each MRE11
subunit, with the rhodanine ring aimed toward the active site, one molecule of MES (2-(N-
morpholino)ethanesulfonic acid) buffer coordinated and with methoxy-phenyl moiety aimed
toward the dimerization site. (C) Superposition of both complexes TMMRE11-PFMI and
TmMRE11-PFMJ in comparison with complex TmMMRE11-PFMO03 (endo-inhibitor, PDB
ID 4043) and TMMRE11-PFM39 (exo-inhibitor, PDB ID 405G), revealing the different
binding of the three types of small molecules. The compounds are color coded: PFMO03-
green; PFMJ-purple; PFMI-cyan; and PFM39-yellow (D) Detail of the superpositions
described in (C) in a similar view, but with a slight rotation for a better view, where only
one TMMREL1 subunit is visualized to maximize the description of superposed molecular
moieties aimed to generate a preliminary pharmacophore.
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Fig. 4. Fragment hits by crystallography.
(A) Electron density of a fragment hit obtained with TmMRE11. (B) Electron density of a

fragment hit obtained with APE1.
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Fig. 5. Crystal structures of FEN1.
(A) Crystal structure of FEN1 bound to 5”-flap DNA (PDB ID 5UM9) (B) Crystal structure

of FEN1 in complex with N-hydroxyurea (PDB ID 5FV7) revealing interaction of the
N-hydroxyurea (green sticks) with the catalytic magnesium ions (grey balls), which help to
hydrolyze phosphodiester bonds in the DNA substrate, in the same view as (A). The N- and
C-terminal ends of FEN are labeled. Several secondary structure elements that are ordered in
the presence of bound DNA (A) are disordered in the crystal structure without DNA (B). (C)
Expanded view of the active site with DNA and the N-hydroxyurea compound coordinating
the active site metals, obtained by superimposing the individual crystal structures in (A) and

(B).
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Table 3

Summary of screening campaigns.

Protein Fragments screened  Unique hits in electron density maps  Hit rate
Lysozyme 100 4 4%
Trypsin 50 1 2%
TmMRE11 30 2 6.7%
hAPE1 300 25 8.3%
hKDM4D 100 3 3%
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