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Abstract

In the last decade, X-ray crystallography has matured to a powerful primary screening
technique for fragment hit identification in structure-based drug discovery. Unmatched
in its sensitivity, it provides valuable knowledge of precise fragment binding location in a
protein-fragment complex. The comparison to F NMR fragment campaign conducted
in this work emphasises the strength of crystallographic screening by revealing additional

binding sites and interactions for the breast cancer target NUDT5.

The high sensitivity of X-ray crystallography allows to identify even weakly binding frag-
ment hits, which are often undetectable by commonly used biophysical methods. The
lack of orthogonal tools with sufficient detection limits to quantify their interactions
impedes prioritisation of fragment hits for elaboration. For this purpose, the use of both
NMR-based techniques as well as concentration-dependent crystallographic soaking are
explored. While further investigation of relaxation-based T;, NMR for rapid ranking
of weak binders is necessary, the crystallographic approach demonstrates a correlation
between the lowest detectable soaking concentration (LDSC) and fragment binding affin-
ity. A low-concentration counter-soak is proposed as a simple solution to triage fragment
hits according to their binding strengths, streamlining their selection for further elabor-

ation.

Weak fragment hits can be informative for lead discovery: they can reveal unknown
binding sites and can be progressed into more potent compounds. For the target NUDT5,
crystallographic screening identified a novel, previously unreported binding pocket. The
elaboration efforts utilising SAR by catalogue approach and crystallographic soaking as
readout highlight the value of crystallography for the progression of weak binders in

absence of other assays.
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1. Introduction

1.1. Hit identification and progression in preclinical drug

discovery

The development of new drugs is a complex, time-consuming and costly process.?!

Their identification and development follows a widely adopted pipeline comprising a
preclinical and clinical phase.! The preclinical research involves all steps from target
validation to the development of a drug candidate, while the clinical phases focus on
safety and efficacy of the drug candidate in humans (Figure 1.1).[ The drug discovery

[5-10].

process has been reviewed extensively ; this thesis focusses on hit discovery and

hit-to-lead progression in preclinical research.

Phase IV
Target Target e . . Lead Preclinical . PO, PN
Identification Validation Hit Discovery Hit-to-Lead Optimisation Development Phase I Phase II Phase ITT (post-
approval)

Preclinical research Clinical phases

Figure 1.1. The drug discovery pipeline illustrates the phases of preclinical and clinical
developments. Modified from 4.

High-throughput screening (HTS) is the dominating strategy for hit discovery, the iden-
tification of initial starting points for the modulation of target activity. " HTS typically
involves screening of libraries containing >10000 compounds with drug-like properties in
a biochemical assay. "2 Over the last two decades, fragment-based lead discovery (FBLD)
emerged as an alternative. It builds on the idea of screening small building blocks —
fragments — which can be assembled or expanded into larger, drug-like molecules in a

rational approach (see 1.2). 0314

The three-dimensional structure of the target can be used to guide progression of initial
hits into a lead candidate: an approach termed structure-based lead discovery.!*> 18l
Hereby, molecular details of the interactions and spatial constraints of the protein-ligand

complex inform the design of new compounds. '8!

The hit-to-lead progression in the pharmaceutical industry involves iterative optimisa-
tion of an array of physicochemical properties, including compound affinity, target se-

lectivity, compound solubility, cell permeability as well as toxicological and pharmaco-

4,9,19

logical parameters — eventually ending in a drug candidate. | I Academic groups on

the other hand often aim at the development of chemical probes — tool compounds with

[20]

clearly defined mode of action used for research.'*”! The identification and progression

of hits using FBLD for both purposes is the central theme of this thesis.
2



1. Introduction

1.2. Fragment-based lead discovery

Over the last twenty years, fragment-based lead discovery (FBLD) has become well-
established as a powerful approach for finding high-quality lead candidates for drug
discovery.[?'?2 Four compounds originating from FBLD have entered the drug mar-
ket and over 40 are currently undergoing clinical trials.?* The FBLD approach entails
screening libraries of fragments, which are defined as small molecules with molecular
weight below 300 Da. 2426l

Fragment screening offers a number of advantages over traditional lead discovery tech-
niques such as high throughput screening (HTS).!'*?7) The premise of screening frag-
ments is based on the concept of molecular complexity: their small size and low com-
plexity increase the probability of matching target protein binding site and allow an

2731 The number of compounds

efficient exploration of chemical space (Figure 1.2).
typically screened is in the range of a few hundreds to thousands and is about three
orders of magnitude smaller compared to a typical HTS experiment.[*'427 In addition,
fragment campaigns often result in a higher hit rate than HTS, which screen larger,

more functionalised molecules with drug-like properties. [27:30:32-34]

Chemical
space

Complexity

Figure 1.2. Schematic representation of efficient chemical space exploration using
fragment-based drug discovery approach. Small size and low complexity of fragments
increase the probability of finding a hit (green), while reducing the number of compounds
to screen. Modified from the original drawing from Dr. P. Haebel.



1. Introduction

Although small, fragments form a limited number of high quality interactions. 273537 In
many cases, they are likely to have a strong enthalpic contribution allowing to overcome

the loss of entropy associated with ligand binding to a target. 3840

Despite high-quality interactions, their overall affinity remains relatively low (Kp >
0.1—10 mM). 38394142 Detection of weak interactions places high demands on sensitivity
and robustness of screening methods. 3642 Biochemical in vitro assays typically used in
HTS approaches often do not satisfy the required needs. %4345 Biophysical methods are
suited to detect fragment binding, as they provide required sensitivity, reproducibility
and throughput. 1436394344 Most commonly used methods include nuclear magnetic
resonance (NMR), surface plasmon resonance (SPR) and X-ray crystallography. 3% These
assays are described in 1.2.3,1.2.4 and 1.2.5.

To achieve a selective chemical tool or a lead suitable for progression into clinical trials
from a low affinity fragment hit, a gain in potency by several orders of magnitude is re-
quired. 394140 Fragments are elaborated by adding chemical functionalities in a stepwise
manner until a larger compound with improved potency and selectivity is reached. [46:47)
During optimisation process, favourable interactions are expected to contribute to the
affinity increase, as theoretically the initial entropic penalty of binding has been paid
by the original fragment.®? Starting chemical optimisation from a fragment with high-
quality interactions is more likely to deliver a lead with molecular weight within the

27]

desired range.?” In contrast, HTS identifies larger hits with higher affinity, however

these can be more difficult to optimise.?”) Successful hit-to-lead progression of a num-

ber of compounds demonstrated that high affinity interactions are suitable for optim-

48] rapid developments of fragment libraries,

[42]

isation.® Since the first report in 1996

screening methods and elaboration techniques contributed to the success of FBLD.

1.2.1. Fragment libraries

The key premise of fragment screening is efficient exploration of vast chemical space by
a library of small and chemically diverse fragments. **°% The library sizes range between
500-20000 compounds; in practice it is often limited by the throughput of the screening
technique applied. ¥

Most fragment libraries adhere to the "Rule of Three"— initially defined by Astex Thera-

[51]

peutics®? — which imposes restrictions on compound properties including a molecular
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weight below 300 Da, presence of three or fewer hydrogen bond donors and accept-
ors, three or fewer rotatable bonds and partition coefficient cLogP below 3 (measure
of hydrophobicity). 5152 The number of non-hydrogen atoms is typically <20, often

decreasing lipophilicity and improving aqueous solubility. 4

Principles for design of fragment libraries have been reviewed extensively. [26:44:49,53-59]

Briefly, purity, stability and solubility are among the most important criteria to ensure
reliable screening results. 142653 For example, crystallographic screening (1.2.3) utilises
fragment solutions at high concentration (up to 500 mM), placing particular demands
on compound solubility. 4526062 Careful selection of compounds is necessary to avoid
pan-assay interference compounds (PAINS), possessing reactive functionalities towards
protein residues, such as alkyl halides, epoxides and Michael acceptors. 131426631 Agoreg-
ators are also common bad actors which often cause false-positives through non-specific
binding, [13:14,26,64.65]

Many commercially available fragment libraries are centred on sp?-rich aromatic com-

pounds and tend to underrepresent chiral sp® molecules. 0967 Increased 3-dimensionality

in architecture of fragments provides access a larger chemical space and is arguably ad-

vantageous in probing more difficult targets and protein-protein interactions. [4:44:50,66,68,69]
The application of diversity-oriented synthesis (DOS) has been utilised to incorporate

66,70]

more structural diversity and 3D character into novel fragment libraries. | However,

retaining advantages in efficient sampling of chemical space requires balance between

fragment size, complexity and diversity. [44446:50]
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Fragment Deconstruction for screening
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1. Identify Hits from 2. Deconstruct into 3. Purchase Similar 4. One-Step Chemistry
Poised Library Poised Synthons Synthons

Figure 1.3. Schematic representation of poised fragment de-construction for rapid syn-
thesis of analogues libraries. Poised fragments identified consist of at least two synthons.
Commercial analogues of synthons can be combined by parallel synthesis to generate lib-
raries for follow-up molecules. Reprinted from (™ with permission from © RSC.
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A different approach to library design, centred around synthetic tractability has been
suggested with the Diamond SGC iNEXT poised (DSiP) library™ — the commercially
available iteration of Diamond Sciences Poised Library (DSPL)"!. DSiP consists of 768
poised fragments, which can be de-constructed into at least two easily accessible syn-
thetic building blocks (synthons, see Figure 1.3). Combination of similar commercially
available synthons allows for rapid elaboration of poised fragment hits into a library of
analogues. ™ The underlying parallel chemistry utilises robust reactions which tolerate
large substrate diversity and form high yield.[™ The scaffolds of the poised fragments
are based on top ten reaction most commonly used in medicinal chemistry, twelve het-

erocycle forming reactions and an oxazole formation. 77374

Libraries specifically tailored to a screening method or an application have emerged.
Development of fluorinated fragment libraries reflects significant attention *F NMR
spectroscopy has gained in fragment-based lead discovery in recent years (2.9.1).[7)
Small libraries (< 100 compounds) of low molecular weight fragments (heavy atom
count (HAC) 5-7, MW <100 Da)such as MiniFrags/6, FragLights[™ and very small
fragments (VSFs, HAC <11)["" aim to assess druggability by mapping protein surface

to identify ligand sites and hot spots.

Development of fragment libraries remain an area of active research. While historically
libraries were considered proprietary, emerging academic collections including the DSiP
library have driven closer collaboration between academia and industry, promoting a

more open exchange focussed on accessibility and improvement of library design. 44

1.2.2. Methods for fragment screening

Although fragments form high-quality interactions, their binding affinities are typically
in the range of 100 uM to 10 mM due their low molecular weight.?"36l For detection of
weak binding, use of sensitive and robust methods for screening is essential. 2634 A num-
ber of biophysical techniques has been successfully used as primary screening method

[35,78,79]
)

including high throughput X-ray crystallography nuclear magnetic resonance

(NMR) 8 surface plasmon resonance (SPR)B%#! thermal shift assay (TSA)B*%2 and
mass spectrometry[® as well as more recent techniques such as microscale thermo-
phoresis (MST)®4 and weak affinity chromatography (WAC)®.

With a growing array of screening methods available, there is no single universal strategy

34,86]

for reliable identification of fragment hits. ! The selection of a screening technique

often depends on the nature of the target, available infrastructure and resources as well as
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expertise. 344387 Among suitable methods for primary screening, X-ray crystallography
is the only techniques which does not provide any quantitative information and requires
an orthogonal method for affinity quantification.?5*8 Biophysical techniques differ in
their underlying physical principle for detection of binding, sensitivity range, throughput,

sample requirements and information content from the readout. %89

Whereas ligand- and protein observed NMR methods are the most appropriate choice
in regard to sensitivity, other techniques including surface plasmon resonance (SPR),
thermal shift assay (TSA) and microscale thermophoresis (MST) provide the advantage
of throughput and experimental set-up (Figure 1.4).

Throughput
high TSA
medium MS MST SPR
low ITC
nM M mM Affinity
low medium high Sensitivity

Figure 1.4. Comparison of biophysical techniques in regard to their sensitivity and
throughput. Data from (86

With growing array of primary screening techniques, multiple studies have highlighted
that different methods can yield diverging sets of fragment hits against the same target
with minor or no overlap.#"86:89-93] Multiple factors can contribute to the observed

discrepancy and need to be considered when comparing screening results.

First, fragment identification methods vary in their experimental requirements: NMR
observes protein and ligands in solution, X-ray crystallography requires protein crystals
and immobilisation-based techniques such as SPR and WAC typically involve surface
capture of the target.*>*792) Requirements for preparation of the target can vary signi-
ficantly between methods. 9 Experimental parameters such as temperature, buffer and
pH may also influence hit identification. 862992 In particular, biophysical methods place
different demands on compound solubility. The number of applicable techniques for frag-

ments with low solubility is restrained as methods such as NMR or X-ray crystallography
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require high compound concentrations. [36:90)

Assay-specific artefacts such as non-specific binding, aggregation, fluorescence quenching
or solvent mismatch can lead to both false-positives and -negatives, contributing to the

discrepancies in hit sets identified by different methods. 26:93]

Further, biophysical techniques differ in their underlying physical principle for detection
of binding.[#78991:92 For example, TSA experiments identify compounds that stabil-
ise the protein against thermal denaturation, MST monitors change in thermophoresis
caused through ligand binding and SPR. detects a change in refractive index due to mass

increase upon ligand binding, [26:36:89.94]

As such, each method uses a different readout as
proxy for binding. Whereas measurements of high affinity compounds converge between

the different physical principles, weak binders might be missed.

[ X-ray crystallography ]
[ Ligand-observed NMR ]
[ Protein-observed NMR ]

Weak affinity chromatography (WAC) ]

Surface plasmon resonance (SPR)

Thermal shift assay (TSA)

Microscale thermophoresis (MST)

[ Enzyme assays

Mass spectrometry (MS)

— L _JGL_JGL_JGL _JL _J

[ Isothermal calorimetry (ITC)
[ Fragments (MW < 250 Da) ] [ HTS hits ]
[ Lead compounds ]
10 mM 1 mM 100 1M 10 pM 1 M 100 nM
Affinity

Figure 1.5. Detection sensitivity range of commonly used biophysical techniques for

screening. Modified from [10:39:86],

The inherent sensitivity and detection limit of biophysical methods has to be taken

42)

into account when comparing screening results.*? X-ray crystallography and NMR are

particularly suitable for detection of weak binders (Figure 1.5).1'%%6] However, high con-
centrations used in crystallographic screening that yield crystal structures of fragments

often do not show any detectable binding in other biophysical assays. 26:92
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As illustrated in the study by Wielens and co-workers®?, the lack of overlap may also
originate from selection criteria that define a hit. Different filters including threshold
values and curve shapes can be applied and fortify the lack of agreement between tech-

niques, particularly when working with very weak binders. ¢!

As a result, biophysical screening methods are often applied in a cascade: approaches
that typically start with fast and high throughput method to generate a primary set
of hits that is further validated using more elaborate and resource-intensive techniques
have been described in the literature. 36:86:8795.9] Other cascades include screening of the
same library with orthogonal techniques and consider the intersection of the fragment
hits as true hits.*?) Such cascade approaches are likely to eliminate false-positives, but
always bear risk of good fragments being discarded due to the least robust method in

the cascade. 14:42:89]

Today, many techniques are used to identify fragment hits, each with its own strengths
and limitations. 249397 The subsequent section focusses on biophysical methods for

screening and quantification techniques used in this work.

1.2.3. Crystallographic fragment screening

In the last decade, X-ray crystallography has matured to a powerful screening method
for fragment hit identification. 7989 Despite being one of the first methods applied,
crystallographic screening was considered impractical due its highly resource-intensive

7,100] Advances in synchrotron technology and automation

nature and low throughput.!
reduced logistics and increased throughput, rendering accessible the key advantages of

the method. [101-103]

Unmatched in its sensitivity, X-ray crystallography provides the knowledge of precise

fragment binding orientation and enables rapid assessment of hits in respect to the target,

revealing where the binding occurs: in the active or an allosteric site. [3%-88,100,102,104-107]

The obtained structural information of protein-fragment complexes informs the elab-
oration process of a fragment into a potent lead compound and is considered the gold
standard in drug discovery. 263539 The 3-dimensional visualisation enables the identi-
fication of nearby water molecules and conformational changes in the protein structure,

(35,79

which provide insights into the binding landscape. I Occurrence of false-positive hits

due to non-specific fragment binding — a key issue in low affinity screenings — is nearly

impossible: binding artefacts at crystal contacts readily be identified. [35:3%-88]
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Underlying this technological advancement is the tremendous improvement of synchrot-
ron data collection and analysis. Efficient soaking techniques such as acoustic droplet
ejection reduced experimental labour and improved the reproducibility of diffraction. [108:109]
Increase in X-ray beam intensities, implementation of robotic systems for automated

handling of protein crystals, automation of data collection and subsequent processing

increased experimental throughput allowing for rapid data analysis. [3%79,88,100,103,110-112]
When relying on manual inspection of the electron density maps, identification of frag-
ments bound to the target protein can be challenging and time-consuming.% The re-
cently developed PanDDA algorithm allows for enhanced fragment identification even

[102,113.114] Taken together, over the last decade tech-

for low occupancy binders (1.2.3.2).
nical improvements in synchrotron technologies allowed crystallography to become a
high throughput method for primary screening, placing higher demands on crystal pro-

duction. [79:102]

Today, success of a crystallographic screening largely depends on obtaining a suitable
crystallisation system. 3791001021151 The crystallisation procedure for the target of in-
terest needs to be optimised to deliver a highly reproducible crystal form diffracting to

88,114] Protein

the highest possible resolution and containing an accessible binding site. |
crystals need to display tolerance towards organic solvent which are often used to solubil-
ise fragments. 597114 Despite being a laborious and time-consuming step, establishing
a robust crystallisation system has significant benefits in the context of a lead discovery
project as the same crystallisation system can often be used throughout the process to

drive molecular design. 0%

Protein-fragment complexes can be obtained through soaking or co-crystallisation. [7%:100:116]

In soaking, fragments can access the binding sites by diffusion through solvent chan-
nels in already formed crystals. 102199117 Ag all crystals can be pre-grown in the same
condition, soaking tends to be experimentally simpler. 0917118 Co-crystallisation is of-
ten used as alternative when soaking affects crystal stability or fails to identify any
binders, particularly compounds with higher molecular weight. 7119120 Even though it
can accommodate for potential structural changes, co-crystallisation is less widely used
for large screenings due to its labour-intensity, lower crystallisation success rates and

throughput. [79:118]

Compounds can be introduced as a singleton per crystal or as a compound cocktail.
Singleton soaking maximises the effective concentration of each fragment and simplifies

g [121]

the subsequent analysi To increase throughput compounds are often combined into

cocktails consisting of up to ten fragments. 3588104122] Cocktail design is often based on

10
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shape diversity to allow efficient deconvolution and minimise the likelihood of multiple

fragment binding. [35,100]

The described developments have been incorporated into the XChem fragment screening
platform at Diamond Light Source (DLS), which has been used to generate most of the
crystallographic data in this work.

1.2.3.1. XChem platform at Diamond Light Source

Established in 2015, the XChem platform at Diamond Light Source (DLS) advanced
high-throughput crystallographic fragment screening and offers general access as a user
programme. 1021031211 The highly streamlined workflow has substantially reduced the
time from crystal to fragment hit structure and allows for screening of up to 1000 com-

pounds in less than a week.[99121]

The XChem workflow covers all steps from crystal soaking to automatic data collection
and streamlined analysis of multiple datasets (Figure 1.6).[10312! Starting with an optim-
ised crystallisation system reliably providing highly diffracting crystals, crystal plates are
imaged using a standard imager (Formulatrix). Subsequent analysis of the crystal drop
images is performed using TeXRank.!!?3 Selection of suitable crystal drops and mark-
ing the location for fragment dispensing is carried out manually using the TeXRank
interface.'9? Fragments from a library plate are dispensed to the targeted crystal drop

102,109 Crystal harvesting

locations using an acoustic liquid handler (Echo, Labcyte)
is supported by the Shifter device (Oxford Lab Technologies) — a motorised x-y-stage
equipped with a microscope, while crystal information is tracked using the laborat-
ory management system SoakDataBase (soakDB).!'?¥ Diffraction data is collected at
beamline 104-1 in an automated and unattended mode.®” Data reduction including
integration, indexing and scaling is performed by automated pipelines.!'?® Subsequent
data analysis of autoprocessed datasets is carried out using PanDDA algorithm for weak

(131 followed by streamlined refinement of protein-fragment struc-

102,126]

density interpretation

tures and their deposition preparation via XChemExplorer!

11
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Figure 1.6. Overview of the XChem platform at Diamond Light Source. Crystals are
imaged in plates and analysed using TexRank. 123 Location for fragment dispensing is se-
lected manually prior to soaking via acoustic liquid handler 199, Crystal harvesting is sup-
ported by the Shifter device, while all information is tracked using the SoakDataBase. 124
Diffraction data is collected at beamline 104-1 in an automated mode. 25! Data analysis
of autoprocessed datasets is carried out using PanDDA algorithm 3!, Streamlined re-
finement of protein-fragment structures is enabled via XChemExplorer!26l. Reprinted
from 127 with permission from © Diamond Light Source.

1.2.3.2. PanDDA algorithm for detection of weak binders

Crystallographic fragment screening typically generates hundreds of datasets to identify
fragments that bind to a protein target.[''3] The collected datasets often display only
minimal differences in electron density through presence of a bound fragment and po-
tential local conformational changes of the protein.[''>M7 The inspection of electron
density maps for fragment binding evidence is a time-consuming step, with superpos-
ition of multiple states due to low ligand occupancies which increase the likelihood of
misinterpretation. [100:113:126,129.130] The XChem data processing pipeline at DLS utilises

Pan Dataset Density Analysis (PanDDA) for streamlined and improved hit identifica-

tion, [113.126]

12
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The PanDDA protocol comprises three steps: analysis, inspection and export.'26 In
the analysis step, a local alignment of electron density maps in real space is performed
to bypass local conformational heterogeneity of the crystals.[''3131] The aligned data-
sets are voxelised and subsequently calculated distribution of electron density at each
voxel reveals the outlying datasets — such as structures with bound fragments (Fig-

ure 1.7.a).[113]

Figure 1.7. PanDDA algorithm allows identification of weak binders. a. Following
alignment and voxelisation, distribution of electron density at each voxel is calculated to
identify outliers. b. Multiple ground states are averaged into a mean ground-state map.
c-e. From superposed state observed in a crystal (c.), a proportion of the ground state
(d.) is subtracted to reveal the bound state (e.).[''3] Reprinted from Pearce et al.['1?l
under CC BY licence. ©Pearce et al.

The datasets that do not contain any outliers, typically obtained by soaking DMSO, are
averaged into a mean ground-state map to parametrise the ground-state model (Fig-
ure 1.7.b).["3131 When analysing the screening data, the signal corresponding to the
fragment binding event is often observed as a superposition of ground- and bound-
state (Figure 1.7.c).3l A background density correction removes the contribution of
the ground state through weighted subtraction of the mean ground-state map by the
background density correction factor (BDC) (Figure 1.7.d), allowing for deconvolution
of the bound state (Figure 1.7.¢): 113!

[event map] = [observed map] — BDC x [mean ground-state map]

The inspection step involves user interaction through visual assessment of the event

density and modelling of the bound fragments. In the last step, the resulting models

13
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undergo a superposed refinement and validation, before they are exported for further

streamlined refinement using XChem Explorer. [126:132]

The PanDDA algorithm allows to emphasise the detection of weak binders and has been
widely adopted in the FBLD community. %76:9212.133-135] However, its reproducibility
is largely dependent on the presence of apo-structures and specialised crystallographic
software, leading to an ongoing discussion how to best deposit generated fragment struc-

tures in public structure databases. '3

1.2.4. Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) is one of the most prominent biophysical techniques
for identification, validation and characterisation of protein-ligand complexes. [23:96,:137-140]
A number of key advantages have established NMR as an important tool at different
stages of FBDD. 3139141 The sensitivity of NMR techniques is well suited to determine
affinities of weakly binding compounds such as fragments.?>'*2 In fact, NMR is the
most sensitive biophysical method providing quantification of ligand binding. 23143 Ad-
ditionally, NMR experiments are carried out in solution, preserving full conformational

141] Further, NMR measurements

flexibility and steric accessibility of all protein sites.
inherently provide information on ligand and protein integrity as well as ligand identity
and concentration, revealing degradation and aggregation which compromise measure-
ments. 2397141 Most importantly, NMR comprises several types of experiments based
on detection of different spectral parameters including chemical shifts, relaxation and
diffusion rates which generates a wealth of information on various aspects of molecular

interactions. [10,97,137,141,144]

Binding experiments can be divided into protein-observed and ligand-observed meth-

[32,141] 48] protein-observed experiments require

ods. Pioneered by Fesik and co-workers
isotopic labelling of the target protein with NMR-active '°N and/or 3C isotopes. Two-
dimensional heteronuclear single-quantum coherence (HSQC) experiments are used to
monitor chemical shift perturbations of protein signals upon ligand binding. [32:86,145,146]
Ligand titration performed at different concentrations allows to determine dissociation
constant of binding (Kp).! However, identification of the binding site requires res-
onance assignment — often a laborious and time-consuming step.[432137:147) Protein-
observed methods require large amounts of isotope-labelled protein and can in most

cases only be applied to proteins with molecular weight below 40 kDa. [14:86.148]

Ligand-observed methods offer the advantage of not requiring isotopic labelling. 2332139

14
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In addition, they have no upper limit on the size of proteins that can be used — in fact
protein with higher molecular weight tend to work better.[?32 Also, ligand-observed
experiments benefit from a lower protein consumption compared to protein-observed
techniques. %% Direct ligand-observed NMR methods are particularly suitable for
quantification of weak binders (1 mM to 10 uM) which undergo fast chemical exchange
between free and bound states, whereas competitive experiments allow for affinity quan-
tification of strong binders (<0.1 uM) in slow exchange regime. ['3%142149 The limitations
of ligand-observed methods include absence of information upon ligand location and ori-
entation as well as relatively low throughput compared to other biophysical screening

techniques. [148:150,151]

Ligand-observed NMR techniques typically measure parameters of ligands which de-
pend on molecular rotation, these are strongly affected by protein binding. Ty and T,
experiments monitor changes in relaxation properties; changes in cross-relaxation are
exploited in STD, water-LOGSY and NOE experiments. 2332 In the following sections,

ligand-observed NMR techniques used in this work are introduced.

1.2.4.1. Saturation Transfer Difference NMR

Saturation transfer difference (STD) is one of the most popular ligand-observed methods
used for screening and biophysical characterisation of protein-ligand binding. 38152 The
STD experiment observes free ligand in solution directly and relies on magnetisation

transfer between protein and ligand. [141:148:153]

Through selective saturation of protein resonances by a series of high frequency pulses,
magnetisation is rapidly spread across the hydrogen network of the protein via spin
diffusion. 11148154 Apy Jigand that binds to the macromolecule will receive saturation of
its protons as a result of the nuclear Overhauser effect (NOE). 31481 Upon dissociation,
the saturation will be carried with the ligand, resulting in accumulation of saturated
ligands in solution. "854 Ligands that do not bind to the protein, do not experience
any change in their magnetisation, allowing the detection of binders manifested as signal

intensity reduction in the 'H spectrum. [141,148,154]

For an STD experiment, two spectra are recorded: an on-resonance spectrum (Ig4r) and
an off-resonance spectrum (Ip). 3152 The on-resonance spectrum (Ig47) is obtained by
selective irradiation in the far upfield region of 0 to -1 ppm, which only contains pro-
tein resonances of hydrophobic core methyl protons. 138141152 The off-resonance spec-

trum is recorded in absence of protein saturation. The obtained difference spectrum

15
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(Isrp=Io—Isar) only contains proton signals that correspond to ligands being saturated
as a result of binding to the protein (Figure 1.8).[13%152 Due to distance dependency of
the saturation, only protons that are in close proximity to the macromolecular target,

152]

will appear in the difference spectrum. 2 The relative magnitude of the signals correl-

ates approximatively with proximity to the target, providing information on the ligand

position through epitope mapping. 32138154

a. O
—
[] Dlﬂ

protein protein-ligand
complex

A A off-resonance spectrum I
A A on-resonance spectrum Ig, .

A A difference spectrum Ig

OO O @

Figure 1.8. Schematic representation of the STD experiment. a. Upon saturation
protein magnetisation is transferred to the ligand by spin diffusion. The exchange between
free and bound state of the ligand results in a progressive saturation of the ligand pool
(yellow), whereas non-binders do not experience any change in magnetisation (green). [148]
b. Hit identification is carried out through subtraction of the on-resonance (Igar) from
the reference (Iy) to obtain the difference spectrum (Igpp), which only contains signals of
ligands that bind to the target. Modified from [148:152]

In theory, ligand affinity can be determined by STD through monitoring the change in
STD response with increasing ligand concentration.'*8) For quantification, STD ampli-

fication factor STDA?, which scales the measured STD response according to the ligand

16
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excess employed in the experiment, is calculated and plotted as a function of ligand
concentration. 819 However, Kp values determined by STD tend to be an overestim-
ation due to strong influence of experimental parameters such as saturation time. 48159

Indeed, a recent study reports no correlation between affinity and STD response. 154

Accurate affinity determination by STD-NMR can be achieved as a competition experi-
ment, if a binder with a known Kp, is available. 8156-158] The signal of the spy molecule
is monitored for change in signal intensity upon displacement through a competing mo-

lecule. [148]

Titration of spy molecule at constant concentrations of protein and competing
ligand allow for determination of an apparent Kp ,,, which is necessary to obtain the
true Kp of the competing ligand. '8 Alternatively, the approach described by Dalvit

159 vields Kp by recording the spectra with different concentrations of

and co-workers!
the competing molecule at constant spy concentration and utilising the displacement

values.

In absence of a known binder, accurate measurements can be obtained using the protocol
proposed by Angulo and co-workers®®. As described by the authors!™ the main
limitation of direct STD titration for affinity measurement is caused by ligand rebinding
during the saturation time. 148155 Any ligand that has been bound to the macromolecule,
carries some degree of saturation back into solution. Upon rebinding of the same ligand,
a reduced level of saturation is transferred, resulting in an attenuation of the STD
response. 1481591 Whereas it does not play a role in screening where ligand excess is
used, titrations with low ligand concentration necessary for affinity determination favour
rebinding, leading to inaccurate Kp.!14815% Ag suggested in the study[®®, rebinding
effect can be avoided by using initial growth rate factors (STDj') — the STD responses
at the limit of zero saturation time when virtually no ligand binding occurs — instead
of amplification factors (STDAF). The lengthy process of determining STD;F involves
recording of STDAF at a range of different saturation times and subsequent fitting for
each concentration. ¥ Even though it provides accurate determination of dissociating

constants, this approach may not be practical for a large number of ligands. 148!

1.2.4.2. Relaxation-based experiments

Relaxation effects depend on molecular motion which is characterised by the rotation
correlation time 7,.["*!) Due to rapid tumbling in solution, which corresponds to short 7,
small molecules exhibit long relaxation times T\. [138,139] Ag relaxation time Ty is inversely

proportional to the line width at half height, small molecules exhibit narrow line widths
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in the NMR spectrum. '8 Large molecules such as proteins are characterised through
short Ty and high transverse relaxation rates Ry (T = 1/Rs), which correspond to

138,141,144, 148] [Jpon binding, rotation of the ligand is decreased, as

broadened line widths. !
the small molecule transiently adopts rotation properties of the macromolecule. [141:142:148]
The observed ligand line width in the NMR spectrum is a result of exchange-average
between bound and free states.!'4>148] With sufficient contribution of the bound state,

line broadening is observed. 18]

When screening weakly binding ligands such as fragments, the observed effect can be
rather small.["*¥] Binding detection can be enhanced by applying filters that attenuate
signals of the bound species. 18] Sharp resonances remain unaffected as a result of slow
transverse relaxation of free small molecules. '8 Such relaxation-editing allows for quan-
tification of intensity reduction instead of measuring line width directly. 1381421481 Both
transverse relaxation parameters Ty and T;, can be exploited for detection of ligand
binding through intensity reduction. In Ty, a Carr-Purcell-Meiboom-Gill (CPMG)
spin echo filter is applied. ™ For experiments measuring the spin-lattice relaxation T 11

a continuous spin-lock is utilised that holds magnetisation static in the rotating frame

148,160,161]

as it relaxes. !

B

&

+ protein

AN A
7
Figure 1.9. Schematic representation of a relaxation-editing experiment. Signal intesity

of the ligand that binds to target protein is significantly attenuated in relaxation-editing
experiments T and Ty,. Modified from [142]
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The relaxation experiments are recorded in presence and absence of protein. ™! Typic-
ally, two spectra with different relaxation periods are recorded on the same sample: one
with a short (e.g. 20 ms) and the other with a long relaxation delay (100-400 ms). 1!
Ligands that interact with the target protein display faster attenuation in signal intens-
ity at long relaxation periods. 142162163 A comparison of spectra reveals binding events,
which are manifested as a reduction in signal intensity of the fragment resonances (Fig-
ure 1.9). 11391411421 A control experiment only containing the fragment cocktail in buffer

serves as a reference spectrum. 2%

Similarly as in STD experiments, quantification measurements can also be performed in
competition mode (1.2.4.1).1'48159 While ligand-observed NMR. methods provide suffi-
cient sensitivity for KD determination of weakly binding compounds, their application

is resource-intensive in regard to throughput and expertise (see chapter 5).

1.2.4.3. YF NMR-based fragment screening

Screening of libraries with fluorinated fragments has gained popularity as primary screen-
ing method for identification of hits and rapid assessment of ligandability of new tar-
gets. 120:164.165] Plyorinated ligands are widely used in medicinal chemistry, with 25% of

drugs approved containing at least one fluorine atom. 741,165

A number of features makes F an attractive nucleus for fragment screening. 4! With
its spin 1/2, 'F is a stable NMR-active nucleus with 100% isotope abundance. [164:16%]
YF has a comparable sensitivity to proton (83.4% relative to 'H), which is enhanced
by the absence of natural fluorine background in most biological samples. [138149,164,166]
Large chemical shift dispersion covering several hundreds ppm and narrow line width
for F resonances offer ideal conditions for screening of multiple ligands simultaneously,
typically combined into cocktails of 20-30, without observing signal overlaps. [138:141,149]
Screening of fragment mixtures enables rapid data collection with low protein consump-
tion. 167169 The large dynamic range — the ratio of observable parameters such as
chemical shift in presence and absence of protein — is particularly suitable for detection

of weakly binding ligands. [16%167]

Transverse relaxation (Ty) is the most common '"F parameter utilised for fragment
screening and is exploited in CPMG experiments (see 1.2.4.2).11%5) Chemical shift () is

[141]

another indicator of binding. Upon ligand binding, chemical shifts of both protein and

ligand are changed as a result of local magnetic field perturbations that both particles
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experience. "l However, as only a small population of the ligand is bound, the chemical

shift is often less pronounced in a screening set-up with large ligand excess. 4!

Analysis of fragment screening data of different ligand mixtures can be a laborious
process. 23! However, the flat baseline of the spectra, large chemical shift dispersion of the
signal and their narrow line width are well suited for automation. 1365 Multiple tools
including Fragment-Based Screening (FBS, Bruker) 1™ and MNova Screen (MestreLab

Research) '™ have been implemented to facilitate streamlined data analysis.

In addition to direct mode, F screening can also be performed in competition mode. [138:165]
The use of a fluorinated spy molecule enables rapid binding detection through monitoring

9F resonance of the spy. [138:142:172,173]

Protein-observed methods can also be utilised for fragment screening. ! Protein-observed
fluorine NMR (PrOF) requires selective labelling of the protein target with fluorinated
amino acids or site-specific labelling, enabling detection of ligand binding through ob-

servation of changes in F chemical shift. 142165

1.2.5. Surface Plasmon Resonance

Surface plasmon resonance (SPR) is one of the most widely used biophysical methods in
fragment-based drug discovery. 1201741761 SPR has often been used in lead optimisation
as an orthogonal technique for validation and affinity determination of fragments as
well as elaborated compounds. 38175177 [n the last decade, its application as primary

screening technique has emerged. 178!

SPR is an optical biosensor method which detects the change in refractive index that
follows a mass increase resulting from a binding event between a protein target immob-
ilised on the biosensor chip surface and a ligand in solution (Figure 1.10).0017] The

change of the refractive index depends on the ratio of the ligand to the protein mass. 2%

Target proteins can be immobilised on the chip surface covalently through amine, thiol

or aldehyde couplings or non-covalently via affinity tags such as streptavidin-biotin,

[10,14,175,178,179] Mjcrofluidic systems allow

monoclonal antibody tags or metal chelation.
injection of varying compound concentrations onto biosensors.?%%0 With continuous
signal registration, detection of binding response on the chip surface occurs in real

time, [86:120,176]
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SPR measurements allows accurate quantification of kinetic parameters including as-
sociation (k,) and dissociation rate (k;), affinity (Kp) and stoichiometry of the inter-
actions. [86:96:120.176.179] Aqditionally, thermodynamic parameters of the interactions can
be determined by performing measurements at multiple temperatures. 86178 Further
advantages of SPR include low sample quantities and protein consumption as well as re-

latively high throughput allowing to test approx. 500 compounds per day in a screening
set-up. (12176179

Successful quantification of binding interactions by SPR requires a careful assay de-
velopment and implementation of quality controls.'™ Optimal screening conditions to
maintain the target protein functional and to provide low signal-to-noise ratio are often
identified through systematic variation of buffer components, detergents, pH and temper-

[23,96,175

ature. I Reference compounds with known interaction characteristics can be used

to monitor protein functionality and stability on a biosensor surface over time.[23:80:180]
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Figure 1.10. Schematic illustration of a typical SPR biosensor set-up. A beam of polar-
ised monochromatic light is irradiated through a prism at the gold-coated surface of the
sensor. The reflection is detected by an optical unit. At a certain angle, the resonance
angle, light is absorbed by the electrons in the metal, creating resonating surface plasmons
(collective oscillation of free electrons). This creates a dark line in the reflected beam, a dip
in light intensity at the resonance angle (I). Any compound that binds to the immobilised
target increases the mass near the metal surface, resulting in change of the refractive index,
and a measurable shift in the resonance angle (IT). This change is observed in real-time
and recorded as a sensorgram. 1417 Reprinted from 7 with permission from © Springer
Nature.
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For novel targets, these are often not available requiring an orthogonal method for
validation. 8 Reference proteins immobilised on parallel surfaces help to deconvolute

non-specific protein interactions. 80178l

The current generation of biosensor instruments is capable of detecting small molecule
binding with molecular weights as low as 50 Da.['™ However, measuring weak binders
with low molecular weight such as fragments is challenging due to the small change in
the refractive index. Signal amplification can be achieved through immobilisation of

active and functional protein at high density on the biosensor surface (see 4.2.2).[178:179)

The minimal detection level also depends on the signal-to-noise ratio. While current
biosensor instruments can obtain quality responses below 1 response unit (RU), some
compounds have a high refractive index which contributes to the noise level by creating
a mismatch between blanks and samples. ™7 Screening compounds are usually sol-
ubilised in dimethylsulfoxide (DMSO) which has a high refractive index and can be a
major source of false-positives, if the DMSO concentration in both samples and running

buffer is not matched accurately. [#117]

Affinity quantification of weak binders such as fragments ideally requires screening at
significantly higher concentrations than their affinities to saturate the binding sites of
the target protein.!'™ In practice, this is often not feasible due to limited solubility
of compounds at high concentrations and aggregation effects, making deconvolution of
responses from specific and non-specific interactions difficult. 191423 Therefore, signal
responses of weak binders are de facto measured at concentrations far below their affin-
80,178]

ities. When measuring weak binders, binding kinetics are rarely observed due their

fast association and dissociation rates, only allowing for steady-state affinity analysis (see
4.2.2).126:80

With its quantitative nature and high throughput, SPR is an ideal method for fragment
screening, binding validation and kinetic characterisation of elaborated compounds. ™
Its use for orthogonal validation of weak crystallographic fragment hits can be limited
by their low affinity and requires careful assay optimisation, as will be further discussed

in this thesis.

1.2.6. Fragment elaboration

Early success of FBDD has led to a paradigm shift in small molecule drug discovery:

based on the experience with HT'S, compounds with affinity above 1 uM were considered
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too weak for progression. Nowadays, many medicinal chemistry optimisation campaigns

routinely begin from low affinity molecules (10 uM-1 mM), [43.181,182]

The elaboration cycle of fragments comprises an iterative process of design and syn-
thesis of follow-up compounds followed by biophysical quantification to monitor the
progress. % Three conceptual strategies to increase potency of compounds derived from
fragments have been described: fragment linking, growing and merging [13-36-181,183] (

ure 1.11).

Fig-

Linking

b.
¥ e\

Growing

Merging

O PDPK1 kinase inhibitor

Figure 1.11. Conceptual strategies for fragment elaboration. a. Linking. Two fragment
hits identified by NMR were linked and optimised to obtain venetoclax, a selective Bcl-2
inhibitor. b. Growing. The initial fragment hit identified in a biochemical screen was
grown to vemurafenib, a selective inhibitor of B-Raf kinase. c. Merging. Both fragments
identified in a SAR by catalogue approach based on a fragment hit from ligand-observed
NMR were merged and optimised to the PDPK1 inhibitor. Modified from [42:184],

23



1. Introduction

Fragment linking was the first approach successfully applied in a FBDD campaign. 48!
This strategy entails linking together two fragments that bind at adjacent non-overlapping

24,47 48,185]

sites on the target protein surface.! In theory, successful linking of two frag-

ments would result in a compound with affinity greater than the sum of individual frag-

[186,187] Although conceptually very attractive, this technique requires a binding

ments.
site of appropriate size to accommodate two fragments. *?) Additionally, efficient joining
without disruption of the binding mode of the fragments is necessary, placing demands

36,42,47,188,189

on the length and rigidity of the linker. ! | Venetoclax, a drug approved in 2016

for treating certain forms of chronic lymphocytic leukaemia, demonstrates a successful

application of the fragment linking approach (Figure 1.11.a) 1)

Fragment growing is the most widely applied method for elaboration of fragment hits. 42
Growing aims to increase the size of a fragment by adding functional groups to es-
tablish additional interactions with the target to achieve the required affinity and se-

[10.24,189] The directionality of chemical functionalisation requires identification

lectivity.
of potential growth vectors.!'®) The availability of structural data from crystallography
or NMR is crucial for guiding the elaboration process.*>'8! In the development of the
selective inhibitor of V600OE mutant B-Raf kinase vemurafenib — the first approved drug

originating from FBDD — fragment growing approach was applied (Figure 1.11.b). [13:42191]

Fragment merging involves combination of structural features of overlapping fragments
into a compound.®*2] This approach can be attempted when overlapping functionalit-
ies share similarity in their structure or interaction profile.'® As in fragment linking,
the merged compound would ideally combine the affinities of initial fragments addit-
ively or even synergistically.!'®) For this technique, fewer examples can be found in
the literature.*? The development of selective inhibitor for PDPK1 kinase at Vernalis

demonstrates how fragment merging can be successfully utilised (Figure 1.11.c).[10:42:192]

Prior to initiation of the fragment elaboration process, it can be useful to explore the
cores of identified fragment hits through purchase or limited synthesis of similar chemo-
types. #2112 Exploration of structure-activity relationships (SAR by catalogue) is a fast
and powerful method for initial mapping of the binding site and probing how small

changes in the chemical structure can affect binding. [#246:183]

Although examples for fragment optimisation purely guided through biophysical and
computational methods can be found in literature, structural knowledge of precise frag-
ment binding mode is paramount for the progression. [18:36:46:112,120.193] Ty nyically, this is

obtained by X-ray crystallography.
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Fragments are considered efficient binders as they form high quality interaction. 394152
Fragment elaboration needs to ensure that additionally introduced functionalities con-
tribute to the affinity gain and thus justify the increase of heavy atoms and in size of
the molecule.*” The ligand efficiency (LE) metric is widely utilised to rank fragment

47,194]

hits and to assess their optimisation. ! LE is defined as the ratio of the free energy

of binding to the number of heavy atoms (HAC) in the molecule and is instructive to

monitor how this ratio changes while the fragment is undergoing optimisation. 195:19]

In addition to potency, fragment elaboration offers the opportunity to control and op-
timise a number of physicochemical properties including molecular weight, solubility,
lipophilicity, selectivity and absorption, distribution, metabolism and excretion (ADME)

at an early development stage into a drug candidate or a chemical probe.183:197]
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1.3. NUDIX hydrolase NUDT)5 as model system

In this work, human NUDIX hydrolase NUDTH was used to generate all datasets for
method development. NUDTS5 is a drug target of the Structural Genomics Consor-
tium (SGC). The biological relevance and target rational are outlined in the subsequent

section.

1.3.1. NUDIX hydrolase superfamily

The human NUDIX superfamily consists of 22 enzymes which catalyse the hydrolysis of
nucleoside diphosphates linked to a variable group (X).[%8209 Their substrate prefer-
ence displays high diversity and promiscuity, and includes canonical (d)NTPs, oxidised
(d)NTPs, nucleotide polyphosphates and sugars as well as capped mRNA.[201:202) A]]
members of the superfamily share a highly conserved 23-residue motif, which is often
described as the NUDIX box: GX;EX;REUXEEXGU, with U being one of the bulky
hydrophobic amino acids I, L and V.[198203] This motif forms a loop-helix-loop structure

and is involved in catalysis as well as binding of essential divalent metal ions. 201202

Historically, NUDIX hydrolases have been associated with the role of "cell sanitisers";
as the founding member of the superfamily, the enzyme MuT (NUDT1), demonstrated
antimutagenic properties by hydrolysing oxidised deoxynucleoside triphosphates and pre-
vented mutations. 23294 More recently, the enzymes of the NUDIX superfamily have
been linked with a broad variety of processes in cellular metabolism, suggesting that only
a few members play a role in the prevention of DNA mutations. [200:201,205.2068] NUDIX hy-
drolases are highly conserved and ubiquitously expressed in all species; some functional
redundancies among the members have been described.?°) Despite first biochemical
characterisation of the NUDIX enzymes carried out in early 1990s, some of the super-
family members have not been characterised and the biological function of many remains

unknown. [205.206]

Several NUDIX hydrolases are upregulated upon cellular stress, suggesting they may be

[200.207-209) Aong others, the

relevant for survival of the cells under stress conditions.
enzymes NUDT1 and NUDT5 are indeed overexpressed in different cancer types and

were identified as promising therapeutic targets. 200:210,211]
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1.3.2. NUDT)5 — Target information
1.3.2.1. Enzymatic activity of NUDT5

The human hydrolase NUDT5 (NUDIX5), a member of the NUDIX hydrolase super-
family, has been linked to key processes in nucleotide metabolism and cancer. [200:212:213]
The enzyme hydrolyses nucleotide phosphates from a wide range of substrates, including
ADP-sugars and nucleotide phosphates. 227l The main reactions catalysed by NUDT5

are summarised in Figure 1.12.
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Figure 1.12. Catalytic activity of NUDT5. a. The main catalytic reaction of
NUDTS5 is hydrolysis of ADP-ribose into AMP and ribose-5-phosphate. 200217 b, In pres-
ence of diphosphate, NUDT5 catalyses conversion of ADP-ribose to ATP and ribose-5-
phosphate. 213l ¢. NUDTS5 is capable of hydrolysing 8-oxo-dGDP into 8-oxo-dGMP and
phosphate. [200]

NUDT5 as ADP-sugar pyrophosphatase

NUDT5 was first characterised as an ADP-sugar pyrophosphatase.?'4 Although the
enzyme has been reported to hydrolyse a variety of ADP-sugars, ADP-ribose has been
identified as predominant substrate for NUDT5.[200214 NUDT5 catalyses the hydro-
lysis of ADP-ribose into adenosine 5’-monophosphate (AMP) and ribose-5-phosphate
(R5P) (Figure 1.12.a) and plays an important role in controlling intracellular ADP-ribose
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levels. [199:217:218] Generated by turnover of NAD* and cyclic, polymeric or protein-bound
ADP-ribose, free ADP-ribose is a highly active metabolite which causes non-enzymatic
ADP-ribosylation at high concentrations. %219 ADP-ribosylation of proteins is a post-
translational modification that influences various cellular processes, including regulation

of mitosis, gene transcription, proliferation, differentiation and apoptosis. 22"

NUDTS5 as key enzyme in nuclear ATP synthesis

A recent study by Wright and co-workers?'3 linked NUDT5 to synthesis of ATP in
cell nuclei. The outlined non-canonical pathway describes the rapid generation of ATP
to support the activity of energy-consuming enzymes involved in chromatin remodel-
ling, DNA replication and gene regulation upon DNA-damage response.?'3221 Ag a
consequence of the stress response, hydrolysis of transiently increased poly(ADP-ribose)
generates free ADP-ribose which can be then converted by NUDT5 to ATP in presence
of PP; (Figure 1.12.b).[213:221]

Whereas hydrolysis of ADP-ribose into AMP and R5P is energetically favourable, the
study suggests that endergonically synthesised ATP is only generated in presence of in-

creased ADP-ribose and PP; concentration and possibly posttranslational phosphoryla-
tion of NUDT5.[13]

NUDT5 as nucleotide pool sanitizer

Kamiya and co-workers[?') have reported that NUDTS5 also displays a broad substrate
specificity for oxidised desoxyribonucleoside diphosphates with highest efficiency for 8-
oxo-dGDP (Figure 1.12¢), indicating its role in elimination of oxidised DNA precursors
from nucleotide pool to prevent replicational and translational errors.'5217:222l Upon

hydrolysis, 8-oxo-dGMP and phosphate are produced (Figure 1.12.c).

Although NUDTS5 is capable of 8-0xo-dGDP hydrolysis, a recent study?°?) has demon-
strated that NUDT5 plays only a limited cellular role in 8-oxo-guanine metabolism due

to poor hydrolysis efficiency under physiological conditions. 216217

1.3.2.2. Structural analysis

The first crystal structures of full-length NUDT5 in apo form and truncated form in

complex with ADP-ribose and AMP have been reported by Zha and co-workers!'% in
2006. In the crystal structure, two NUDT5H monomers form a homodimer. As shown

in Figure 1.13, each monomer can be divided in three domains: the N-terminal (green,
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residues 14-53), the catalytic (blue, residues 54-210) and the C-terminal domain (grey,
residues 211-214). [19]

N-terminal domain

0y

Substrate (
binding site

~ Catalytic
domain

C-terminus

Figure 1.13. Crystal structure of the apo form of NUDT5 (PDB:2DSB). a. The NUDT5
enzyme forms a homodimer with substantial domain swapping. Each monomer is shown
in light and dark green, respectively. b. Structural classification of a NUDT5 dimer: the
residues 14-53 of each monomer form the N-terminal domain (shown in light and dark
green), the residues 54-210 form the catalytic domain (shown in light and dark cyan), the
residues 211-214 belong to the C-terminal domain (shown in light and dark grey). Adapted
from (199,

The homodimer shows a substantial domain swapping as the N-terminal domain of
the first monomer crosses over to interact with the N-terminal domain of the second
monomer. ) This domain swapping is stabilised by hydrophobic interactions as well as

salt-bridges and hydrogen bonds. %]

Substrate binding The substrate binding occurs at the dimer interface between the
catalytic domain of first monomer and the N-terminal domain of the second monomer. 99!
As shown in Figure 1.14, in the co-crystal structure of NUDT5 and ADP-ribose the aden-
ine moiety is sandwiched between two tryptophan residues Trp28 and Trp46 originating
from different chains. Compared to the apo-form, both residues Trp28 and Trp46 move
closer together to allow 7-m stacking with the aromatic adenine core of ADP-ribose. %%
The N1 and N6 atoms of the adenine core are specifically recognised by the amine ni-
trogen and the carbonyl oxygen of the conserved Glud47 backbone via hydrogen bond
interactions. ) Additional hydrogen bond is observed between N7 atom of the aden-

ine core and the guanidinium group of Arghl side chain.!'¥ The hydroxyl groups of
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adenosyl ribose do not show any direct interactions with the protein and only form
water-mediated interactions.%220] The negative charge of the pyrophosphate is par-
tially neutralised by the Arg84 side chain.[?? The terminal ribose is stabilised through
hydrogen bonds between hydroxyl groups and the Asp133 side chain, and Gly135 hy-
drogen bond with 2’-OH-group of the ribose. 199:220)

GLU-116

Figure 1.14. Crystal structure of NUDT5 in complex with ADP-ribose (PDB:2DSC). a.
ADP-ribose (shown in orange) is located at the substrate binding at the dimer interface.
The active site is formed by the catalytic domain of the first monomer (shown in light
green) and the N-terminal domain of the second monomer (shown in dark green). b.
Coordination of ADP-ribose inside the binding site: the adenine core of ADP-ribose is
bound between Trp28 and Trp46 via w7 stacking interactions. In addition, the positions
N1, N6 and N7 of the adenine core are stabilised by hydrogen bonds. Mg ion is shown
as a bright green sphere, water molecules as red spheres; hydrogen bonds as broken lines
in yellow. Adapted from 199

As observed in crystal structures in complex with AMP and non-hydrolysable analogue
of ADP-ribose, «, f-methyleneadenosine, similar substrate coordination is retained, al-

though the number of magnesium ions varies between 1 and 3.[199:220)

Mutagenesis and subsequent kinetic studies identified the key residues which are neces-
sary for substrate binding and catalysis: Trp28 and Trp46 are crucial for recognition
of adenosine moiety, Arg5l is required for both substrate binding and catalysis. 22"
For the recognition of the phosphates and the terminal ribose, both Arg84 and Leu98
are important, with Arg84 affecting catalytic activity significantly and emphasising its
role in charge neutralisation of the S-phosphate. As demonstrated in mutation studies,
residues involved in coordination of the terminal ribose are less important for substrate

recognition. 220)

30



1. Introduction

The catalytic function is dramatically impaired if residues of the NUDIX box Glul12 and
Glul16 directly involved in metal coordination are mutated, highlighting the importance
of the metal ions for the enzyme catalysis. > Additionally, Glul66 was identified as an-
other key residue necessary for catalysis. The authors suggest Glul66 acts as a catalytic
base to deprotonate a conserved water molecule which then initiates the nucleophilic

attack. 220

Suggested catalytic mechanism Based on the structural and biochemical data, Zha

s199 suggest a catalytic mechanism of ADP-ribose hydrolysis in the pres-

and co-worker
ence of three magnesium ions and provide the structural basis for high specificity for
ADP-sugars (Figure 1.15). In the active site, the phosphate moieties of the ADP-ribose
are stabilised by the guanidinium group of Arg84 and a positively charged magnesium
ion, respectively. A conserved water molecule is deprotonated by Glul66 acting as a
catalytic base, and is further polarised by the remaining magnesium ions.??”) Acting as
a hydroxyl ion, the oxygen performs a nucleophilic attack on a-phosphate of ADP-ribose

resulting in its hydrolysis into AMP and ribose-5-phosphate. 22
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Figure 1.15. Catalytic mechanism of ADP-ribose hydrolysis by NUDT5. I. The negative
charges of the a- and S-phosphates of ADP-ribose are neutralised by the Arg84 side chain
and magnesium ions in the active site, respectively. II. Deprotonated by Glul66, which
acts as catalytic base, and stabilised by two magnesium ions, a conserved water molecule
performs a nucleophilic attack on a-phosphate of ADP-ribose. ITI. The nucleophilic attack
generates the hydrolysis products ribose-5-phosphate and AMP. Adapted from 229,

Arimori and co-workers?'% reported first NUDT5 crystal structures in complex with 8-
ox0-GDP and identified that 8-oxo-dGDP displays an inverted binding mode compared
to ADP-ribose. As a consequence, the guanine core is stabilised via a different hydrogen
bonds pattern: Glu47 backbone interacts with positions N1, N2 and O6; Arg51 sidechain
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with N3. In addition, the positions of a o and S-phosphates are inverted. Using isotope-
labelling they confirmed that hydrolysis is carried out by a nucleophilic attack at -

phosphate. 216!

1.3.2.3. NUDT5 as therapeutic target

NUDTS5 overexpression is correlated with poor prognosis, increased risk of recurrence
and metastasis in several cancer types, including breast cancer.?32232%5] Tn g recent
study 22, the NUDIX hydrolyse NUDT5 was linked to development of a more aggressive
disease phenotype through regulation of key oncogenic pathways of genes involved in cell

adhesion, cancer stem cell maintenance and epithelial to mesenchyme transition.

Chromatin remodelling and transcriptional regulation are catalysed by energy-consuming
enzymes that rely on a rapid ATP production.?'3221223] Previous assumptions that en-
ergy demands are met by mitochondria, were challenged by Wright and co-workers 23!
proposing a novel nuclear pathway for ATP synthesis during hormone-dependent tran-

scription with NUDTS5 playing a key role (Figure 1.16).

In response to the hormone progesterone, poly-ADP-ribose polymerase 1 (PARP1) is
activated via a phosphorylation, generating poly-ADP-ribose (PAR) from NAD™ by
nicotinamide nucleotide adenylyltransferase 1 (NMNAT1). [213:221:226] Tpcreased PARyla-
tion facilitates a more open chromatin structure, allows for recruitment of chromatin
remodelling complexes and promotes histone displacement at the promoters of hormone-

responsive genes. [213,226]

In the initial phase, ATP required for these processed is supplied through mitochon-
drial respiration.?3221] The study by Wright and co-workers?'3 suggests that the later
phase is independent of mitochondrial ATP. However, a transient increase of PAR in the
nucleus during the initial phase has been observed followed by a decrease in the later
phase through activity of the poly-ADP-ribose-glucohydrolase (PARG). 22l PARG is the
counteracting nuclear enzyme to PARP-1 and hydrolyses PAR into single ADP-ribose
units. 213223 The generated ADP-ribose is directly converted into ATP in the presence
of pyrophosphate by NUDT5 (Figure 1.16).123)
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Figure 1.16. Rationale for targeting NUDT5. Upon progesterone exposure, poly-
ADP-ribose polymerase 1 (PARP1) rapidly generates poly-ADP-ribose (PAR) inside the
nucleus. With chromatin remodelling complexes, PARP-1 promotes displacement of his-
tones. In the initial phase, ATP demands are covered by mitochondrial respiration. In the
later phase, ATP is synthesised in the nucleus through hydrolysis of PAR to ADP-ribose,
which is converted by NUDT5 into ATP in presence of PP;. Dephosphorylation of NUDT5
during the hormone exposure favours the energetically more unfavourable ATP synthesis
over AMP generation. Modified from!

221]
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As conversion of ADP-ribose into AMP is energetically more favourable reaction than
synthesis of ATP, Wright and co-workers?'®l demonstrate that enzymatic activity of
NUDTS5 is modulated through a posttranslational phosphorylation. Phosphoproteomic
analysis revealed that NUDT5 is phosphorylated at Thr45 before hormone treatment
and mostly dephosphorylated upon progesterone exposure. 23 Subsequent studies, in-
cluding mutagenesis and model predictions provide evidence that phosphorylation sta-
bilises the dimer conformation, shifting the equilibrium towards the AMP synthesis. 213!
Upon hormone exposure, NUDT5 is dephosphorylated, leading to a destabilised dimer
conformation allowing for PP; to enter the substrate groove and facilitating ATP syn-

thesis. [213:223]

Inhibition of PAR formation and depletion of PARG and NUDT5 abrogate the hormone-
induced cell proliferation, confirming that the interplay between PAPR-1, PARG and
NUDTS5 is essential for nuclear ATP synthesis. 217

Taken together, nuclear ATP synthesis catalysed by PARP-1, PARG and NUDTS5 is
required for gene regulation and chromatin remodelling and plays a role in breast cancer

2211 The novel pathway provides the rational for correlation of NUDT5 over-

progression.
expression in cancer and poor disease outcome. ???l The enzymatic activity of NUDTS5 is
essential in driving the oncogenic pathways, suggesting that inhibition of nuclear ATP
synthesis may result in a promising new therapeutic approach for breast cancer treat-

ment . [200:213,227]

Inhibitor development First efforts in the development of a potent inhibitor for NUDT5
were undertaken by Page and co-workers.?°) In a screening campaign based on a
enzyme-coupled malachite green assay (Figure 1.17.a), NUDT5 was tested against 72000
compounds resulting in identification of 528 hits. Based on the chemical structure of
the hits, the theophylline core was identified as key for inhibition. The most potent
compound TH1713 (IC50=0.58 uM) was selected for further optimisation.

In a cascade approach of cellular thermal shift assay (CETSA) experiments, target
engagement of multiple follow-up compounds could be confirmed including the most
potent stabiliser TH5427. Its selectivity was subsequently confirmed in screening against
a NUDIX and kinase panels. 2]

As shown in Figure 1.17, the co-crystal structures of the compounds TH1713 and TH5427
demonstrate a similar binding mode to the substrate ADP-ribose: The theophylline ring
is anchored by Thr28 and Thr46 via m — w-stacking and is stabilised by hydrogen bonds
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Figure 1.17. Development of NUDT5 inhibitor by Page and co-workers2%). a. Rep-
resentation of the enzyme-coupled malachite green assay used for the NUDT5 screening
campaign. ADP-ribose is hydrolysed by NUDT5 into AMP and R5P. Subsequently, R5P is
converted by calf intestinal alkaline phosphatase (CIP) to ribose and inorganic phosphate,
which is then detected by malachite green reagent. Adapted from[2%. b. Chemical and
crystal structures of NUDT5 in complex with inhibitors TH1713 (PDB: 5NQR; blue) and
TH5427 (PDB: 5NWH; magenta). Both compounds are stabilised between Trp28 and 46
via m — m-stacking interactions and hydrogen bonds with Glu49 backbone and Arghl side
chain inside the active site of NUDT5.

to Glu49 backbone and Argb1 side chain. The 3-methylbenzene and dichlorobenzene
moiety of TH1713 and Thb427, respectively, extend into the hydrophobic pocket.

After confirming the inhibitory effect of TH5427 in witro first, further exploration of
THH5427 in breast cancer cells demonstrated an attenuation of nuclear ATP synthesis
upon progestin treatment.?%) The depletion of nuclear ATP blocked the activation of
ATP-dependent enzymes required for chromatin remodelling and histone displacement
and resulted in down-regulation of hormone-dependent genes and associated cell prolif-

eration in the breast cancer cell line T47D.[200]
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Taken together, Page and co-workers?® identified the first potent and cell-active lead
compound to inhibit NUDT5, demonstrating a potential therapeutic approach for breast

cancer treatment.

1.4. Aims of the thesis

Crystallography is one of the most powerful fragment screening techniques: it provides
precise structural information upon fragment binding and its high sensitivity allows to
detect even very weak binders. This in turn presents unique challenges in selection and

progression of identified hits.

This thesis addresses both method development and application of FBLD in the context
of crystallographic fragment screening. The methodological work focusses on the devel-
opment of tools for quantification of weak binders. At the same time, the SGC Oxford is
interested in novel inhibition modes as well as chemical entities for NUDT5 modulation

in breast cancer.

Chapter 3 presents the outcome of two fragment screening campaigns, namely crystallo-
graphic and 19F NMR screen. Both methods are amongst the most sensitive techniques
to date, revealing even weakly binding fragment hits. Both campaigns are compared in

regard to the number of identified binding sites, fragment hits and sampled interactions.

For targets bearing promiscuous sites such as NUDT5, fragment screening campaigns
can yield a high number of hits in the same binding location. Their low affinity calls for
novel tools for selection and prioritisation of fragment hits for further elaboration — a

recurring challenge in FBLD.

This thesis aims to investigate the use of crystallographic and NMR-based methods for
quantification of weakly binding fragment hits for rapid compound prioritisation and
ranking. Chapter 4 introduces concentration-dependent crystallographic soaking which
enables relative in-crystal ranking of fragment hits. Chapter 5 explores ligand-observed

NMR methods for compound ranking in protein titration experiments.

The crystallographic screen revealed a previously unreported fragment binding site for
NUDTS5 bearing the promise of a novel inhibition mode. In chapter 6, efforts towards
the initial site exploration and elaboration of a fragment hit are described. Strategies
expanding the application of X-ray crystallography for streamlining elaboration, such as

co-soaking of multiple compounds, are discussed.
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2.11. Computational Chemistry . . . . . . . . . . . . . . .o 49
2.11.1. PLIP analysis . . . . . . . . . ... 49
2.11.2. Molecular Docking . . . . . . . . . . . .00 50
2.11.3. Molecular Dynamics . . . . . . . . . . . .. 50

2.1. Chemicals and compounds

Chemicals for biological use were purchased from commercial sources (Acros Organics,
Bayer, Biomol, Fluka, Formedium, GE Healthcare, Merck KGA, Sigma-Aldrich Co.,

Serva, Thermo Fischer Scientific, VWR) and were used without further purification.

All small molecule compounds for crystallographic and biophysical experiments were
purchased from Enamine (Ukraine) and KeyOrganics (UK) and used without further

purification.

2.2. Cell lines

For transformation, Tuner™ (DE3) competent cells (Novagen) were used.

Genotype: F~ ompT hsdSp (r5 mp) gal dem lacY1(DE3).

2.3. Plasmid map

The plasmid map of human His-tagged NUDTS5 is shown in Figure 2.1.
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Figure 2.1. Plasmid map of human His-tagged NUDT5. Plasmid map was generated
using Benchling.

2.4. Proteins

Proteins used in this work are listed in Table 2.1.
expressed in E. coli cells.

All proteins were recombinantly

Table 2.1. Proteins and their molecular weights (MW)

Proteins MW [kDa]
His-tagged NUDT5  25.58

NUDTS5 (cleaved)
NUDTY7 (cleaved)

23.11
25.12
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2.5. Media

Media and their composition used in this work are summarised in Table 2.2.

Table 2.2. Media and their composition.

medium composition

SOC medium 20 g/L tryptone, 5 g/L yeast extract, 4.8 g/L. MgSQy, 3.603 g/L dextrose,
0.5 g/L NaCl, 0.186 g/L KCI.

LB medium 10 g/L NaCl, 10 g/L tryptone, 5 g/L yeast extract

TB medium 12 g/L tryptone, 24 g/L yeast extract, 9.4 g/L. KoHPOy,, 2.2 g/L KHyPO,
and 8 mL /L glycerol

2.6. Fragment libraries

2.6.1. DSIiP fragment library for crystallographic screening

[ is the standard fragment

The DSiP fragment library for crystallographic screening
library of the XChem fragment screening platform at DLS. Originally developed by Cox
and co-workers, the library allows for rapid elaboration of fragments using standard
parallel chemistry.[™ Since January 2018, an updated version of the DSiP library has
been commercialised by Enamine. ™ The library contains 896 fragments at 500 mM in

dg-DMSO and is supplied in 1536-well (Echo compatible) plate and stored at — 80°C.

2.6.2. BIONET fluorine fragment library for '’F NMR screening

The BIONET fluorine fragment library??®! is commercially available from KeyOrganics
and is designed for F NMR screening. The library is constructed according to the
Rule of Threel® and contains 461 fluorinated fragments which are combined into 24
compound mixtures containing 16-20 fragments each. The library is supplied at 200 M
in aqueous PBS buffer and stored at — 20°C.
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2.7. Recombinant protein expression and purification

2.7.1. Expression and purification of NUDT) for crystallisation

The construct encoding NUDT5 residues 1-208 was available in the laboratory and
had previously been cloned into pNIC28-Bsa4 (see A.1). The expression plasmids were
transformed into F.coli Tuner cells; the colonies were used to set up overnight starter cul-
tures. Six litres of formulated TB media (24 g/L yeast extract, 12 g/L tryptone, 9.4 g/L
KyHPO, and 2.2 g/L KHyPOy) supplemented with 2% glycerol final concentration, 1 mL
of 1000x E. coli metals (27 g/L FeCly - 6 H,O, 2 g/L ZnCl, - 4 H,0, 2 g/L CoCl, - 6 Hy O,
2 g/L NayMoOy - 2H50, 1 g/L CaCly - 2H50, 1 g/L CuCly, 0.5 g/L H3BO3 and 100 mL
37% HCI), 1 mL 10% antifoam 204, 1 mL 1 M magnesium sulphate, 10 mL 1 M am-
monium sulphate and 20 mL 0.5% glucose per litre containing 50 pug/mL kanamycin
were inoculated with 10 mL/L overnight culture and grown at 37 °C. Expression was
induced with 0.2 mM IPTG at Aggg = 2.5 and allowed to continue for 18 h at 18°C. The
cells were collected by centrifugation (4700 rpm, 20 min, 4°C).

For lysis, cells were re-suspended in lysis buffer (50 mM HEPES, 500 mM NaCl, 20 mM
imidazole, 5% glycerol, 0.5 mM TCEP, 0.5 mg/mL lysozyme and 1 pug/mL benzonase)
supplemented with a cocktail of protease inhibitors. After 30 min incubation at room

temperature, 1 % Triton X-100 final concentration were added before storing them at
— 80°C for further use.

Cell debris were removed by centrifugation (4700 rpm for 60 min at 4°C). The super-
natant was loaded onto pre-equilibrated 1 mL His GraviTrap columns (GE Healthcare)
and washed with 10 column volumes of wash buffer twice (50 mM HEPES, 500 mM
NaCl, 20 mM imidazole, 5% glycerol and 0.5 mM TCEP). Protein was eluted with buf-
fer containing 250 mM imidazole. A buffer exchange was performed subsequently using
PD-10 columns (GE Healthcare). His-tag cleavage was performed with TEV protease
(1 OD TEV for 10 OD units of the target) overnight at 4°C.

To remove His-tagged protein, a reverse IMAC step was carried out. In the final step,
protein solutions were concentrated and loaded onto a size exclusion column (Yarra
SEC-2000, Phenomenex) at 4 mL/min in SEC buffer (10 mM HEPES, 500 mM NaCl,
5% glycerol and 0.5 mM TCEP) on an NGC chromatography system (BioRad). The

protein solution was concentrated to 25 mg/mL, and stored at — 80°C.
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2.7.2. Purification of NUDT5 for NMR experiments

Protein expression and purification were carried out as described in 2.7.1.

Following the purification by size exclusion chromatography, an additional buffer ex-
change step was performed to remove all protonated solvent. PD-10 columns were
thoroughly pre-equilibrated using 30 mL of NMR buffer (pre-formulated PBS buffer
tablets in D20O). 2.5 mL of concentrated protein solution were applied to each PD-10
columns and eluted using 3.5 mL of the NMR buffer. The obtained protein solutions

were concentrated to 28 mg/mL and stored at — 80°C for further use.

2.7.3. Purification of NUDT5 for SPR experiments

Protein expression and subsequent lysis were carried out as described in 2.7.1.

Supernatant was cleared by centrifugation (4700 rpm for 60 min at 4°C) and was loaded
onto a 1 mL His GraviTrap columns (GE Healthcare). Following two washing steps using
10 column volumes of wash buffer (50 mM HEPES, 500 mM NaCl, 20 mM imidazole,
5% glycerol and 0.5 mM TCEP), protein was eluted from the column using wash buffer
supplemented with 250 mM imidazole. Subsequently, a buffer exchange into SEC buffer
(10 mM HEPES, 500 mM NaCl, 5% glycerol and 0.5 mM TCEP) was carried out using
a PD-10 column (GE Healthcare). The obtained solution was concentrated and loaded
onto a size exclusion column (Yarra SEC-2000, Phenomenex) at 4 mL/min in SEC buffer
on an NGC chromatography system (BioRad). The protein solution was concentrated
to 11 mg/mL, and stored at — 80°C.

2.7.4. Expression and purification of NUDT7 for crystallisation

The expression and purification of the NUDT7 (residues 14-235) according to the pro-
cedure described in??’! was carried out by Dr. Michael Fairhead, SGC Oxford.
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2.8. X-ray crystallography

2.8.1. Crystallisation screens and solutions

Crystallisation screens used in this work are listed in Table 2.3. All solutions required

for custom-designed crystallisation screens were obtained from Molecular Dimensions
(UK).

Table 2.3. Commercial crystallisation screens and their suppliers.

Crystallisation screen Supplier

Basic ChemSpace (BCS) Molecular Dimensions
Crystal Screen HT (HCS) Hampton Research
JCSG+ Molecular Dimensions
Index (HIN) Hampton Research
Ligand Friend Screen (LFS) Molecular Dimensions
SaltRx Hampton Research

2.8.2. Crystallisation and data collection

NUDTS5. For initial structure determination, NUDT5 crystals were obtained at 20 °C
in sitting drops of 75 nL protein (25 mg/mL) and 75 nL of a precipitant consisting of
30% PEG 4K, 0.2 M magnesium chloride and 0.1 M Tris pH 8.5. NUDTS5 crystals were
cryo-protected using ethylene glycol and flash-cooled in liquid nitrogen. Diffraction data
was collected at the beamlines 103, 104 and 104-1 at Diamond Light Source.

Diffraction data was processed automatically using software pipelines available at Dia-
mond Light Source.'??l Molecular replacement was carried out using PHASER MR 23]
from the CCP4 suite!?Y. The structure PDB:2DSB was used as a search model. Model

building was performed using COOT 32 and refinement using REFMAC[?33],

NUDT?7. Following the procedure described in??’, NUDT?7 crystals were obtained at
20 °C in sitting drops by mixing 100 nL of 20 mg/mL protein in 10 mM HEPES pH
7.5, 500 mM NaCl, 5% glycerol and 50 nL of 0.1 M BisTris pH 5.5, 0.1 M ammonium
acetate and 6-8% (w/v) PEG10000.
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2.8.3. XChem fragment screening and data collection

Apo-crystals of NUDT5H were obtained at 20 °C in sitting drops of 100 nL protein
(25 mg/mL) and 100 nL of a precipitant consisting of 33% PEG 4K, 0.2 M magnesium
chloride and 0.1 M Tris pH 8.0.

For fragment screening at the XChem Fragment Screening Facility at Diamond Light
Source, concentrated solutions (0.5 M) of fragments from the DSiP library (Enamine)
were added to the crystallisation drops using an acoustic liquid dispenser!'%” to 10%
of the drop volume. All crystals were cryo-protected using 5% ethylene glycol after an
incubation time of 30 min for NUDT5 and flash-cooled in liquid nitrogen. Diffraction

data was collected at the Diamond Light Source beamline 104-1.

For validation experiments of fragment hits from the °F fragment screen, fragments were
obtained from KeyOrganics and dissolved in DMSO. A library plate containing concen-
trated solutions of all fragment hits at 500 mM, 200 mM and 100 mM was prepared.

Soaking experiments were carried out as described above.

Diffraction data were automatically processed by software pipelines available at Dia-
mond Light Source.[? Initial map calculation was carried out using DIMPLE 34 ys-
ing PDB:6GRU for NUDT5 as search model. Hit identification was performed using
PanDDA "3, For further refinement and model building, REFMAC 233l and COOT 232

were used via the XChemExplorer data management and workflow tool. 126!

Coordinates and structure factor for all protein-fragment datasets were deposited in the
Protein Data Bank (PDB) in a group deposition G_1002057. Validated fragment hits
from the °F screen are deposited in a group deposition G 1002105.

2.8.4. Concentration-dependent fragment soaking

The concentration-dependent fragment soaking was carried out at the XChem Fragment
Screening Facility at Diamond Light Source using two targets, NUDTH and NUDT7.

NUDTS5. 43 fragment hits originally identified in the XChem campaign were re-soaked
into NUDT5 crystals (obtained as described in 2.8.3) at 10% of the drop volume from lib-
rary plates containing DMSO-solution of fragments at different concentrations (500 mM,
250 mM, 100 mM, 50 mM and 25 mM), obtained from Enamine. After an incubation

time of 28 min, crystals were harvested, cryo-protected using 5% ethylene glycol and
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flash-cooled in liquid nitrogen. Diffraction data was collected in automated mode at the
Diamond Light Source beamline 104-1. For each fragment and each concentration point,
duplicate datasets were collected. Experiments, which did not result in a datasets due
to experimental issues (such as damaged or non-diffracting crystals) or had a diffrac-
tion limit above 2.2 A, were repeated until at least duplicates for each fragment and

concentration were obtained.

Diffraction data was processed as described in 2.8.3. The hit identification was carried
out using PanDDA 3] and the NUDT5 apo-structure (PDB:6GRU) was used as refer-
ence model. In datasets containing multiple events due the presence of four protein chain
copies, the ligands were only modelled in one site. The presence of the fragments were
confirmed by two-cycles of refinement within the XChem Explorer*?%. Subsequently,
the binding mode of the fragments across soaking concentrations were validated by
structural alignment in PyMOL (version 1.8.2.0, Schroedinger, US) to the deposited
protein-fragment structures (PDB group deposition G_1002057). For the downstream
analysis, fragment hits that were detected in at least one of the duplicates were defined

as present at a given concentration.

NUDT7. For the concentration-dependent soaking experiments, the non-covalently
binding XChem hit NUDT7-REV-XChem and the elaborated compound NUDT7-
REV-1 were used. The NUDT7 crystals (obtained as described in 2.8.2) were soaked
at 30% of the drop volume from a library plate containing DMSO-solutions of both
compounds at the concentrations of 500 mM, 250 mM, 100 mM, 50 mM and 25 mM
(obtained from Enamine) in duplicates and incubated overnight at room temperature.
Upon incubation, crystals were harvested without additional cryoprotection and flash-
cooled in liquid nitrogen. Diffraction data was collected in automated mode at the
Diamond Light Source beamline 104-1. As for NUDT5, all experiments which did not
result in a dataset were repeated until duplicated were obtained. The hit identification

and subsequent analysis were carried out as described for NUDT5.

2.8.5. Co-soaking of multiple fragments

The combinatorial soaking experiments were performed at the XChem Fragment Screen-
ing Facility at Diamond Light Source. Concentrated solution of fragment 41 at 500 mM
was added to the pre-formed NUDT5 crystals using the acoustic liquid dispenser at 5%
DMSO. Following an incubation of 5 min, a second XChem fragment hit previously iden-

tified in the binding site A was added at the same concentration. In total, 40 fragment
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hits were tested in combination with fragment 41 in duplicates. After an incubation
of 25 min, crystals were harvested, cryo-protected using 5% ethylene glycol and flash-
cooled in liquid nitrogen. Diffraction data was collected at the Diamond Light Source
beamline 104-1.

The automatically processed diffraction data was analysed using the PanDDA algorithm 3]
The NUDTS5 structure containing fragment 41 (PDB: 5QJ5) was used as reference. The

down-stream analysis was carried as described in 2.8.3.

2.9. Nuclear magnetic resonance

2.9.1. Fluorine NMR-based fragment screening

Fragment screening was performed on Avance Neo 700 MHz instrument (Bruker, USA)
with a 5 mm QCI-F cryoprobe. The BIONET fluorine fragment library (Keyorganics,
UK) consisting of 461 compounds was screened in 24 mixtures of 16-20 fragments at
50 uM against 1.5 pM NUDT5. The NMR samples with a total volume of 170 uL in
a 3 mm NMR tube were prepared in 10 mM phosphate, 137 mM NaCl, 2.7 mM KCI,
0.001 mM sodium azide, pH 7.4, supplemented with 10% D,O for field frequency lock.

YEF CPMG experiments were acquired for each mixture in the presence and absence
of protein at 298 K using 'H decoupling with a spectra width of 81967.211 Hz, an
acquisition time of 999 ms and 128 scans with a relaxation delay of 1 s. All spectra were

recorded with 20 ms and 200 ms relaxation delay.

Data were processed using Topspin 4.0.6 and the FBS tool (Bruker, USA). For hit
identification, the integrated peak ratios of 200 ms to 20 ms spectra in the presence of
protein were compared to the peak ratios of the 200 ms to 20 ms spectra of the reference.
Fragments exhibiting at least 40% °F T, effect were defined as hit.

2.9.2. Determination of concentration in solution
For reference measurements, 'H spectra of individual fragments in absence of protein

were acquired. For each fragment hit, a sample at 2 mM in DyO-based PBS buffer
was prepared. Briefly, fragment stock solutions of 500 mM in dg-DMSO were diluted in
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PBS buffer to 10 mM, followed by a second 1:5 dilution to obtain fragment solutions of
2 mM containing 0.4% DMSO. For fragments with limited solubility (fragment 1, 39 and
41), an additional dilution to 250 mM in dg-DMSO was included, resulting in the final
DMSO concentration of 0.8%. To ensure accurate quantification, concentration of each
fragment in solutions was verified using 2 mM solution of sucrose in 90:10% H,0:D50 as
an external standard. For that, 'H spectra for each fragment were referenced to the 'H
signals of the external standard. Concentration in solution for all ligands were calculated
using ERETIC2 tool in TopSpin 4.0.6.2% Following the obtained results, fresh samples

were prepared with necessary adjustments to obtain concentrations of 2 mM.

2.9.3. NMR-based ranking of fragment hits

Ranking experiments were carried out on a Ascend 600 MHz instrument (Bruker, USA),
equipped with a helium cryoprobe at Bruker site in Féllanden, Switzerland. Protein
titrations were performed at a constant ligand concentration at 2 mM. For each fragment
hit, three molar ligand-to-protein ratios of 0.5, 1.5 and 3% (0.02 mM, 0.04 mM and 0.1
mM) were tested. Each sample with a total volume of 200 L. was prepared in a 3 mm
NMR tube using D,O-PBS buffer, pH 7.5.

STD experiments. STD experiments were recorded using Bruker pulse sequence
stddiffesgp.3 at 283.15 K with 64 scans, an acquisition time of 1.7 s and a relaxation
delay of 2 s. Protein saturation was carried out by a train of 50 ms Gaussian pulses at
0 ppm separated by 2 ms delays. For the off-resonance spectra, a similar saturation pulse
was applied at 30 ppm. 'H signal assignment for each fragment was assisted through
IconNMR tool (Bruker). For each protein concentration, STD effect was calculated from
the integrals of each 'H signal as a ratio of signals in the saturation difference and the

reference spectra.

T, experiments. T, experiments were acquired for each fragment and concentration
at 283.15 K with 64 scans, an acquisition time of 1.7 s. All spectra were recorded with
a short (20 ms) and long (200 ms) relaxation delay. 'H signal assignment for each
fragment was assisted through IconNMR tool (Bruker). Spectra were processed using
Topspin 4.0.6 (Bruker, USA). For each fragment and concentration, assigned 1H signals
were integrated. Signal attenuation was calculated from integrals corresponding to short
(20 ms) and long (200 ms) delay. The T, for each 'H signal was calculated as ratio of
integral ratios in presence and absence of NUDT5. The Ty, for the entire molecule was

calculated as a sum of the effects on each 'H signal weighted by the number of protons
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and normalised by the total number of protons (equation 5.3). The ranking was obtained

using the T4, effect observed with highest protein concentration (ligand to protein ratio

of 3%).

2.10. Surface plasmon resonance

2.10.1. Binding affinity quantification of NUDT) fragment hits

SPR experiments were performed on a Biacore T200 (GE Healthcare). Experiments
were conducted with immobilised His-tagged proteins on a Series S NTA sensor chip
(GE Healthcare). The purification procedure of His-tagged NUDTS5 is described in
2.7.3. GFP used as reference protein was kindly provided by Dr. Michael Fairhead
(SGC Oxford, UK).

NTA sensor chip surface was prepared for protein immobilisation through injections of
regeneration buffer (10 mM HEPES, 150 mM NaCl, 350 mM EDTA, pH 8.3), capture
buffer (50 mM HEPES, 150 mM NaCl, 50 uM EDTA, 0.005% Tween 20 pH 7.4) and
NiCl, solution (3.75 uM NiCly in capture buffer) over all flow cells. The first flow cell
was used as reference. Both NUDT5 and GFP were diluted in capture buffer to 3.9 uM
and 4.6 uM, respectively, and captured with a 20-min injection at a flow rate of 5
uL/min each. NUDT5 and GFP were immobilised at densities 8554 RU and 9081 RU,
respectively. Lower immobilisation densities of NUDT5 (791 RU, 1597 RU, 2673 RU
and 4615 RU) were achieved by decreasing the protein concentration to 1.3 pM and the

duration of the injection.

Compounds provided as 500 mM dg-DMSO stocks were diluted to 20 mM in DMSO and
then in the running buffer (20 mM HEPES, 150 mM NaCl, 5 mM MgCl,; and 0.005%
Tween 20 pH 7.5) with 3% DMSO at 2-fold concentration series from 18.75 uM to
600 uM. All experiments were run at 10 °C. Each fragment was injected for 30 s contact
and 60 s dissociation time at a flowrate of 30 pL/min. Positive controls were injected
at 3-fold concentration series as follows: ATP from 411 nM to 100 uM, ADP-ribose
and AMP-PNP from 206 nM to 50 uM and ADP from 20.6 nM to 5 M. In addition,
AMP-PNP was injected throughout the experiment at 25 pM.

Validation experiments were repeated for selected subset of compounds at 2-fold con-

centration series from 3.9 uM to 500 uM. For ATP, a 3-fold concentration series from
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45.7 nM to 100 pM was used and injections were carried out with 60 s dissociation time.
For ADP-ribose, a 3-fold concentration series from 22.9 nM to 50 uM was prepared and
injected with 60 s dissociation time. ADP was injected in a 3-fold concentration series
from 2.3 nM to 5 uM with 120 s dissociation time. To monitor protein stability on
the biosensor surface, AMP-PNP was injected throughout the experiment at 25 M. In

addition, the flow rate was increased from 30 to 60 pL/min.

All data was double-referenced for the blank injections and reference surface standard
processing procedure. A solvent correction was performed to correct potential deviations
in DMSO concentrations between samples and running buffer. The data processing,
equilibrium and kinetic fitting were performed using Scrubber software version 2 (Bio-
Logic Software, Australia). The affinity (Kp) and kinetic binding parameters for the
compounds were determined by global fitting the sensorgrams using a one-site kinetic

model.

2.11. Computational Chemistry

2.11.1. PLIP analysis

The enumeration of protein-fragment interactions was carried out using Protein-Ligand
Interaction Profiler (PLIP).% For each protein-ligand structure, the freely available
tool generates a list of detected non-covalent interactions as well as a corresponding Py-
MOL session for visualisation of the interactions. Parallel processing of both the XChem
(PDB: G_ 1002057) and F fragment hits that we confirmed crystallographically (PDB:
G__1002105) was performed in batch mode using python source code of PLIP (version
1.4.5) from GitHub (https://github.com/pharmai/plip/releases). 236l The crystal struc-
tures of all protein-ligand complexes were provided by supplying their four-letter PDB
ID. For comparison between the XChem and the F NMR campaigns, the identified
interactions across all protein-fragment structures were collated separately. The list of
unique interactions for each fragment set was obtained by removing the redundancies.
For structures containing multiple copies of the fragment with slight differences in their

binding modes, all unique interactions were listed.

For the analysis of the concentration-dependent study, fully refined PDB-deposited struc-
tural models obtained in the XChem fragment screen (PDB: G__1002057) were used as

binding modes of the fragments remain conserved across the concentration series.
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2.11.2. Molecular Docking

In silico docking was performed using the Molsoft ICM software package.?” The re-
ceptor was prepared from the structure of NUDT5 in complex with fragment 41 (PDB:
5QJ5). The protein was converted to an ICM object using the standard ICM pro-
cedure?%239  deleting waters and optimising hydrogen atoms including the optimised
orientation of His, Pro, Asn, Gln, Cys. The ligand atoms were assigned based on the
MMFF94 forcefield?? the ligand was created as a separate object. The binding site
was defined from fragment 41 using the "Define Site Around Selected Ligand" function.
The ligand database was prepared using ChemDraw and exporting these in SDF format
to a ChemOffice spreadsheet. 2D depictions were converted to SMILES ensuring correct
absolute stereochemistry was retained. The SDF file was loaded into ICM as a chemical
table. A rigid docking protocol was performed using the standard parameters in ICM

Dock Chemical Table. The best-scoring results for each ligand were manually inspected.

2.11.3. Molecular Dynamics

All simulations were carried out with the GROMACS 4.6 package?*!) and the AMBER99-
SB*-ILDN force field 242244, The structure of NUDT5 (PDB:6GRU) was used as initial
conformation. Crystallographic ligands were deleted and pdb2gmx used for structure
preparation. The structure was added to a triclinic box with periodic boundary con-
ditions with the edge of the box being 12 A from the nearest protein atom. The box
was populated with SPC/E waters.?*”l The system was neutralized by adding C1~ and
Na™ ions to a final concentration of 150 mM. Energy minimisation using the steepest
descent method was followed by equilibration with positional restraints on heavy atoms
for 100 ps. The 100 ns trajectory was collected at 300 K and 1 bar with standard NPT
ensemble settings. The temperature was kept at 300 K with velocity rescaling (interval
0.1 ps)*) and the pressure was kept at 1 bar using the Parrinello-Rahman coupling

) 2471 Electrostatic interactions were calculated at every step with

scheme (interval 2 ps
the particle-mesh Ewald method?*¥l and short-range repulsive and attractive dispersion
interactions were simultaneously described by a Lennard-Jones potential, which was
cut off at 1.0 nm. The SETTLE algorithm was used to constrain bonds and angles of
water molecules®*. LINCS was used for all other bonds?**?5! Additionally, virtual
interaction sites (VSITE) replaced the fastest angular degrees of freedom involving hy-

drogen atoms, allowing a time step of 4 fs. Visualisation of results was performed with
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PyMOL %2 and analysis tools of GROMACS 4.62*!. Convergence of energy terms, en-
semble values and minimal distance to periodic images were monitored to ensure quality

of the simulation.
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3. Fragment Hit Identification

3.1. Introduction

Fragment screening allows to identify starting points for development of novel chemical
entities for target modulation. This chapter presents and critically evaluates fragment
screening methods on the NUDIX hydrolase NUDT5. The catalytic activity of human
NUDTS5 was recently linked to a newly proposed non-canonical pathway for nuclear ATP
synthesis required for chromatin remodelling and gene regulation in breast cancer. [213:221
This pathway provides the rationale for correlation between NUDT5 overexpression and
development of an aggressive disease phenotype.?3! As enzymatic activity of NUDT5
plays a key role in driving this oncogenic pathway, inhibition of NUDT5 may present a

promising therapeutic approach for breast cancer treatment (see 1.3.2).

Negative modulation of biological activity of NUDT5 might be achieved either through
competitive or allosteric inhibition. Potent inhibitors targeting the substrate binding site
have been previously described?°’!, however the promiscuous nature of ADP-ribose, the
endogenous substrate of NUDTH, raises concerns about possible off-targets their limiting
clinical applicability. As such, the identification of biologically relevant secondary sites,
including allosteric sites, is of particular interest to modulate cellular activity of NUDT5
more selectively. The work in this chapter reports the identification of starting points

for development of novel NUDT5 antagonists.

Two fragment-based screening techniques were utilised: a XChem crystallographic frag-
ment screen at Diamond Light Source and a *F NMR-based screen using the BIONET
fluorinated fragment library. The majority of identified hits bind in the substrate bind-
ing site, and one in a novel, previously unreported deep cavity in close proximity to
the active site. Both campaigns are compared in regard to the number of binding sites,
fragment hits and protein-fragment interactions, highlighting the advantages of XChem
by directly providing structural information upon ligand binding and enabling a broader

sampling of the chemical space on the target surface.

23



3. Fragment Hit Identification

3.2. Results

3.2.1. Development of a crystallisation system for NUDT5

Crystallographic fragment screening requires a crystallisation system that delivers highly
reproducible crystals diffracting to high resolution (below 2.5 A) and providing accessible
sites of interest. 19214 In addition, protein crystals need to tolerate presence of organic

solvent, as fragment libraries are often solubilised in DMSO. 192!

At the start of the project, five constructs (NUDT5A-c001 to NUDT5A-c005, appendix
A.1) of NUDTS5, with varying N- and C-terminal truncations, were already available at
the laboratory. All five constructs were expressed in F.coli Tuner strain with N-terminal
hexahistidine tag. The purification strategy for all constructs included nickel-affinity
chromatography and a His-tag cleavage step by Tobacco Etch Virus (TEV) protease,
followed by reverse nickel-affinity and size-exclusion chromatography. The mass and
purity were confirmed by mass spectrometry. The detailed procedure is described in
2.7.1. As the protein encoded by the construct NUDT5A-c004 displayed significant
degradation during the purification process, a cation-exchange chromatography step was
required to remove the degradation products. Except for the construct NUDT5A-c003,
all constructs could be purified successfully, yielding 3.6 mg (NUDT5A-c004) to 49 mg
(NUDT5A-c001) protein per liter.

Freshly purified proteins were taken into crystallisation trials set up using sparse matrix
screens at 20 °C and 4 °C (see 2.8.1).12%3) NUDT5 proteins encoded by the constructs
NUDT5A-c002 and c004 yielded crystals in multiple conditions diffracting up to 2.0 A.
Subsequent optimisation of the initial crystallisation conditions to improve crystal size
and quality was carried out with grid screens for a systematic exploration of the initial
condition, prepared with stepwise gradient of pH, PEG and precipitating agents. Further
optimisation improved consistency of the crystals across the plate, achieved by varying

protein concentration, drop size and protein to precipitant ratio.

The optimal conditions for the construct NUDT5A-c002 encoding residues 1-208 yielded
reproducible crystals diffracting up to 1.9 A in 33% PEG 4000, 0.2 M MgCl, and 0.1 M
Tris pH 8 at 20°C using 1:1 protein to precipitant ratio in sitting drops (Figure 3.1).

The initial structure of NUDT5 was solved from a dataset diffracting up to 1.93 A in
space group P1 using molecular replacement and deposited to the PDB (PDB: 6GRU).
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3. Fragment Hit Identification

The residues 1-12 are disordered in the structure and were omitted from the final model.

The statistics of the diffraction data and the structure refinement are given in Table 3.1.

Table 3.1. Crystallographic key parameters for refined structure of NUDT5 (PDB:
6GRU).

Crystallographic parameters for protein-ligand structures

Space group P1

Cell dimensions:

a, b, ¢ (A) 49.6, 60.14, 80.01

a, B,y 79.92°, 81.52°, 75.49°
Diffraction range (A) 32.03 — 1.93

Mean R-free 0.26

Mean R-work 0.23

The asymmetric unit contains four copies of the chain, assembled as two homodimers.
Each homodimer displays a substantial domain swapping as the N-terminal domain of
one monomer crosses over to interact with the C-terminal domain of the other monomer,
as previously described by Zha and co-workers 22! (Figure 3.1.b). The dimer consisting of
the chain C and D is disordered in the outer regions. All chains contain two octahedrally

coordinated magnesium ions bound in the substrate binding site (Figure 3.1.c-d).

Prior to the fragment screening, tolerance of NUDT5 crystals towards organic solvent
was assessed. Initial characterisation was performed using varying concentrations of
DMSO (5-30%) and incubation time (1-4 h). The characterisation indicated 10% (v/v)

as maximal concentration of DMSO over an incubation period of approx. 30 minutes.

With this highly reproducible crystallisation system in hand, yielding up to 80 crystals

per plate, all pre-requisites for crystallographic fragment screening were fulfilled.

3.2.2. Results of the crystallographic fragment screening

NUDTS5 crystals were screened against a subset of 650 randomly selected compounds
from the DSiP library!™ individually. All crystals were soaked at 500 mM (10% DMSO
in crystal drops) for an average soaking time of 32 min. In total, 646 datasets were
collected at beamline 104-1 at DLS, with 602 crystals yielding diffraction data that
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Figure 3.1. Crystallisation system for the NUDIX hydrolase NUDT5. a. NUDTS5 crystals
in 33% PEG 4000, 0.2 M MgCl, and 0.1 M Tris pH 8 at 20°C after four days. b. Crystal
structure of NUDIX hydrolase NUDT5 (PDB: 6GRU). The asymmetric unit contains four
copies of the protein chain, which form two homodimers (with chains shown in grey and
teal). The active site is located at the interface of both chains. Each chain contains two
octahedrally coordinated magnesium ions in the active site (shown in green). c. Coordina-
tion of magnesium ions in the structure: two magnesium ions are present in each monomer
and are coordinated octahedrally by the residues Ala96, Glul12, Glul16 and Glul66 and
water molecules. d. The NUDIX box with the sequence GXsEX;REUXEEXGU (with U
being a bulky hydrophobic amino acid I, L or V) is a conserved motif among the NUDIX
superfamily which contains catalytic residues (shown as sticks in orange).

could be processed successfully using auto-processing pipelines at DLS. The diffraction
limit ranged from 1.42 A to 2.81 A, with an average of 1.73 A. All crystals belonged to
the triclinic space group P1 containing two homodimers (four molecules) per asymmetric

unit.

Hit identification was carried out using Pan-Dataset Density Analysis (PanDDA).[3!

The previously solved apo-structure of NUDT5 in space group P1 (PDB: 6GRU) was
used as reference model. In total, 580 events in 600 datasets were identified by PanDDA,

which were spread across the protein structure. Many datasets contain multiple events
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3. Fragment Hit Identification

due the presence of four protein chain copies. All identified events were clustered into

32 non-overlapping sites (S1-S32) as shown in Figure 3.2.
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Figure 3.2. PanDDA analysis of NUDT5 fragment screen. a. PanDDA algorithm
clustered all identified events into 32 non-overlapping sites across the protein structure.
The NUDT5 structure is shown in cyan (front view (top), back view (bottom), the events
are represented as dark blue dots, the event sites are numbered from 1-32. b. Histogram of
non-overlapping sites (1-32) and corresponding number of events in each site. Total number
of events identified by PanDDA algorithm is shown in grey, events with modelled ligands
during PanDDA .inspect step in green, events resulted in PDB deposition of protein-ligand
complex in blue.

155 ligands were modelled manually and refined within the XChem Explorer. 126l Mul-
tiple refinement cycles confirmed presence of 43 unique fragment hits (Figure 3.6). Due
to the presence of four protein chain copies in the asymmetric unit, 77% of the datasets
contain more than one copy of the identified fragment. Ligand occupancy ranged from
0.34 to 1.0 with an average occupancy of 0.81. The average diffraction limit of the re-
fined protein-ligand complexes is 1.66 A, which is slightly higher than average diffraction
limit of the processed datasets of 1.73 A. The detailed statistics of the diffraction data

and structure refinement as given in Table 3.2.

In the PanDDA analysis, 43 fragments were identified, giving a total hit rate of 7.2%.
Fragment hits were found across five different sites: substrate binding site A, site B —
a deep pocket in close proximity to the binding site A, and surface-exposed sites C, D
and E (Figure 3.3). Of all identified fragment hits, 40 fragments bind in the active site,
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3. Fragment Hit Identification

Table 3.2. Crystallographic key parameters overview for refined protein-ligand complexes
for NUDT5 and fragment hits from DSiP fragment library (Enamine).

Crystallographic parameters for protein-ligand structures

Space group P1

Cell dimensions:

a, b, ¢ (A) 49.19 (0.34), 59.79 (0.19), 80.01 (0.25)
a, B,y 79.44° (0.21), 81.6° (0.40), 75.78° (0.35)

Diffraction range (A) 1.44—2.03
Mean diffraction (A) 1.66 (0.12)

Occupancy range 0.34—1.0
Mean occupancy 0.81 (0.13)
Mean R-free 0.27 (0.021)
Mean R-work 0.22 (0.010)

whereas only one fragment hit was found per site in B-E. A detailed overview of all
fragments, which have been deposited to the PDB, is given in appendix, including the
binding site information, fragment binding mode with refined 2F,-F. electron density,

event map, their chemical structure and molecular weight A.1.2.

Fragment binding site A. 40 fragment hits have been identified in the site A. The
site A is the substrate binding site of NUDT5 located at the dimer interface between the
catalytic domain of first monomer and the N-terminal domain of the second monomer.
Fragment binding occurs between Trp28 and Trp46 originating from different monomers
(Figure 3.4). Whilst both tryptophan residues are found in an open conformation in the
apo-structure of NUDT5, upon fragment binding they move closer and align allowing

for m-m stacking.

From 40 fragments located in the site A, the chemical structures of the fragments 15,
16 and 17 display high similarity to adenine moiety of ADP-ribose, the endogenous
substrate of NUDT5 (Figure 3.5). The adenine core of ADP-ribose is anchored between
Trp28 and Trp46 through 7-7 stacking interactions, and specifically recognised via hy-
drogen bonds at the positions N1, N6 and N7, involving the amine nitrogen and the
carbonyl oxygen of Glu47 backbone as well as the guanidinium moiety of the catalytic
Arg51. 220
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3. Fragment Hit Identification

Fragment 43 (5Q]J0)

Figure 3.3. NUDT5 fragment binding sites identified in the crystallographic fragment
screening against DSiP library at the XChem platform, DLS. a. Overview of fragment
binding sites for NUDT5 identified by XChem. Fragment binding sites are represented as
surfaces. b. NUDT5 fragment binding sites — detailed view. c. Fragment hits identified
in the sites A, B, C, D and E. For site A, only one fragment is shown as an example. The
2F,-F. electron density map is shown at 1.00 ¢ as blue mesh.

Fragments 15, 16 and 17 differ in their exact binding orientation from ADP-ribose
(Figure 3.5). The positions of fragment 16 and 17 are inverted and fragment 15 is
additionally turned by 90°. Nonetheless, all fragments are coordinated by Glu47 and
Arghl — the key residues responsible for substrate recognition and catalysis. Whereas
hydrogen bond pattern of the fragment 15 exactly corresponds to the interaction profile

of adenine core in ADP-ribose, fragment 16 and 17 only interact with Glu47 through
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Figure 3.4. Comparison of the substrate binding site in the apo-structure and in presence
of fragment binding. a. Substrate binding site in the apo-structure (PDB:6GRU): both
tryptophan residues are found in an open conformation. The key residues Trp28, Trp46
and Arg51 are shown as sticks; Mn?*-ions are shown as pale green spheres. b. Substrate
binding site in presence of fragment binding — superimposition of multiple fragments.
Upon fragment binding, Trp28 and Trp46 are aligned to interact with aromatic fragments
via m-7 stacking.

a.
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1 N
@
I ADP-tibose [ ] Fragment 15
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Figure 3.5. Fragment hit structures share high similarity to adenine moiety in ADP-
ribose. a. Superimposition of crystal structures with ADP-ribose (shown in orange)
and fragments 15 (green), 16 (yellow) and 17 (blue) in the substrate binding site. b.
Chemical structures and interaction analysis of ADP-ribose and fragments 15, 16 and 17.
All fragments display similar interactions to ADP-ribose involving the key residues Glud7
and Argbl. The atoms involved in hydrogen bond interactions are highlighted by circles
in light blue.

pyrazole nitrogen.
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The fragment hits in site A display limited chemical diversity: their structures include
various aliphatic and aromatic ring systems of different size, often containing multiple
heteroatoms (appendix A.1.2). In addition, distinct conformational features associated
with their binding mode inside the active site were observed (Figure 3.6). 37 contain
an aromatic system consisting of at least one aromatic ring (appendix A.1.6). The ob-
served heteroatom ring structures include 5-membered rings such as amide-conjugated
thiazoles, oxazoles, pyrazoles, tri- and tetrazoles as well as isothiadiazoles. 6-membered
rings and bicyclic aromatic structures comprise pyrimidine and purine derivatives, re-
spectively. The majority of fragment hits containing an aromatic system identified in the
substrate binding site A are anchored in place between Trp28 and Trp46 creating a 7-7

stacking interaction, as shown in Figure 3.6 a. Fragments 2, 3 and 12 are noteworthy

A. aromatic system with n-n stacking: b. conjugated without n-n stacking:

(0] \O § %ARGSI. | o
Hl}l ONg t TR > : ( _O NM,
N& 1 4 [¢] H N-g
Fragment 39 - Fragment 12
(5QKY9) (GQJH)

C. non-aromatic system:

O
NJJ\ANJ(
X

Fragment 13

GQID

Fragment 22
(GQJR)

€. open tryptophan sandwich:

H/N
N N\ /,O
4N
|
Fragment 28
(6QY)

Figure 3.6. Examples of fragment hits and associated conformational observations in
the binding site A. a. Aromatic systems displaying 77 stacking; b. Conjugated systems
without 77 stacking interactions; c. Non-aromatic systems; d. Systems displaying double
m-m by interacting with two separate aromatic rings; e. Open tryptophan sandwich con-
formation. The 2F,-F. electron density map is shown at 1.00 o as blue mesh.

61



3. Fragment Hit Identification

exceptions as they do not display m-7 stacking interactions with tryptophan residues
despite containing a conjugated aromatic system (Figure 3.6 b). These fragments are

primarily stabilised through hydrogen bonds.

Only three fragments (11, 22 and 34) identified in the site A are non-aromatics as they
only contain aliphatic ring structures including piperidine and piperazine (Figure 3.6 c).
Presumably, hydrophobic Van-der-Waals interaction as well as the entropic effect drive

the binding of these fragments.

Fragment 13, which contains two aromatic rings hyperconjugated via sp® C-H bond,
was found to interact with both tryptophan residues in the active site by creating two

separate m-7 stacking interactions between the isoxazole moiety and Trp46 as well as
the thiadiazole ring and Trp28 (Figure 3.6 d).

The binding mode of the fragment 28 only allows for 7-7 stacking between Trp46 and
pyrazole ring of the fragment, preventing the alignment of the tryptophan sandwich

through a steric clash and leaving Trp28 in an open conformation (Figure 3.6 e).

Overall, fragment binding site A is particularly well sampled. The majority of the
fragment hits represents aromatic systems with high proportion of heteroatoms. As
many share high overlap in their binding position — particularly in regard to the -7
interaction with Trp28 and Trp46 — the binding site A can be described as promiscuous.
This finding is unsurprising, considering the generic nature of the endogenous substrate
ADP-ribose.

Fragment binding site B. Only one fragment hit (fragment 41) was identified in the
binding site B. This site is located in close proximity to the binding site A and has not
been described in literature previously. Closer inspection reveals that site B is a deep and
less accessible pocket inside the substrate binding site, associated with a conformational

change.

The fragment 41 interacts with the protein chains through multiple hydrogen bonds
(Figure 3.7 a). Both urea nitrogen atoms are stabilised by hydrogen bonds through
Asp133. In addition, the carbonyl oxygen is coordinated through the catalytic Arghl

side chain.

PanDDA analysis has facilitated the identification of this binding event with low occu-
pancy (0.4). Whereas the event map density for fragment clearly provides strong evid-

ence for the presence of the fragment 41, the initial 2F,-F. electron density was more
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Figure 3.7. Analysis of the fragment binding site B. a. Crystal and chemical structure
of fragment 41 identified in the site B. Fragment 41 is stabilised by hydrogen bonds to
Arghl and Aspl33. b. Whereas the event map resembles the ligand shape very well, the
density coverage of the final 2F ,-F,. map is weaker. The event at o corresponding to 2x(1-
BDC) and 2F,-F. at 1.00 o shown as purple and blue mesh, respectively. c. In absence
of fragment 41, the site B is not accessible due to the position of Arg51. Upon binding of
fragment 41, Arg5hl is displaced, creating a deep pocket inside the active site. The surface
of closed and open conformation is shown in grey and violet, respectively. Fragment 41 is
shown in magenta in both structures for comparison.

ambiguous and difficult to interpret (Figure 3.7 b). This ambiguity is a consequence of
superimposition of two different states: the ground state in absence of fragment and the
bound state in its presence. The deconvolution of both states revealed a conformational

change associated with fragment binding.

Upon binding of fragment 41, the catalytic Arghl is displaced, opening up a deep cavity
and connecting the site A and B into one deep pocket which allows to accommodate
the fragment (Figure 3.7 ¢). In addition, the displacement of Arghl causes a shift of
the loop segment between the residues Argh1 and Thr58, which connects the N-terminal
and catalytic domain of NUDT5.

These findings are particularly interesting for ligand design in this novel, unknown bind-
ing pocket. Argh1 appears to be a gate-keeper residue, which is opened up by the H-bond

network of the ligand. This binding in turn seems to induce a conformational change of
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the protein. The effect is remarkable given the small size of the fragment.

Fragment binding sites C, D and E. The XChem fragment screen identified three
further sites C, D and E, with one solitary binder per site. Due to the location on the
protein surface and high solvent exposure, these fragment hits are of less interest as
their binding is likely to be an artefact of crystallographic symmetry axes. For reasons

of completeness, the structures of these hits have been refined and deposited.

In summary, crystallographic screening revealed fragment binding across five fragment
binding sites. The discovery of a novel binding site (B) and particularly well character-
ised substrate binding site (A) both present multiple opportunities for further elabora-

tion.

3.2.3. Results of the ’F NMR-based fragment screening

In addition to the crystallographic screening campaign, NUDT5 was screened against a
library of fluorinated fragments by *F NMR. The BIONET fluorine library (KeyOrgan-
ics) consists of 461 compounds which are combined into 24 cocktail mixtures with 16 to

20 fragments per mixture to allow unambiguous identification.

Prior to the screen, optimal screening ratio of ligand mixture to protein was determined.
Initial characterisation was carried out with multiple ligand mixture: protein molar ratios
from 10:1 to 33:1. The ligand mixture to protein ratio of 33:1 (50:1.5 uM) was determined
as optimal for screening, as the initial test demonstrated signal broadening sufficient for

binding detection of compounds present in the tested mixture.

Fragment screening was carried out using Avance Neo 700 MHz instrument equipped
with a QCI-F cryoprobe at 298 K at the Bruker site in Fallanden, Switzerland. For the
CPMG experiment, spectra for each ligand mixture at 50 M in presence and in absence
of NUDT5 at 1.5 uM were acquired. All spectra were recorded with 20 ms and 200 ms

relaxation delay.

Data analysis was performed using Fragment-Based Screening tool (FBS, Bruker), al-
lowing to generate an overlay of F-CPMG 20 ms and 200 ms spectra to calculate the
integral ratios and the resulting CPMG-effect (see 2.9.1). All fragments exhibiting a
CPMGe-effect of at least 40% were characterised as a hit. An example of data analysis

is demonstrated in Figure 3.8. In mixture 3, signals of the compounds AS-5627 and
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MS-1061 exhibit significant line broadening accompanied by decrease of signal intens-
ity. With a F-CPMG effect of 87% and 95%, respectively, these compounds fulfil the
hit definition and are identified as binders. Non-binding fragments, such as fragment

PS-6631, do not experience any change in their environment and therefore retain their

3. Fragment Hit Identification

line width and intensity. [146]

sssssss

PS-6631

no effect

AS-5627

87 % effect

Figure 3.8. Ligand-observed NMR spectra of YF CPMG experiment with the fragment
screening mixture 3. Compound reference spectra were recorded using samples with frag-
ment mixtures at 50 uM. Protein samples contained 1.5 yM NUDTS5 and 50 uM fragment
mixture. The fragment screening was carried out at Avance Neo 700 MHz instrument with
a QCI-F cryoprobe at 298 K. NMR spectra shown from bottom to top: overlay of T2
200 ms (yellow) and 20 ms (blue) delay experiment of compound in absence of protein;
overlay of T2 200 ms (grey) and 20 ms (blue) delay experiment of compound in presence
of protein; expected signals from the peaks list of the compounds present in the mixture
are shown as lines. The fragments AS-5627 and MS-1061 exhibiting a 'YF-CPMG effect
of 87% and 95%, respectively, are binders. The fragment PS-6631 does not shown any
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signal decrease and is characterised as non-binder.

This screen identified 20 fragment binders in 11 fragment mixtures from the BIONET
fluorine fragment library (4.3% hit rate). The chemical structures of the fragments with
corresponding signal attenuation are shown in Figure 3.9. Out of 20 fragment hits, 10
contain aliphatic CF3 or/and CFy groups and 10 aromatic CF groups. All fragment hits

are aromatics: their chemical structures include one 5-membered ring, six 6-membered

rings, 13 bicyclic or bis-aromatic systems.

As YF NMR screening does not provide any structural information, an orthogonal
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Figure 3.9. Chemical structures of fragment hits identified in F NMR screen. The
name and observed signal attenuation are indicated for each fragment. Fragment hits that
have been confirmed by X-ray crystallography are shown blue. Fragment hits for which
some binding evidence was present, but was insufficient for confident modelling are shown

in yellow.

method for determination of the fragment binding location is required. With an already

established crystallisation system for NUDT5, the binding of the compounds from this

screening campaign was validated by X-ray crystallography.
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3.2.4. Crystallographic validation of fragment hits from ’F screen

The crystallisation system established for the XChem fragment screen was used to de-
termine the binding location of the °F fragment hits. The 20 BIONET fragment hits
were soaked at concentrations of 100, 200 and 500 mM (10% DMSO in crystal drops)
into NUDT5 crystals with a soaking time of 25-30 min. The experiments were performed
in duplicates for each concentration point and were carried out at the XChem platform
at DLS. The data were collected at beamline 104-1. From 120 datasets, 111 yielded

diffraction that could be processed successfully.

In total, structures of eight unique protein-fragment complexes could be identified. As
soaking experiments were performed in duplicates at multiple concentrations, 1-5 data-
sets for each identified fragment were obtained. The dataset with the highest diffraction
limit and best electron density maps for the ligands was selected for refinement and
deposition. Both average diffraction limit (1.75 A) and average ligand occupancy (0.8)
are similar to the results obtained in the XChem screen. The statistics of the diffraction
data and structure refinement are summarised in Table 3.3.

Table 3.3. Crystallographic key parameters overview for refined protein-ligand complexes
for NUDT5 and fragment hits from the BIONET fluorine fragment library (KeyOrganics).

Crystallographic parameters for protein-ligand structures

Space group P1
Cell dimensions:
a, b, c (A) 49.19 (0.13), 59.81 (0.06), 80.05 (0.21)
a, B, v 79.40° (0.07), 81.49° (0.15), 75.72° (0.11)
Diffraction range (A) 1.55—1.85
Mean diffraction (A) 1.75 (0.094)
Occupancy range 0.68—0.9
Mean occupancy 0.8 (0.054)
Mean R-free 0.24 (0.014)
Mean R-work 0.22 (0.012)

As shown in Figure 3.10, all eight fragment hits were identified in the substrate binding

site A. With one exception, each protein chain contains a copy of the fragment, resulting
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5QTQ: FS-1169

5QTR: FS-3764 5QTS: 8]-537S

Figure 3.10. NUDT5 fragment binding sites identified in the '"F screening using
BIONET fluorine fragment library (KeyOrganics) and confirmed by crystallography. a.
NUDTS5 fragment binding sites. b. NUDT5 fragment binding sites — detailed view. Frag-
ment binding was only observed in the active site. c. Eight protein-ligand complexes for
confirmed ligands. The 2F,-F. electron density map is shown at 1.00 ¢ as blue mesh.

in four copies per asymmetric unit. Inside the binding site, they are anchored in place
between the key residues Trp28 and Trp46 displaying m-7m stacking interactions as well
as multiple hydrogen bonds.

The chemical diversity of the validated '°F hits is limited. Fragments FS-2639, FS-
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1169 and FS-3764 share the exact same scaffold and only vary in the position of F
in the ring structure. Unsurprisingly, all three fragments bind in the same orienta-
tion. Multiple fragments probe the same interactions such as GB-0804 and SS-4432

both create hydrogen bonds to the amide nitrogen and the carbonyl oxygen of Glud7
backbone.

Out of 20 fragment hits identified by F screening, binding of eight fragments was
successfully confirmed by X-ray crystallography, providing information upon their bind-
ing location. Interestingly, six binders which exhibited strong signal attenuation in the
GPMG experiment could be confirmed using crystallographic approach, suggesting a

possible coherence between both methods (Figure 3.9), further discussed in 3.3.

3.2.5. Analysis of protein-fragment interaction using PLIP

Different fragment libraries were used in both screening campaigns: whereas NUDT5
was screened against the DSiP library (Enamine)!™ in the XChem screen, F NMR
fragment screening required a fluorinated collection (BIONET library, KeyOrganics) 228,
As both compound libraries do not overlap, identified fragments hits cannot be utilised
to compare the outcome of both screens. Therefore, enumeration of interaction between

NUDTS5 and the fragment hits provides a reasonable metric for comparison.

While fragment scaffolds are often seen as chemical starting point for elaboration to-

254 the molecular interactions between the target protein and its

wards affinity gain
fragment hits provide by themselves valuable insights into molecular recognition and
useful guidance for elaboration. A comprehensive sampling of the protein pocket thus
provides a 3D map of interactions informative for ligand design.[™ Hence an argument
can be made that an efficient screening technique should not only identify suitable chem-
ical matter as starting points for elaboration, but also enumerate a maximal number of

useful interactions.

The Protein-Ligand Interaction Profiler (PLIP) tool enables the systematic character-
isation of protein-fragment interactions. ?36! PLIP is a freely available tool for automated
detection and visualisation of non-covalent protein-ligand interactions, which can be ac-
cessed both as a web-server or python source code.?3% For each structure, PLIP gener-
ates a list of detected interactions, including hydrogen and halogen bonds, 7-7 stacking,

[236]

m-cation interactions, salt and water bridges. In addition, the protein ligand patterns

are visualised in corresponding PyMOL sessions.
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The enumeration of the interactions of both fragment sets from XChem and '°F was
performed in batch mode using python source code of PLIP (version 1.4.5) on GitHub
allowing to process all protein-ligand structures in parallel. 36 The crystal structures of
protein-ligand complexes from both screens were provided by supplying their PDB ID.
As this analysis requires structural data, only eight fragments from the *F NMR screen
that could be confirmed by crystallography were used. The identified interactions across
all protein-fragment structures from the XChem and from *F NMR screening campaigns
were collated separately. Both fragment sets were manually examined for redundancies

and contain only unique interactions (appendix A.1.1).

As shown in Figure 3.11, the XChem screen identified 37 unique interactions across five
binding sites, including 17 distinct hydrogen bonds. The fragments from the 'F NMR
screen confirmed by crystallography sampled 11 unique interactions in the fragment
binding site A. Only three hydrogen bonds were identified, which correspond to the
residues that contribute to the binding of the natural substrate ADP-ribose: amide
nitrogen and carbonyl oxygen of the Glud7 backbone as well as guanidinium group of
the Argbl side chain.

Unsurprisingly, the validated 'F NMR hits sampled more halogen bonds (four inter-
actions) compared to the XChem fragments (two interactions). However, the XChem
screen additionally identified a chlorine mediated halogen bond to Arghl side chain
(PDB:5QJB).

Both expected m-7 stacking interactions including Trp28 and Trp46 in the substrate
binding site A were found by both screening techniques. All fragment hits from 'F NMR
and most fragment hits from the XChem screen (exceptions are shown in Figure 3.6 b)
form the 7-7 stacking, highlighting the promiscuous nature of the site A. Consequently,
these interactions are essential to generate potent binders, yet the overall diversity of
the interaction found in the XChem screen allows for additional starting points towards

an affinity gain.

The XChem screen revealed 17 water mediated interactions, with 15 of them present
in the site A. In the F NMR screen followed by crystallographic confirmation only
one water bridge was observed. Whereas it is unclear whether these interactions involve
conserved water molecules, they provide further sampling of the active site, indicating

potential space for growth and capture energetically rewarding polar interactions.

In summary, except for three additional halogen bonds, the combination of the *F

NMR screen and crystallographic validation does not provide any novel interactions for
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XChem screening YEF NMR screening with

crystallographic validation
Hydrogen bonds ql

Halogen bonds

n — n stacking

n— cation a
interaction

Salt bridge

Water bridges ﬂ °

Total number 37 interactions 11 interactions

Figure 3.11. Interaction analysis of fragment hits from XChem and F NMR screen-
ing with subsequent crystallographic validation using PLIP. The XChem campaign was
conducted at 500 mM soaking concentration, translating in approx. 25 mM drop concen-
tration in presence of 1.1 mM protein; the 'YF NMR screen was carried out at 50 uM in
presence of 1.5 uM protein. Each type of interaction is represented as a pie chart, with
colours indicating the fragment binding site.

NUDTS5 beyond the sampling through the XChem screen. Although it is clear that the
XChem screen performed at a high concentration reveals more fragment binding sites
and demonstrates greater diversity of the interactions, many of these are presumably of
weak nature. It is yet to be demonstrated whether such weak interactions can be useful

in a lead discovery campaign. This will be further discussed in the chapter 4.
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3.3. Discussion and Outlook

Fragment-based screening was conducted with the aim of identifying novel small molecule
binders for the breast cancer target NUDT5. The crystallographic fragment screen
using the XChem platform at DLS successfully revealed 43 fragment hits clustered in
five binding sites. The F NMR screening campaign identified 20 fragment binders
— of which eight could be confirmed by crystallography, all clustered in the substrate
binding pocket. In the following, a perspective on the advantages and limitations of both

screening technologies is given and its impact on detection of weak binders discussed.

Library design impacts on variety of sampled interactions. The design of the F
fragment library is limited by synthetic accessibility of fluorinated compounds. The
majority of these contain aromatic CF and aliphatic CF5 or CF3 groups. In consequence,
the principal moments of inertia (PMI) of the BIONET library, which describes the
overall shape of compounds, are mainly disc or rod-like, implying a library dominated

228] The DSIP library was developed on the premise of

by flat aromatic compounds.
rapid generation of analogues using standard parallel chemistry.[™ The fragments were
selected to provide maximal diversity while being poised for a limited set of high yielding
chemical reaction for further elaboration. As the PLIP analysis reveals, the differences
in library design translate into sampling of a higher number of unique interactions for

NUDTS5 using the DSiP library.

Differences in hit definition prevent comparison across screening methods. Most
biophysical techniques do not measure binding affinity directly. Identification of frag-
ments in a '°F screen utilises change in relaxation properties of a fragment which occurs
upon binding to a macromolecular target as a proxy for its affinity. This change is quan-
tified through integration of the signals and comparison to the reference samples. As a
result of the quantitative nature of the analysis, a threshold for hit definition is chosen
— a lower threshold yields more hits. As a consequence, the hit rate is a poor measure
of the success of a fragment screening campaign. When comparing results, other in-
formation such as the number of identified binding sites, ligand scaffolds and molecular
interactions are more informative for further elaboration. In light of these criteria, the

XChem screen offers a higher information content than F screen.
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Validation cascades provide orthogonal information but reduce number of hits.
While F NMR screening is a rapid and efficient method for identification of fragment
binders, it lacks the information upon their binding location, requiring an orthogonal
method. 8259 In this work, the structural information of only eight out of 20 fragments
could be obtained through a validation step using crystallography. Such discrepancies
in hit detection for validation are well-described in literature (see 1.2.2). These can
result from either inherent sensitivity of the methods or experimental requirements such
as compound solubility, impacting on the recovery of both weak and strong binders.
Consequently, not all identified hits can be validated and thus potentially valuable in-

formation is lost.

Crystallographic screen directly provides structural information. Crystallographic
fragment screening circumvents both limitations — hit definition and binding site determ-
ination — by providing atomic coordinates of the protein-ligand complex and is there-
fore a much more informative technology. Artefacts including crystal contact binders
are easily spotted when considering the crystallographic axis. Crystallographic screen-
ing therefore rarely delivers false positives, independently of the binding affinity of the
hit. 192

High sensitivity and concentration of crystallographic screening increase the num-
ber of fragment hits. X-ray crystallography outmatches other biophysical methods in
its sensitivity, crystallographic fragment screen can often reveal extremely weak binding
hits with affinities presumably above 10 mM. ¥ This results in identification of a larger
number of fragment binding sites and a larger number of interactions, as demonstrated
by the PLIP analysis. Therefore, it is unsurprising that the XChem fragment screening
revealed a higher hit rate and sampled more protein-fragment interactions compared to
the results of the F screening campaign — keeping in mind that some F hits are

dismissed by the hit definition filter and the orthogonal validation.

In addition, soaking of fragments at high concentrations is commonly utilised practise
in crystallographic screenings. 14357989 Screenings at the XChem platform are typically
carried out at 500 mM. High concentration presents a large excess of the fragment and
ensures detection of low affinity compounds at sufficient occupancy. /9109256 In addition,
high soaking concentration subsequently increases the number of fragment hits identified,

including weaker binders or crystal contacts artefacts.
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The combination of high sensitivity and high soaking concentration in crystallographic
screening therefore reveals extremely weak binders, which cannot be distinguished from
higher affinity fragments due to the lack of quantitative information. This hampers prior-
itisation and can result in a blind, resource-intensive elaboration if unsuitable fragments
are selected as starting points. On the other hand, the wealth of information includ-
ing different binding sites, chemical diversity of potential starting points and sampled
molecular interactions can be valuable for compound progression. Developing a quantit-
ative approach for weak binders would allow to overcome the limitations in prioritisation
and thus allow to bridge the best of both worlds. Chapter 4 and 5 approach this prob-
lematic using concentration-dependent X-ray crystallography and ligand-observed NMR

methods, respectively.

Discovery of a novel binding site for NUDTb5. Beyond the problem of weak binders,
the example of the XChem fragment screen of NUDT5 reveals new insights for this
drug target. While the majority of the fragments was found in the active site of the
enzyme, the XChem screen uncovered a novel, previously unknown binding pocket B in
close proximity to the active site. This deep cavity is guarded by Arghl, a key catalytic
residue which functions as a gatekeeper to the deeper cavity, requiring a conformational
change for the fragment to bind. This novel binding mode bears the promise of new
chemical entities for the inhibition of NUDT5. Chapter 6 explores the elaboration of

fragments tailored to take advantage of this new site.
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4. Concentration-dependent crystallographic soaking for prioritisation of fragment hits.

4.1. Introduction

Advances in automation and synchrotron science propelled X-ray crystallography to
a powerful method for fragment hit identification. 799257 Crystallographic fragment
screening advantageously provides information upon binding location and molecular in-
teraction of the protein-fragment complex.?®” However, identified fragment hits lack
quantitative information and are rarely detectable by commonly used biophysical meth-

[14,258]

ods. Two underlying reasons are the sensitivity of X-ray crystallography and high

fragment concentrations.

Among all fragment screening techniques, X-ray crystallography has the widest detection
range revealing not only strong binders, but also extremely weak fragments, with binding
affinities over 10 mM. ??l These weak binders are often missed by other methods, as their

detection covers lower affinity ranges, creating a biophysical detection gap. 3689

In addition, crystallographic screening utilises fragment soaking at high concentration,
often above 100 mM. 399225 At the XChem platform at DLS, screening campaigns are
routinely carried out using a fragment library at 500 mM, with effective concentration
of 50-100 mM. Such high concentrations exceed assay limitations of other biophysical
techniques, including NMR and SPR, where they cause aggregation and other assay

artefacts. 92

In absence of quantitative information, prioritisation of weak binders such as XChem
fragments for elaboration and medicinal chemistry activities is challenging. "> Decisions
on the hits purely rely on structural information — this is the opposite of screening
campaigns using other biophysical methods, which provide quantitative information but
lack structural data. The selection of XChem fragment hits for elaboration is thus highly
project-specific and often depends on the number of identified hits, their distribution
across the protein structure, their synthetic tractability, but also available resources
and expertise. Beyond hit selection, monitoring of the indispensable affinity gain while

progressing weak hits is equally hampered by the lack of quantitative information.

Integrating quantitative techniques into the XChem platform would be a stepping stone
for accelerating compound elaboration. In light of the difficulties involved with the bio-
physical quantitation of weak binders, using crystallography as a readout would provide
the required sensitivity and seamlessly integrate into the XChem pipeline. The use of

crystallography for ligand ranking has been suggested in the literature. 209261 In early
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experiments, Sauter et al.[??) used crystallographic soaking of ligands at three con-
centration to estimate their relative affinity for a second binding site in influenza virus
hemagglutinin. More recently, a comprehensive study by Tanaka and co-workers 2! per-
formed combinatorial competitive soaking experiments to rank bovine pancreatic trypsin
inhibitors by their in-crystal binding affinities. In addition, the authors demonstrate that
the relative crystallographic affinities correlate with inhibitory activities in solution. 26!
Using the conformational change of a residue in the active site, Wu et al.?%? were able to
quantify crystal binding affinities of dipeptide ligands to cyclophilin 3 by concentration-
dependent soaking, presenting results in agreement with biophysically determined Kp

values.

In this chapter, the correlation between crystallographic soaking concentration and the
number of detected fragment hits is systematically investigated, using NUDT5 as a model
system. As described in chapter 3, NUDTH presents multiple hits in the same pocket,
highlighting the necessity of prioritisation. By exploring a wide range of soaking concen-
trations (from 25 to 500 mM) in high throughput crystallography setup, a concentration
dependency in regard to the number of detected hits and their corresponding inter-
actions is observed. In addition, this study provides evidence for correlation between
lowest detectable soaking concentration (LDSC) and ligand affinity as determined by
SPR, enabling ranking of fragment hits according to their binding strength.

Building on this proof of concept, a low-concentration counter-screen can be used to
triage identified fragment hits in crystallographic fragment screening for further elabor-
ation and to monitor their progression. The value of this approach becomes apparent
when quantifying weakly binding fragments, whose affinities lie outside the detection
range of commonly used biophysical techniques (e.g. SPR, MST, ITC). The combina-
tion of wealth of information provided by weak fragment hits detected at high soaking
concentration, and the prioritised lead fragments should facilitate a streamlined and

structure-guided elaboration into potent compounds.
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4.2. Results

4.2.1. Crystallographic soaking concentration correlates with

number of detected fragment hits

Exploiting X-ray crystallography for quantitation of ligand binding has been an ongoing

260,261] there is no study systematically

effort. Beyond the relative ranking of ligands!
exploring how soaking concentration and ligand affinity are linked. Understanding these
principles would enable to harness the unmatched sensitivity of X-ray crystallography

for the ranking and quantification of weak fragment binders.

The influence of crystallographic soaking concentration on the number of identified frag-
ments hits was investigated by conducting systematic concentration-dependent soaking
experiments on NUDT5. For that, the original set of 43 fragment hits from the XChem
campaign (chapter 3) was re-screened at five concentrations: 500 mM, 250 mM, 100 mM,
50 mM, 25 mM, under the same conditions as the original fragment screen, while keeping
the DMSO content at 10% for each concentration. Two replicate datasets were collec-
ted for all fragments and concentration points. Experiments, which did not result in a
dataset due to experimental issues or had a diffraction limit above 2.2 A, were repeated

until at least duplicates for each fragment and concentration were obtained.

494 datasets were successfully analysed using PanDDA. 13l Upon inspection of the high-
lighted events and model building, presence of the fragments at each concentration was
confirmed by two cycles of refinement. The identical binding mode for the fragments
across soaking concentrations was validated by structural alignment to the previously
deposited protein-fragment structures. For further analysis, fragment hits that were
detected in at least one of the duplicates were defined as being present at a given con-

centration.

Figure 4.1.a shows the relationship between crystallographic soaking concentration and
number of fragments detected. All fragment hits display a consistent behaviour regarding
their crystallographic identification: they are detectable throughout the concentration
range and disappear at a specific cut-off concentration, referred to here as the lowest

detectable soaking concentration (LDSC).
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Figure 4.1. Concentration-dependent crystallographic screening of fragment hits bind-
ing to NUDT5. a. The crystallographic soaking concentration influences the number of
fragment hits identified. Each fragment displays a specific detection cut-off, the lowest
detectable soaking concentration (LDSC). All data was acquired in duplicates, with all
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Figure 4.1. (continued) fragments exhibiting a consistent behaviour across the concen-
tration series. b. Correlation between crystallographic soaking concentration and number
of fragment hits identified at a given concentration. Percentages indicate the recovery of
detected fragments at each concentration relative to the original number of XChem frag-
ment hits at 500 mM. c¢. The number of fragment hits diminishes with decreasing soaking
concentration. For NUDTS5, crystallographic artefacts and solvent exposed surface-binders
disappear first. Below 100 mM, only fragments that form high-quality interactions are de-
tected.

It classifies fragments hits into distinct groups: some fragment hits, such as fragment 1
and 3, are only detectable at the highest soaking concentration of 500 mM and could
not be identified at any other concentration. Others, such as fragments 7 and 13, can be
detected throughout the tested concentrations until 250 mM and 100 mM, respectively.
At the lowest concentration, only three fragments, 16, 17 and 39, are detectable. This
consistent behaviour indicates underlying relationship between the lowest detectable

concentration and fragment binding.

The curve in Figure 4.1.b shows a quasi-logarithmic relation between the soaking con-
centration and the number of detected fragments. For each concentration, a hit recovery
rate was calculated relative to the original number of XChem fragment hits identified
at 500 mM. By halving the concentration to 250 mM, 84% of the XChem set remain
detectable in the crystallographic experiment. At the lowest soaking concentration of
25 mM, only three fragment binder can still be identified. Thus, decreasing the soaking

concentration reduces the number of fragment hits for NUDT5.

To understand the causality for the observed quasi-logarithmic relationship, the identity
and binding location of fragments disappearing with decreasing concentration was in-
vestigated (Figure 4.1.c). While soaking experiments at 500 mM result in identification
of five fragment binding sites and 43 fragment hits, at 250 mM three of the fragments
in binding site A are missing along with the surface-exposed binders in the sites D and
E. This implies that crystallographic artefacts are removed first when concentration is
decreased. At 100 mM, only 23 fragment hits in the active site A can still be detected.
In addition, the solitary binder located in the shallow, solvent-exposed site C cannot be
observed, suggesting that high-quality interactions are required to remain at 100 mM.
Soaking experiments at 50 mM result in the detection of only 15 fragment hits in the
site A and a singleton in the site B. All these binders show combinations of high qual-
ity interactions including key hydrogen bonds in addition to the aromatic stacking. At
25 mM — the last concentration at which fragment from the original sets are still de-

tectable — only three fragment hits are present in the active site A, which are structural
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mimics of the natural substrate. An expanded analysis of the interactions formed at

each concentration is described in 4.2.3.

These results suggest a link between fragment binding affinity and its lowest detectable
soaking concentration (LDSC). Before further investigation of this relationship using
SPR, presented in section 4.2.2, the reliability of hit detection using the XChem platform
and PanDDA algorithm were assessed — thus ensuring high quality and reproducibility
of the data presented here.

Quality control and reproducibility of concentration-dependent soaking experi-

ments

In contrast to the standard use of the XChem platform, designed with high fragment
concentration in mind, this study probes the limit of detection by lowering the soaking
concentration. Therefore, a thorough evaluation of PanDDA configurations was carried

out to ensure a reliable hit identification.

For hit detection, the PanDDA algorithm characterises a ground state by generating
a ground state mean map and subtracts a proportion of it from individual datasets,
allowing to deconvolute binding events (1.2.3.2).[113263] An averaged ground state map
from multiple crystals allows to capture the experimental noise and provides an accurate
estimation of the background.[''3 For large datasets containing a high proportion of
fragment-bound datasets, it is important to ensure that the majority of datasets used
for its characterisation represent the ground state and therefore do not contain bound
ligands. A high proportion of fragment-bound structures used for characterisation would
result in a distorted ground state mean map, leading to decreased sensitivity in fragment

hit identification.

The high number of datasets containing the expected bound ligands in this concentration-
dependent soaking study therefore requires a thorough definition of the ground state.
Indeed, differences in hit detection between PanDDA runs have been observed when
fragment-bound structures were not explicitly excluded from the characterisation of the
ground state, leading to distortion of the results. For NUDTS5, the algorithm did not
identify the presence of six fragments in datasets corresponding to their lowest soaking
concentration. The presence of these fragments could only be revealed retrospectively

in a run explicitly excluding the known fragment-bound datasets from characterisation,
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and using datasets from DMSO soaks as well as empty datasets for the ground state

definition.

Table 4.1 details the obtained number and percentage of fragment-bound datasets auto-
matically selected by PanDDA for the characterisation of the NUDT5 ground state. For
each resolution shell, between 6.7-16.6% of the selected datasets contained bound frag-
ments. The proportion of fragment-bound datasets is especially high in the resolution
shells between 1.6-1.9 A, which correspond to the diffraction limit of NUDT5 crystals
with highest distributions. The over-representation of fragment-bound datasets results
in generation of a ground state mean map that does not reflect the actual ground state
of the apo-protein. Failed identification of binders at low concentration impacted the
results by shifting the lowest detectable soaking concentration (LDSC) towards a higher
cut-off.
Table 4.1. The proportion of fragment-bound datasets in the characterisation of the

ground state using default parameters, without explicit exclusion of fragment-bound data-
sets.

resolution > 1.6 1.6-1.75 1.75-1.8 1.8-1.85 1.85-1.95 1.95-2.05 2.05-2.3
shells (A)
# of fragment- 5 10 7 8 7 5 4

bound datasets
in ground state

% of fragment- 11.6 16.7 11.7 13.3 11.7 8.3 6.7
bound datasets
in ground state

The data obtained with an accurate ground state characterisation is more consistent in
hit identification, providing a lower variability in duplicates. This example highlights
the importance of accurate ground state characterisation for successful and reliable hit
detection by PanDDA. All data presented in this chapter is generated using an accurately

characterised ground state.

The concentration-dependent study allows to further inspect the effect of soaking con-
centration on the quality of electron density maps (2F,-F.) and the corresponding event
maps. The event maps of both high and low concentration soaks display good density
coverage for the fragments and show only small differences across the concentration series
(Figure 4.2). The majority of fragments hits did not show a significant drop in 2F,-F.
map quality across the concentration series, comparable resolution provided. However,

few fragments show differences in quality of 2F,-F. maps (Figure 4.2). Soaking at high
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a. Fragment 10

500 mM at 1.5 A 50 mM at 1.6 A

event map 2Fo-Fc map event map 2Fo-Fc map

b. Fragment 37

500 mM at 1.7 A 50 mM at 1.7 A

event map 2Fo-Fc map event map 2Fo-Fc map

C. Fragment 39
500 mM at 1.7 A 25 mM at 1.6 A

event map 2Fo-Fc map event map

Figure 4.2. Comparison of electron density maps quality across different concentrations.
While the event maps do not show significant differences across concentration, a drop of
quality of the 2F,-F. maps at similar resolution can be observed for some fragments at
low concentration. The event density map is shown are 2x(1-BDC) as purple mesh and
2F,-F. density at 1.00 o as blue mesh. a. Fragment 10: both the event and 2F,-F. maps
at 500 mM and 50 mM show clear and well-defined maps. b. Fragment 37: the density
coverage of the 2F,-F. maps for the 5-membered ring connected via a rotatable bond is
incomplete at a concentration of 50 mM. c. Fragment 39: the density coverage of the
2F,-F. maps of the aromatic bicyclic system is incomplete at 25 mM.
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concentrations presents a large ligand excess and ensures a higher population of binding
sites, yielding clear and well-defined maps for fragments. As a result of lower occupancy,
weaker density is often observed for fragments soaked at significantly lower concentra-
tions, such as 50 mM or 25 mM. In particular, flexible groups connected via rotatable
bonds are affected (Figure 4.2.b). In conclusion, while fragment hit identification bene-
fits from high concentration, low soaking concentrations nonetheless provide sufficient

evidence for detection of fragment binding.

The binding mode of the fragments was verified to ensure the comparability of datasets
across the concentration series. Structural alignment of the datasets corresponding to
each fragment at different concentration was carried out. As shown in Figure 4.3, the

data reveals that all fragments bind in exactly the same pose at different concentrations.

Fragment 7 Fragment 17 Fragment 21 Fragment 31

3 structures 8 structures 7 structures 3 structures

Figure 4.3. Structural alignment confirms identical binding poses for fragments across
different concentrations. Structural superposition of fragment poses across the concentra-
tion series is shown on selected examples.

Having ensured the quality of the obtained data, the reproducibility of ligand detection
for the NUDT5 crystal system can now be assessed. For each concentration, the total
number of successfully collected datasets and the proportion of fragment-bound data-
sets are compared. Across all fragments, the reproducibility of ligand detection varies
according to the concentration: 93% at 500 mM, 88% at 250 mM, 87% at 100 mM,
76% at 50 mM and 57% at 25 mM. This can be explained by higher variability at the
lowest detectable concentration for each fragment due to low occupancy. Indeed, when
only considering the lowest detectable concentration for each ligand, the reproducibility
lies only at 74%. In opposite, excluding the lowest concentration results in overall re-
producibility of 93%. Concentration-dependent experiments conducted at the XChem
platform at DLS are therefore highly reproducible and enable reliable assessment the

relationship between ligand affinity and crystallographic soaking concentration.
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4.2.2. Lowest detectable soaking concentration correlates with
affinity determined by SPR

In order to assess the correlation between lowest detectable soaking concentration and
affinity of the fragments, the ranking obtained using concentration-dependent crystallo-

graphic soaking was cross-validated by SPR as an orthogonal method.

SPR confirms strongest hits identified by crystallography

For affinity determination by SPR, His-tagged NUDT5 and His-tagged GFP, used as
a reference, were immobilised on a Ni-NTA biosensor at high surface density. For as-
sessment of assay conditions, protein stability and reproducibility of results, positive
control compounds including ADP-ribose, ATP, AMP-PNP and ADP were included in
the assay.!®!) Figure 4.4.a-d shows the obtained binding curves on a Biacore T200 for
the positive controls. The binding curves, obtained by global fitting using a one-site
kinetic model, display clean sensorgrams with high signal, thus confirming the suitabil-
ity of chosen assay conditions for the experiment.!'™ The observed binding verifies the
accessibility of the active site and functional integrity of immobilised NUDT5 on the

biosensor surface.

The crystallographic fragment hits were initially measured in 2-fold concentration series
from 600 pM to 18.75 uM (section 2.10). From all tested compounds, the fragments 16,
17 and 39 displayed a concentration-dependent increased response and were selected for
further validation. The remaining compounds did not show any evidence for binding.
The affinity and kinetic binding parameters of the selected compounds were subsequently
determined by a 2-fold concentration series from 500 M to 3.9 uM in duplicates. With
Kp values between 33 and 70 puM, the affinities of all three fragments are in low uM
range (Figure 4.4.e-g).

The fragments that could successfully be quantified are equally those with the lowest
detectable soaking concentration (LDSC) by X-ray crystallography. Conversely, frag-
ments with higher LDSC could not be adequately measured by SPR (Figure 4.4.h). The
binding affinity of a fragment thus correlates with its lowest detectable crystallographic

soaking concentration.
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Figure 4.4. SPR analysis of positive controls and selected fragments for NUDT5. Sensor-
grams of the positive controls: a. ADP-ribose (0.21-50 uM), b. ADP (20.6 nM-5 uM),
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Figure 4.4. (continued) c. ATP (0.41-100 uM), d. AMP-PNP (0.21 nM-50 pM).
Sensorgrams of binding fragments: e. fragment 16 (3.9-500 uM), f. fragment 17 (3.9-
500 uM), g. fragment 39 (3.9-500 pM). h. Example of a non-binding fragment in SPR:
fragment 11 (3.9-500 M), identified by X-ray crystallography. Black lines represent meas-
ured binding curves, orange lines show 1:1 kinetic fit.

Optimisation of surface density in SPR assays for higher affinity compounds

Binding quantification of low molecular-weight compounds such as fragments typic-
ally benefits from a protein immobilisation at high density through amplification of

[264-266] However, with high immobilisation levels, secondary effects such as

response.
mass transport and aggregation can occur, affecting the determination of kinetic para-
meters. (265267269 Mass transport is commonly observed in samples, in which association
rate of the analyte is higher than the diffusion rate. This results in a local depletion of
the analyte at the interaction surface as well as re-binding events, concealing the true
k, and kg.['™27 Whereas the effect of the mass transport for quantification of weak
binders is negligible, the shape of the sensorgrams for stronger binders can be altered
at high immobilisation levels, as these tend to have limited or no curvature in the asso-
ciation and an unstable equilibrium phase. This is observed in the previously discussed
experiments and is reflected in the sensorgram shape of the positive controls ADP, ATP

and AMP-PNP, clearly indicating presence of mass transport effects (Figure 4.5).

While it is possible to account to some extent for mass transport effects using advanced
kinetic models, the analysis can be simplified through improvement of experimental
parameters. 265271 Mass transport limitations can be minimised by lowering the im-
mobilisation density and/ or increasing the flow rates.2672%8] The validation experiment
including the controls ADP and AMP-PNP as well as the fragments 16, 17 and 39 was
repeated at NUDTH immobilisation densities of 8554, 4615, 2673, 1597 and 791 RU.
Lower protein surface density was achieved by decreasing the protein concentration
and the duration of the injection. In addition, the flow rate was increased from 30 to
60 pL/min.

Figure 4.5 demonstrates the effect of mass transport at different immobilisation levels
of NUDT5 for a stronger binder, ADP, and the weakly binding fragment 39. For
ADP, the effect of mass transport is pronounced at high immobilisation level of NUDT5

(Figure 4.5.a-c) and affects the shape of the binding curves in the association and/or
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Figure 4.5. Decrease of protein immobilisation level can reduce the mass transport effect
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Figure 4.5. (continued) observed only with strong binders. The binding sensorgrams
of the NUDT5 substrate ADP show mass transport effect at high immobilisation levels of
NUDT5. Reducing the surface density reveals the true kinetic parameters. a.-e. Binding
sensorgram for ADP at different immobilisation levels of NUDT5: a. 8554 RU, b. 4615
RU, c. 2673 RU d. 1597 RU and e. 791 RU. Colours correspond to different fragment
concentration (light blue = 5 uM, magenta = 1.67 uM, green = 555.6 nM, brown =
185.2 nM, dark blue = 61.7 nM, orange = 20.6 nM, bright green = 6.9 nM, red = 2.3 nM).
f.-j. Binding sensorgram for the weak fragment hit 39 do not show a mass transport effect
at different immobilisation levels of NUDT5: f. 8554 RU, g. 4615 RU, h. 2673 RU . 1597
RU and j. 791 RU. Colours correspond to different fragment concentration (light blue =
250 pM, magenta = 125 uM, green =62.5 uM, brown = 31.25 uM, dark blue = 15.6 uM,
orange = 7.8 uM, bright green = 3.9 uM, red = 1.95 uM).

equilibrium phases. Decreasing the immobilisation level of NUDT5 on the biosensor
surface results in a reduction of the mass transport effect. The binding curves measured
at the lowest protein densities, 791 and 1597 RU (Figure 4.5.d-e), yield significantly im-

proved results and can be used for kinetic analysis with a simple bimolecular model. [?7%

As expected, the binding sensorgrams of fragment 39 at different immobilisation dens-
ities of NUDT5 confirm that the mass transport effect is negligible for weak binders, as

their affinities are too weak to observe any kinetics (Figure 4.5.f-j).[17]

With decreasing immobilisation levels of NUDT5, the intensity of the obtained response
for both ADP and fragment 39 reduces proportionally to the surface density. ™ For
fragment 39, the highest concentration measured at the protein density of 8554 RU
yields a signal of 49.7 RU. However, the same concentration only produces a signal of
8.5 RU when measured at the lowest protein immobilisation level (791 RU). Whereas
a signal of 8.5 RU is sufficient for detection of binding conducted on a modern SPR
instrument, a much lower signal-to-noise ratio might hamper identification of a weak
binder, especially as these rarely show any kinetics. 17179273 Thus, quantification of

weak interactions is best performed at high densities.

Improved SPR assay enables accurate quantification of fragment hits

The binding curves obtained at optimised immobilisation levels of NUDT5 (791 RU)
were analysed using both kinetic and equilibrium fit. While ideally both methods should
provide the same quantification, their application is determined by compound affinity
and can be mutually exclusive. %) Kinetic analysis of a sensorgram displaying an associ-

ation and dissociation phase allows to determine k,, (k,) and k,ss (kq) of strong binders,
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in addition to the Kp value. 176269 In presence of fast association and dissociation rates,

such as displayed by weak fragment hits, kinetic fit cannot be applied. Equilibrium

analysis is a simple alternative to obtain only the K, value for weak binders. 264269
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Figure 4.6. Quantification of NUDT5 binders using the kinetic and/or equilibrium fit:
a-b. ADP (2.27 nM-5 uM), c-d. AMP-PNP (22.8 nM-50 M), e-f. Fragment 16 (1.95-
250 uM), g-h. Fragment 17 (1.95-250 uM), i-j. Fragment 39 (3.91-500 uM). Black lines
represent measured binding curves, orange lines show 1:1 kinetic fit.

90



4. Concentration-dependent crystallographic soaking for prioritisation of fragment hits.

For the strong binder ADP, the 1:1 kinetic model provides an excellent fit to the measured
data clearly exhibiting an association and a dissociation phase and yield a Kp of 99 nM.
In comparison, the equilibrium fit results in a Kp of 136 nM (Figure 4.6.a-b). As the
binding curves of the lowest ADP concentrations do not reach a stable equilibrium, the

quantification using steady-state analysis is less accurate.

For AMP-PNP, a low M binder, both analysis methods provide the same Kp values of
10 uM (Figure 4.6.c-d). The simulated binding responses demonstrate a consistent fit to
the experimental data. As all binding curves except for the lowest concentration reach

a stable equilibrium, the steady-state analysis also provides a reliable quantification.

For all three fragment hits, the results of the equilibrium fit provide the Kp values of
38 uM, 66 uM and 92 pM for fragment 17, 18 and 39, respectively (Figure 4.6.e-j).
To our knowledge, these data represent the first reported characterisation of NUDT5
binders using biophysical methods. Previous studies reported biochemical 1Cs5, values

or enzymatic assays.

In summary, the SPR analysis of the fragments from the XChem campaign yielded a
successful quantification of three fragment hits. As the quantified fragments are the same
as the ones that can be observed at the lowest concentration in crystallographic soaking
experiments, the SPR data corroborates the correlation between compound affinity and
lowest detectable soaking concentration (LDSC). The successful cross-validation suggests
that concentration-dependent X-ray crystallographic experiments can indeed be used for

triage or ranking of weakly binding fragment hits.

4.2.3. Concentration-dependent interaction analysis using PLIP

While the scaffolds of fragment hits are often seen as starting points for their elabora-
tion, the molecular interactions that fragments sample provide valuable information for
guidance of further fragment evolution. This concentration-dependent study allows to
compare the information content provided at each concentration through sets of identi-

fied fragments.

The enumeration of all protein-ligand interaction at each concentration was carried out
using the Protein Ligand Interaction Profiler (PLIP), previously described in 3.2.5. 236
Its automated detection and visualisation yield a qualitative list of all non-covalent

interactions per fragment. As verified by structural alignment in 4.2.1, the binding
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Figure 4.7. Comparison of all unique protein-fragment interactions observed at soaking
concentrations from 500 mM to 25 mM. The number of sampled interactions increases
with increasing soaking concentration. Each type of interaction is represented as a pie
chart, with colours indicating the fragment binding site.

modes of the fragments across different concentrations remain conserved. Therefore,
the fully refined PDB-deposited structural models at 500 mM are representative for the

binding of each fragment across concentration series and were used for the PLIP analysis.

Figure 4.7 presents a comparison of all unique molecular interactions observed in the
concentration range between 500 mM and 25 mM. The results clearly reveal that soak-

ing at the highest concentration samples the highest number of interactions: while
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at 25 mM only eight interactions are observed, soaking at 500 mM yields 37 unique
protein-fragment interactions. A detailed breakdown of all observed interactions and

their concentration-dependency is given in Figure 4.8.

At 500 mM and 250 mM, the high number of interactions results from detection of ad-
ditional fragment binding sites with unique interactions (C-E). As mentioned in 3.2.2,
these are surface-exposed binders which may not necessary bear promise of lead discov-

ery.

When restricting the analysis to the interactions in the active site (A and B), an in-
crease in number of hydrogen bonds and water-mediated interactions is observed, while
the numbers in the remaining categories remain relatively stable across the concentra-
tion series. The increase is particularly pronounced between 25 mM and 100 mM, the
number of interactions found at 100, 250 and 500 mM essentially remains the same
for hydrogen bonds. Although water-mediated interactions can potentially inform frag-
ment elaboration by indicating energetically rewarding polar interactions, their asset for
fragment evolution is unclear. Putting water-mediated interactions aside, this result in
turn suggest that for NUDT5, screening at 100 mM would provide equivalent number

of interactions as at 500 mM.

Appropriate concentration for crystallographic fragment screening has been the topic
of an ongoing discussion in the crystallography community. The fragment screening
facility at DLS routinely uses 500 mM for soaking, whereas a preference for 100 mM
or lower concentration is often indicated in literature reports. #9225 The NUDT5 data
presented here suggest that 100 mM is sufficient for sampling the active site. However,
secondary site including allosteric sites and weak binders might be missed if the soaking

concentration is too low.
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Interactions  Binding site protein residue location interaction Concentration (mM)
(atom) type 500 250 100 50 25
A Trp28 (N) side chain acceptor
A Tyr36 (O) side chain donor
A Thr45 (O) side chain acceptor
A Glud7 (N) backbone donor
Hydrogen A Glud7 (O) backbone acceptor
bonds A Arg51 (N) side chain donor
A Aspl64 (O) backbone acceptor
B Aspl133 (O) side chain acceptor
B Ser137 (O) side chain donor
¢ Lys14 (N) backbone donor
¢ Glnl5 (N) side chain donor
C Tyr90 (O) side chain donor
D GIn169 (N) side chain donor
D Lys205 (N) side chain donor
D Lys205 (N) side chain acceptor
E Glud7 (O) side chain donor
E Ser172 (N) backbone donor
Halogen A Thr45 (O) backbone acceptor
bonds A Arg51 (N) side chain donor
A Trp28 side chain -
n-n stacking
A Trp46 side chain -
nm-cation A Trp28 side chain -
stacking A Trp46 side chain -
D His206 sidechain -
Salt bridges C Lys14 side chain -
A Trp28 (N) side chain donor
A Trp28 (O) backbone acceptor
Water A Trp28 (N) side chain acceptor
bridges A Tyr36 (O) side chain acceptor
A Tyr36 (O) side chain donor
A Argd4 (N) side chain donor
A Thr45 (O) side chain acceptor
A Thr45 (O) side chain donor
A Thr45 (N) backbone donor
A Thr46 (N) side chain acceptor
A Glu47 (O) backbone acceptor
A Arg51 (N) side chain donor
A Leu98 (N) backbone donor
A Gly135 (O) backbone acceptor
A Glul66 (O) side chain donor
B Aspl133 (O) side chain donor
D Lys175 (N) side chain donor

Figure 4.8. Concentration-dependency of molecular interaction between fragment hits
and NUDT5. The colours of the bars corresponds to the fragment binding site.
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At the lowest concentration of 25 mM, only three fragment hits are detected, sampling
eight unique interactions in site A. Fragment hits 17, 18 and 39 are aromatic and bind
between Trp28 and Trp46 via 7-7 stacking. In addition, all three fragments interact with
both the amide nitrogen of Glu47 backbone and the guanidinium nitrogen of Arghl side
chain through hydrogen bonds (Figure 4.9). A comparison to the interaction pattern
of ADP-ribose, the endogenous substrate of NUDT5, reveals that both protein residues
are involved in the recognition of ADP-ribose. The probing of endogenous interactions
of the NUDT5 substrate by these fragments confers their affinity. In addition to the
interactions sampled by the fragments, the adenine core of ADP-ribose creates additional
hydrogen bond to amide oxygen which acts as an acceptor. This could contribute in
part to the higher affinity of the ADP-ribose, along with the phosphates and the ribose

units.

I ADP-tibose B Fragment 39
(2DSC) (5QK9)
Arg51 Arg51
Glua7__ NN Glua7__ N (N)
|
@ LN W IN
HN\©/ /N\|/
Fragment 16 [ | Fragment 17
GQJL) (GQIM)

Figure 4.9. Fragments identified at the lowest soaking concentration display similar
interaction pattern as the adenine-moiety of ADP-ribose. a. Superimposition of crystal
structures with ADP-ribose (shown in orange) and fragments 39 (brown), 17 (yellow)
and 18 (blue) in the substrate binding site. The key interaction with Glu47 and Arg5l
are highlighted with yellow circles. b. Chemical structures and interaction analysis of
ADP-ribose and the three fragments. In addition to the 7-7 stacking, all fragments share
the interactions with the key residues Glu47 and Argh1l. The atoms involved in hydrogen
bond are highlighted with light blue circles.

Although formation of each hydrogen bond is generally associated with an affinity in-
crease, the contribution of non-polar interactions to the binding can be significant: com-
pounds that form multiple hydrogen bonds can still display low affinities. 2427 Ag

binding affinity is a result of both enthalpic and entropic contributions, the number of
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interactions is not predictive for binding affinity of a fragment.?”¥ However, the pres-
ence of interactions at the lowest soaking concentration involving the key residues and
resembling the binding pattern of ADP-ribose may be indicative of their strength, high-
lighting the importance to retain these particular interactions in further structure-based

elaboration cycles.

4.2.4. Weak binders are informative for elaboration and can be

monitored by concentration-dependent soaking

The results of the concentration-dependent study with NUDT5 presented in the chapter
indicate that soaking at high concentration is particularly beneficial to identify secondary
fragment binding sites and weak binders. Hence, the question of appropriate concen-
tration for crystallographic fragment screening goes hand in hand with the question of

whether weak binders are informative for elaboration.

In absence of sufficiently progressed compounds based on the structures of the XChem
fragment hits for NUDT5, a different example for retrospective analysis was selected:
the NUDIX pyrophosphohydrolase NUDT7. This example will demonstrate that weak
fragment binders identified at high soaking concentration are indeed useful starting
points and can be progressed to potent compounds using the lowest detectable soaking

concentration (LDSC) to monitor the affinity gain during elaboration.

In the efforts to target the NUDT7 pyrophosphohydrolase, the SGC Oxford previously
solved the first crystal structure of NUDT7 and delivered the first-in-class covalent small
molecule inhibitor.?" The design of this compound was based on the results of two
fragment screening campaigns, namely a non-covalent XChem fragment screening at

DLS and a covalent screening using an electrophile-fragment library. [22°)

As described by Resnick et al.??"), the MS-based screening of covalent electrophiles yiel-
ded 24 fragment hits, including PCM-0102716 forming a covalent bond to the catalytic
Cys73 in the active site (Figure 4.10.a). The XChem screening identified 18 fragment
hits, including the compound NUDT7-REV-XChem (Figure 4.10.b). While the event
maps provided sufficient evidence for the presence of this fragment, the 2F ,-F. density
suggested a rather weak binder. In the initial elaboration efforts, a series of follow-up
compounds retaining the chlorophenyl- N-amide core motif were designed. The binding
of NUDT7-REV-1 was confirmed in co-crystallisation experiments (Figure 4.10.b). A

comparison of the structures containing the covalent PCM-0102716 and non-covalent
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NUDTT7-REV-1 revealed high overlap of one of the phenyl rings, suggesting a perfect
merging opportunity.??”! The merged compound NUDT7-COV-1 did not only adopt
the expected binding pose, but also displayed enzymatic activity with an 1Cyy value of
2.7 ;M. 1229)

a.

NJ?\/CI
&

o™

] PCM-0102716
R ‘ covalent fragment hit
PDB: 5QH9

b. .

A s 02D e O,

NUDT7-REV-XChem NUDT7-REV-1 NUDT7-COV-1
fragment hit follow-up compond merged compond
PDB: 5QH1 PDB: 5QHH

LDSC: 500 mM LDSC: 25 mM I1C;,: 2.7 sM

Figure 4.10. Fragment merging yields the first covalent NUDT7 inhibitor, as described
by Resnick et al.229. a. MS-based electrophile screening revealed the covalent hit PCM-
0102716. b. Elaboration of the non-covalent XChem fragment hit NUDT7-REV-
XChem yielded the follow-up compound NUDT7-REV-1. Merging of both fragments
NUDT7-REV-1 and PCM-0102716 delivered a potent inhibitor NUDT7-COV-1
with enzymatic activity.[?29) Using the concentration-dependent soaking, LDSC values
were added retrospectively in the present work.

As both non-covalent compounds NUDT7-REV-XChem and NUDT7-REV-1 did
not show any detectable enzymatic activity and lack biophysical quantification, they
provide a real-case scenario for retrospective assessment of concentration-dependent crys-

tallographic soaking for prioritisation.

Concentration-dependent experiments were carried out using both the original XChem
fragment hit NUDT7-REV-XChem and the follow-up compound NUDT7-REV-1.
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Both were re-screened in a concentration series from 500 mM to 25 mM. The overnight
soaking experiments were conducted under the same conditions as in the original XChem
campaign, while keeping the DMSO content at 30%. For each fragment and concentra-

tion, duplicates were obtained. The detailed procedure is described in 2.8.4.

For the original XChem fragment hit NUDT7-REV-XChem, the concentration-depen-
dent soaking confirms the presence of the fragment at the highest concentrations of
500 mM only, providing an LDSC of 500 mM. This finding confirms the weak nature
of the XChem fragment hit and highlights the requirement of high screening concentra-
tion for its discovery. It is important to emphasise that this compound, which could be
progressed into the fist NUDT7 inhibitor, would not have been detected in screening at

100 mM or lower — a concentration widely used for crystallographic screening. [39:92,259

The elaborated compound NUDT7-REV-1 is present throughout the concentration
series to the lowest concentration of 25 mM (LDSC: 25 mM). This finding suggests a
10-fold affinity gain through addition of the phenol group. The NUDT7 crystallisation
system is highly reproducible, providing the same conditions in regard to added concen-
tration and volume of the compounds, receptor accessibility via solvent channels and
kinetic effects associated with diffusion for both compounds. This allows comparison
of the affinity gain based on the LDSC value for each compound in the same crystal
system. Whether the LDSC value for the same compound obtained in different crystal

systems and proteins is comparable, remains unknown.

This example delivers the proof of concept for use of concentration-dependent soaking to
monitor the elaboration efforts in absence of biophysical quantification data. The LDSC
can be used to monitor affinity gain of weak binders and offers a semi-quantitative
metric to accompany medicinal chemistry efforts. In the case of NUDT7, the elaborated
compound NUDT7-REV-1 was then merged with a hit from a covalent screening,
resulting in an inhibitor with enzymatic and cellular activity. This example shows that

weak binders are useful for drug discovery and can be progressed.

98



4. Concentration-dependent crystallographic soaking for prioritisation of fragment hits.

4.3. Discussion and Outlook

The concentration-dependent study, presented in this chapter, clearly demonstrates a
correlation between crystallographic soaking concentration and number of detected frag-
ment hits. The fragments detectable at the lowest crystallographic soaking concentration
(LDSC) have the highest affinity as suggested by SPR. While high soaking concentration
is beneficial for detection of weak binders, probing secondary binding site and sampling
more protein-ligand interactions, low concentration soaks yield the strongest binders

identifying the key interactions in the protein-ligand complex.

This study complements previous literature demonstrating that crystallography can be
used for qualitative and quantitative readout for fragment affinity. Whereas previous
studies have shown a relative ranking of ligands in competitive?!l and comparative!26%
experiments, this work relates compound affinity to the lowest detectable soaking con-
centration (LDSC) in a proof of principle approach. As will be described in the following,
these findings highlight how concentration-dependent soaking can be instrumented not
only to triage fragment hits, but also to monitor the progression of fragment elabor-
ation. In addition, the results open up a ground for further investigation of binding

quantification using X-ray crystallography.

Introducing a quantitative dimension in XChem

In a lead development campaign using crystallographic screening as primary method
for fragment identification, initial prioritisation of fragment hits for further elaboration
is challenging. The lack of biophysical data that could inform fragment prioritisation
results in choices based on compound scaffolds, availability of follow-up compounds
and user preference. The progression of follow-up compounds relies on crystallographic
detection until sufficient affinity is reached to allow binding quantification using less
sensitive methods such as NMR and SPR (Figure 4.11.a).

The extension of the workflow by an additional step, namely counter-soaking of pre-
viously identified hits at low concentration, would aid the prioritisation by identifying
the strongest binders among the fragment hits and characterising the key interactions
(Figure 4.11.b). It is particularly suitable for fragment hits, whose affinities are too
weak to be measured by commonly used biophysical methods such as SPR. Whereas the
re-soaking step will not be required for a target with high dispersion of fragments across

the protein structure or with a low hit rate, this step is particularly useful when dealing
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with a highly promiscuous binding site such as the active site of NUDT5. From a prac-

tical point of view, the counter-soak does not require any additional resources and can

be implemented easily e.g. as an addition following an XChem or other crystallographic

fragment screening campaign. This simple extension of the current workflow would allow

to extract valuable insights to guide the elaboration by providing an estimation for the

affinity of observed interactions.

a.

XChem
Fragment
Screen
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Fragment
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Figure 4.11. Introducing a quantitative dimension into the XChem elaboration workflow.
a. The current XChem workflow lacks quantitative data for fragment hits, resulting in
a challenging initial elaboration only guided by structural information. b. The newly
proposed workflow includes a counter-soaking step of fragment hits at low concentration
to identify the strongest binder and aid the prioritisation.

Bridging the biophysics gap

The retrospective analysis of the NUDT7 fragments demonstrated that weak binders are

informative for fragment elaboration and can be progressed into potent leads, highlight-

ing the use of concentration-dependent soaking beyond the initial triage. In absence of

100



4. Concentration-dependent crystallographic soaking for prioritisation of fragment hits.

biophysical and biochemical quantification data, the early elaboration of weak binders

lacks a reliable read-out to monitor the affinity change.

Soaking of follow-up compounds in a concentration series enables determination of their
lowest detectable soaking concentration (LDSC) and thus to compare binding affinit-
ies of the fragments and their follow-up compounds. Concentration-dependent soaking
therefore allows to bridge the biophysical detection gap: once weak hits are sufficiently
progressed using the LDSC as a read-out, other biophysical methods for binding quan-

tification can take over for conventional lead elaboration.

Towards a crystallographic Kp?

This work presents proof of concept demonstrating the correlation between crystallo-
graphic soaking concentration and affinity of the fragment hits. While determining the
LDSC values allows for a semi-quantitative ranking of the fragment hits, this approach
could potentially be expanded by taking ligand occupancy into account and enabling a
more precise quantification using X-ray crystallography, yielding crystal binding affinit-

ies of ligands.

Crystallographic detection of a binder relies on sufficiently high occupancy of the bind-
ing site, which is required to be at least 50% and ideally between 70-90%. %277 For
an equilibrium reaction between the receptor-ligand complex [RL]| and its components,

receptor [R] and ligand [L]:

[R]+ [L] == [RL] (4.1)

the fraction of occupied receptor site Xgy is determined by the concentration of the

protein-receptor complex [RL] and the amount of the receptor [R] present 277

[RL]
Xp = ——7— 4.2
"= [R] + [RL] 2
For the same reaction, the dissociation constant Kp is described as:
[R][L]
Kp=-—- 4.3
b= (1.3
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Assuming the presence of the ligand in excess, the equations 5.2 and 5.3 can be sum-

marised into the following expression:

1]

Xpp = ——2—
RL KD+[L]

(4.4)

This equation directly correlates all three parameters, the ligand fraction bound, the
ligand concentration and the binding constant, allowing to estimate the soaking con-

centration required to achieve sufficient occupancy of the ligand in the binding site for

crystallographic interpretation. 277278l

Table 4.2. Soaking concentration and compound affinity are decisive for crystallographic
detection. Example calculations with varying soaking concentrations and binding affinities
demonstrate the influence on the ligand occupancy. As for the NUDT5 crystallisation
system, the calculations were carried out using 10% DMSO content, reflected in the drop
concentration.

Stock conc. fragment conc. Kp of the frag- theoretical frac-

in the drop ment tion bound Xgy,

0.1 mM 99.8%

500 mM 50 mM 1 mM 98.0%
10 mM 83.3%
0.1 mM 99%

100 mM 10 mM 1 mM 90.9%
10 mM 50%
0.1 mM 90.9%

10 mM 1 mM 1 mM 50%
10 mM 9.1%

The example calculations shown in Table 4.2 demonstrate that while for detection of
stronger binders a lower soaking concentration is sufficient, identification of weak binders

requires high soaking concentration. 277278

Although the calculated fraction bound is good estimate for the required soaking concen-
tration, it only provides the theoretical equivalent of the occupancy. The crystallographic
occupancy, on the other hand, is a experimentally measurable parameter, reflecting the
true occupancy of the binding site. In addition to ligand affinity (represented by the
theoretical fraction bound), other factors such as solubility and crystal lattice play a

role in determining the occupancy of the ligand. 132278
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An important aspect of the quantification is therefore the correct determination of the
ligand occupancy. Due to compensation between ligand occupancy and B-factors during
refinement, the actual ligand occupancy values can only be obtained when B-factors
are restrained.?”” The practical realisation of such restraints is however challenging,
as methods for parametrising and performing reliable occupancy refinement remain an

ongoing area of research. 132

The translation of occupancy into a crystal binding affinity (K.) succeeded in the case
of cyclophilin 3 and its dipeptide binders.[?622™ In this particular case, the distinct
conformational switch of catalytic Arg62 between native and ligand-bound form enabled
to bypass ligand occupancy refinement and define the fraction bound in relation to the

conformational state of this residue. 262l

In summary, whereas it is theoretically possible to determine the crystal binding affinity
of ligands, practical limitations in occupancy refinement have prevented their realisation.
Resolving these limitations would enable a generalisable determination of crystal binding
affinities and access their untapped potential for accurate quantification of weak binders.
Software development to solve this problem is limited to date by absence of publicly
available datasets that provide concentration-dependent ligand binding in a reproducibly
diffracting and well-characterised crystal system. The work and data presented in this
chapter on NUDT5 and NUDTY7 provide such a dataset and could therefore potentially
contribute to the improvement of occupancy determination, ultimately enabling future

quantification of crystal binding affinities.
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5.1. Introduction

Crystallographic fragment screening does not provide any quantitative information upon
ligand binding, requiring an orthogonal method for determination of binding affinity.
A robust technique allowing to rapidly rank fragment hits according to their binding
strengths would allow for streamlined prioritisation of fragments for further elabora-

tion. [159]

As crystallographic fragment hits typically have low affinities, a sensitive yet reliable
technique is pre-requisite for affinity determination. NMR spectroscopy has been repor-
ted as particularly suitable technique for quantification of weak binders due to its high
detection sensitivity. 173280 In particular, ligand-observed NMR techniques are practical
to implement as they do not require any isotope labelling, place lower demands on sample

quantity and are not limited by protein size .[280-282

Multiple ligand-observed NMR techniques have been employed for quantification of weak
binders, including saturation transfer difference (STD) and relaxation-based methods
(T4, and Ty). (155,159 Generally, ligand affinity can be determined either indirectly using
competition experiments or in the direct mode. Competition experiments utilise a re-
porter molecule with known binding affinity and deliver the most reliable results. [283284
However, for novel targets, such a reporter molecule is often not available. 17328 Direct
ligand-observed NMR experiments can also yield accurate determination of dissociation
constants. 195199 However, these typically involve laborious ligand titration to obtain a

complete binding curve and result in long acquisition and low throughput. 25!

Relative ranking of fragment binders can provide a faster alternative to the precise
quantification. As reported by Shortridge and co-workers?”! protein titration into a
fixed ligand concentration in 'H NMR line broadening experiments can be used to rapidly
rank ligands according to their binding affinities. For fluorinated ligands, an approach

exploiting chemical shift anisotropy for ranking has been introduced recently. 26

In this chapter, efforts to implement ligand-observed NMR, measurements for relative
ranking are described, using protein titration to allow prioritisation of fragment hits ac-
cording to their binding strengths. These approaches bypass the need of protein labelling
or a reporter molecule.?®9 For that, two different ligand-observed NMR methods, STD
and T;,, were assessed using the crystallographic fragment hits obtained for NUDTS
(chapter 3).
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For STD NMR, the results demonstrate high variation in STD response across protons in
the same molecule, making its utility for relative ranking of weak binders questionable.
Indeed, the recently published work of Aretz et al.['® denies the correlation between

STD response and binding affinity.

Implementation of T, relaxation for prioritisation using protein titration yielded a pre-
liminary ranking of NUDT5 XChem fragment hits. However, the analysis of this ranking
could not deconvolute ligand affinity from other contribution to the displayed T, ef-
fect. Further investigations are required to enable NMR-based fragment ranking through

protein titrations.

5.2. Results

5.2.1. Fragment hit ranking using ligand-based NMR techniques

For rapid and high throughput ranking of crystallographic fragment hits, two ligand-
observed techniques, STD NMR and T;, were assessed. Quantification attempts were
carried out with a subset of 25 fragments from the original XChem campaign. Fragment
hits were selected based on five criteria: the site of interest, chemical redundancy and
commercial availability of follow-up compounds for further elaboration, solubility in

buffer and presence of impurities. The selected subset is summarised in appendix A.2.1.

Briefly, for all ranking experiments ligand concentration was kept constant at 2 mM,
while protein concentration was varied. Samples with molar ligand-to-protein ratios of
0.5 (10 uM), 1.5 (30 uM) and 3% (60 puM) were prepared. These ratios were identified
as suitable, as ligand signal is still detectable in presence of the highest protein concen-
tration. The detailed sample preparation is described in 2.9.3. The data was acquired
on Ascend 600 MHz instrument with a 5 mm helium cryoprobe at Bruker site in Fél-
landen, Switzerland. For each fragment, STD and T, experiments were acquired using
standard pulse sequences. For each fragment and concentration, all assigned signals
were integrated in TopSpin and used for calculation of intensity decrease. The results

for each technique are discussed separately in the following sections.
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5.2.2. STD NMR is not suitable for fragment ranking

In STD experiments, ligand detection is based on saturation transfer from protein to
binding ligands. " A correlation of affinity and saturation transfer seems plausible, as
a ligand with higher affinity displays a longer residential time in the binding site, which

p [154

results in higher magnetisation transfe I This assumption holds true for binders in

the fast exchange regime, such as weakly binding fragment hits.

This section investigates whether the STD effect can be harnessed in protein titration
experiments for ranking of low affinity fragments. Example of the obtained data for

fragment 24 and 36 are given in Figure 5.1 and Figure 5.2.

Both fragment 24 and 36 are anchored in the active site of NUDT5 by Trp28 and Trp46.
For fragment 24, the aromatic thiazole ring is pointing into the protein cavity, while the
methyl amide group is exposed to the solvent (Figure 5.1.a-b). As shown in Figure 5.1.c,
with increasing protein concentration, line broadening and change of the chemical shift
are observed for all three characteristic 'H signals of the fragment hit. However, the
signals display high variability in the saturation transfer (Figure 5.1.d-e). While the
aromatic proton at 7.77 ppm exhibits the most pronounced STD effect with increasing
protein concentration, the effect on solvent-exposed methyl amide moiety at 2.64 ppm

is the lowest (Figure 5.1.e).

These findings are observed with the majority of tested fragment hits. Fragment 36
provides another example, illustrating the same trends: the methyl group is highly
solvent-exposed and points into the solvent channel (Figure 5.2.a-b), while the aromatic
protons are anchored between both tryptophan residues. The binding location is again
reflected in the strengths of the STD effect, with 'H signal corresponding to solvent-
exposed methyl group showing a reduced effect (Figure 5.2.c-e)

The variation in STD signal strength among different protons inside the same molecule
may result from protein-ligand proximity: saturation transfer from protein to ligand
depends on the distance, with ligand hydrogen in close proximity to protein receiving

more saturation, [154156,288]

107



5. Fragment hit ranking by 'H NMR using relaxation-based methods
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Figure 5.1. Analysis of the STD effect on 'H signals of fragment 24. a. Binding mode of
the fragment 24 inside the active site of NUDT5. b. Chemical structure of fragment 24.
The methyl amide group is pointing towards a solvent channel (highlighted in orange). c.
'H signal assignment of fragment 24. The spectrum displays three signals, which corres-
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Figure 5.1. (continued) pond to the aromatic proton (7.77 ppm), and amide methyl
(2.64) and aromatic (2.47 ppm) methyl group. Changes in intensity, line width and chem-
ical shift are observed upon with increased protein concentration. d-e. The STD effect
displays high variability between 'H signal of fragment 24. Calculated STD effect (d.)
and corresponding histogram (e.) at given protein concentration for each 'H signal of
fragment 24.

The relaxation properties of the ligand can also contribute to the observed variabil-
ity of the STD effect.[?®) The T, relaxation time of each proton is determined by its
local chemical environment and can demonstrate strong variations between protons of
the same compound.?®" Consequently, the observed STD response is a product of mul-
tiple effects, including ligand orientation and relaxation, impeding the deconvolution of

binding affinity contribution.

This lack of uniformity in response to saturation transfer requires a selection of a signal
for comparison to other ligands without any concrete criteria. Any ranking building
on this selection would be entirely arbitrary. Although all 25 fragment structures are
aromatic, they do not share any recurring chemical pattern, and thus no common 'H

signal that could be exploited for qualitative ranking by STD.

In the course of this study, the use of STD NMR for rapid ranking of binders has
been denied by Aretz et al.['>¥. Comparison of theoretical STD effects calculated using
COmplete Relaxation and Conformation Exchange MAtrix (CORCEMA) theory with
experimental measurements demonstrated a lack of correlation to binding affinity con-
cluding that STD effect is not predictive of the binding strength of a compound. >4
The authors provide evidence that even ranking by single concentration measurements
of structurally similar compounds is not feasible.[*4286] Qur findings are in line with the
report of Aretz et al.'®¥, demonstrating a high variation across 'H signals presumably
caused through ligand orientation and T relaxation, preventing the use of STD effect

for compound ranking.
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Figure 5.2. Analysis of the STD effect on 'H signals of fragment 36. a. Binding mode
of the fragment 36 inside the active site of NUDT5. b. Chemical structure of fragment
36. The methyl group is pointing into a solvent channel (highlighted in orange). c. 'H
signal
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Figure 5.2. (continued) assignment of fragment 36. The spectrum displays three
signals, which correspond to the aromatic proton in ortho-position (7.38 ppm), aromatic
protons in meta-positions (6.86) and methyl group (2.14 ppm). Changes in intensity, line
width and chemical shift are observed with increased protein concentration. d-e. The
STD effect displays high variability between 'H signal of fragment 36. Calculated STD
effect (d.) and corresponding histogram (e.) at given protein concentration for each 'H
signal of fragment 36.

5.2.3. Towards a Tq,-based fragment ranking

Shortridge et al.?®) described a method for ranking of compounds according to their
binding affinities using 1D 'H NMR line broadening experiments. In contrast to tra-
ditional Kp determination, their approach is based on protein titration to a constant
ligand concentration.?®” By correlating signal height of free and bound ligand to the
fraction of bound ligand, the authors present a good agreement in quantification of
twelve small molecule binders to human serum albumin (HSA) with literature values for

compounds >300 Da in the low M affinity range. 2%

'H line broadening experiments are not suitable for weak affinity fragments as the ob-
served broadening can be difficult to detect due to low population of the bound fraction.
Therefore, the use of relaxation-based experiments for ranking of the NUDT5 fragment
hits was explored using protein titration. In T;, experiments, ligands bound to a pro-
tein adopt its properties and relax faster than free ligands in solution. Consequently,
the signal attenuation is indicative of ligand binding. ['%%2872%] Ag affinity is one of the
main contributors to the extent of signal decrease, the use of T, for qualitative ranking

and triage of fragment hits was explored.

The NMR peak intensity ratio represents an easily measurable response of ligand binding.
For T, experiments, two spectra — with short and long delay — are recorded. The
attenuation for each 'H signal is calculated as a ratio R of integrals for each long (1)
and short (Ig) delay:

I,
R=1—-—+ 5.1
z .1
This ratio is calculated separately in presence (bound ligand, Rp) and absence of protein
(free ligand, Rp). The T, effect for a given 'H signal (B) is therefore a ratio of both

integral ratios in presence and absence of protein:
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B=-=
Rp

(5.2)

The T, effect for the entire molecule is defined here as a sum of the effects on each 'H
signal weighted by the number of protons (ng) and normalised by the total number of

protons (N sot):

Btot - A - ! (53)

These calculations were carried out for the three molar ligand-to-protein ratios of 0.5,

1.5 and 3% for each fragment hit. An example of obtained data is shown in Figure 5.3.

a. .
b NH, F
(@)
Fragment 36
5QK6
C. . .
Signals Signal Ry [%] Ry [%] Ry [%] Ry [%]
[ppm] assignment 0 % protein 0.5 % protein 1.5 %protein 3 % protein
7.38 H,.. 7 66 96 100
6.86 H, .. 6 37 70 89
2.14 CH, 14 45 74 88
Ty effect (B,,,) 5.2 8.8 10.5

Figure 5.3. Quantification of the Ty, effect on 'H signals of fragment 36. a. Binding
mode of the fragment 36 inside the active site of NUDT5. b. Chemical structure of
fragment 36. c. Calculated T, effect on 'H signals of fragment 36. Integral ratios of
three 'H signals in presence of different protein concentrations were calculated as shown in
equation 5.1. The T, effect for the entire molecule, obtained using equation 5.3, increases
with ascending protein concentration.

The qualitative ranking shown in Figure 5.4 was obtained using T, effect in presence

of the highest protein concentration of the series (3%) as it is most pronounced. The
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ranking of ligands was overall the same across all three protein concentrations. Ten
fragment hits that displayed the strongest T, effect are presented in Figure 5.4, the

complete ranking is shown in appendix A.2.2.

The detected T, effect used for the ranking ranges from 10.5 to 2.2, indicating fragment
36 as presumably the strongest and fragment 11 as the weakest binder in the tested
subset. The T, values for some positions are very close, particularly for the position 3, 4

and 5, implying that even smallest experimental errors could have affected the ranking.

The compounds that occupy the first five positions are rather small, they have a molecu-
lar weight below 190 Da and low number of protons. However, considering all obtained

results, no correlation in regard to molecular weight or number of protons can be seen.

The comparison to the crystallographic ranking obtained in chapter 4 using the lowest
detectable soaking concentration (LDSC) reveals no correlation to the Ty, NMR results
(appendix Figure A.10). From eight fragments displaying low LDSC values (50 mM) in
the crystallographic study, only three (fragment 26, 35 and 41) were ranked among the
top ten compounds in the NMR-based ranking. When considering the fragments ranked
last, the T, effect obtained for fragment 20 and 21 is unexpected as both compounds
have LDSC values of 50 mM. Equally, fragments displaying a similar T}, effect, such as
fragment 26 and 7, were found to exhibit very diverging LDSC values (50 and 250 mM,

respectively).

Except for fragment 41 and 42, all ligands assessed bind in exactly the same site of
NUDTS, implying the T, effect observed here is inherently determined by the chemical
properties of the ligand itself. The T, effect could not be related to ligand affinity,
suggesting other effects impacting signal attenuation and questioning the utilisation of

peak height ratios for fragment ranking.
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Rank Fragment Chemical structure T1rho effect LDSC [mM]
PDB ID MW
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Figure 5.4. Fragment hit ranking using T, effect — top ten positions.
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5.3. Discussion and Outlook

As NMR-based techniques provide high sensitivity in detection of protein-ligand binding,
their utilisation for ranking of weak binders, such as crystallographic fragment hits, was
assessed. In this chapter, attempts to implement two methods, namely STD and T,
for fragment ranking using protein titration were undertaken. While STD response
displayed high variation across protons in the same molecule and could not provide a
ranking, a preliminary quantification using T, effect could be obtained. However, a
correlation to the affinity observed by concentration-dependent crystallographic soaking
could not be detected.

STD response depends on ligand orientation The STD experiments do not provide
additional information for fragment hits from crystallographic screening. However, in
absence of structural information, binding epitope mapping, which allows to distinguish
between protons buried in the protein and solvent-exposed protons, may provide valuable
structural insights for further fragment elaboration. 56282291 Ag an example, Kemper

11289

et a I developed a method for determination of more precise group epitope maps

(GEM-CRL) by taking ligand relaxation into account.

Overcoming limitations of T;,-based ranking Recently, it has been demonstrated
that reduction in intensity of NMR signal in ligand-observed experiments is not pro-
portional to its affinity, meaning that weakly binding ligands can exhibit larger signal
decrease than stronger binders.["*12%6] This includes both 'H-observed T, as well as

[286]

YF-observed T, experiments and is corroborated by the data obtained in this thesis.

Relating relaxation-based rankings with fragment affinity is therefore a complex endeav-
our. Ligand-observed NMR experiments often exploit difference in transverse relaxation
rate between free and bound state of the ligand. According to Rudisser et al.[?®% in the
fast exchange regime (weak binders) the transverse relaxation (R§//) comprises three
contributions, namely the population-weighted average of free (R ;) and bound (Ryy)

states as well as the chemical exchange term (Re,):

Rgff = prZf + pr2,b + Rex (5.4)
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with py and p;, corresponding to fractions of free and bound ligand, respectively. The
fraction bound py is a function of ligand affinity and is required for ranking. As ligand-
observed NMR techniques exclusively provide information upon the free state, only one

of the contributions given in the expression 5.4 is experimentally accessible, namely
R, ;. 1286:202

Therefore, the ability to use NMR-based relaxation methods for ranking amounts to
calculating or suppressing additional contributions to isolate the p,Ray term (equation
5.4). The exchange term R.,, depends on two parameters: resonance frequency of the

286] The values of

free and bound state, and the exchange rates between these states.
both parameters can display a high variation and cannot be measured.?®6 However,
their contribution can be suppressed using high power spin lock pulses, as demonstrated

by Rudisser et al. on “F.[250]

The contribution corresponding to the bound state is influenced by two factors: the

dipolar relaxation (Rpp) and relaxation from chemical shift anisotropy (Rega):

Ryp = Rpp + Resa (5.5)

While relaxation from chemical shift anisotropy can be estimated with high accuracy,
dipolar relaxation is not experimentally accessible.?®¢ In F NMR, this can be by-
passed by measuring dipolar relaxation effects at two different magnetic fields and using
the difference in chemical shift anisotropy to calculate the fraction bound p, which is

proportional to ligand affinity. (256

As the contribution of chemical shift anisotropy can vary significantly between functional
groups, a normalisation is required. Rudisser et al.?® performed quantum chemical

calculations to obtain values for the chemical shielding tensors.

While the chosen approach by Rudisser et al.[?*% is elegant solution of fluorinated ligands,
its translation onto 'H NMR is more challenging. The quantum chemical calculations
of tensors for the broad functionalities of 'H atoms are more delicate. In addition, the
strengths of chemical shift anisotropy is less pronounced for 'H compared to F nuc-
lei. 1) This can be explained by the high electronegativity of fluorine, leading to a very
anisotropic electronic environment. 4! Instead, the transverse relaxation is dominated
by dipole-dipole relaxation. ™! Further investigations are thus required to realise the full

potential of T ,-based relaxation method for fragment affinity ranking using "H NMR.
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6. Targeting NUDTS5: Elaboration of fragment hits in the novel binding mode

6.1. Introduction

The recently discovered role of NUDT5 in nuclear ATP synthesis presents a potential
therapeutic approach for breast cancer treatment as NUDT5 maintains the energy de-
mands of chromatin remodelling and gene regulation. *'3l The development of first potent
and cell-active NUDT5 inhibitors has been reported by Page et al.*®?! These share high

similarity to the endogenous substrate ADP-ribose and target the same active site.

The SGC Oxford and its collaborators are primarily interested in modulation of the
target using novel inhibition modes and chemical matter. In light of the confirmed drug-
gability of the target and with already existing inhibitors, a fragment-based approach
was selected to identify new starting points for ligand design. The XChem fragment
screening campaign presented in this work (chapter 3), revealed a novel fragment site
with a solitary binder, fragment 41 (Figure 3.3). Although the fragment binding is pre-
sumably rather weak, the discovery of this previously unknown site bears the promise
of a novel inhibition mode for NUDT5.

This chapter presents the elaboration of NUDT5 fragment hits towards more potent
compounds in a novel binding mode. In absence of a biochemical assay for NUDT5, the
initial fragment elaboration was purely guided by the structural information. Different
strategies were outlined aiming to explore the binding site and generate structure activity

12.293] I fragment elaboration, SAR by

relationships (SAR) for the original fragment hit. [
catalogue is often utilised as a generally accessible and rapid method to explore the chem-
ical space around the fragment and test potential elaboration hypothesis. [?6:192:293-295]
This approach involves a substructure- or similarity-based search of analogues among
compounds from in-house collections or commercially available sources, allowing for fast
elaboration turn-over that does not require any synthetic chemistry efforts. [?6:293:296] T
facilitate compound prioritisation, SAR by catalogue is often combined with molecu-
lar docking. [29%:297:298 By predicting the binding pose of the compound, docking can be
used as a filter for selection of most promising compounds for subsequent experimental
testing. 29!

In this work, a hit exploration cycle comprising three steps was utilised: initial compound
selection in a SAR by catalogue approach, followed by rigid docking and subsequent ex-
perimental testing using X-ray crystallography. In addition, to understand the dynamic
nature of the ligand binding, hit exploration was supported through comparative analysis

of the crystal structures and molecular dynamics simulations. 29!
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The initial exploration established the structure-activity relationships for fragment 41
binding in the site B and identified the key features informing further ligand design.
However, the introduction of larger substituents to the original fragment was largely
unsuccessful, yielding only one structure with a follow-up compound in an unexpec-
ted binding mode. An alternative approach aiming to obtain a crystal structure with
simultaneously occupied binding sites A and B using combinatorial soaking, yielded a
structure with two bound fragments, providing a concrete starting point for linking and
further optimisation. Along with describing the findings for NUDT5, strengths and

pitfalls of the applied rational structure-guided ligand design are discussed.

6.2. Results

6.2.1. Strategies for fragment elaboration

In efforts to identify novel inhibition modes for NUDT5, crystallographic screening re-
vealed two fragment binding sites — site A and B — that could potentially be targeted
(chapter 3). As both sites were located in close proximity, three potential strategies for
fragment elaboration were outlined, including separate elaboration of site A and B as

well as targeting both sites simultaneously (Figure 6.1).

Elaboration in the active site A. The active site of NUDT5 binds ADP-ribose, the
main substrate of the enzyme, as well as several oxidised desoxyribonucleoside diphos-
phates. The recognition of these substrates involves two tryptophan residues, Trp28
and Trp48, which sandwich the ribonucleotide core in a m-m stacking interaction. In
addition, the Glu47 backbone and the Arghl side chain play a key role by stabilising

the substrates through multiple hydrogen bonds (see 1.3). 199220

The XChem screening campaign identified 40 fragment hits binding in the site A, provid-
ing a variety of options for a novel inhibitor scaffold. In addition, the fragment hits dis-
play multiple options for fragment growing by sampling different directions — potential
exit vectors — inside the active site (Figure 6.1.a). Due to high sampling of the site A,
the main challenge for elaboration is the prioritisation of the fragment hits and selection

of a suitable scaffold.

Elaboration of the singleton binder in the site B. The site B is a novel, previously

unreported pocket which forms an additional cavity inside the active site. Interestingly,
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front route back pocket route

Figure 6.1. Potential strategies for fragment elaboration for NUDT5. a. In the site
A, fragment hits identified in the XChem screening provide multiple options for fragment
growing as indicated by the arrows. b. Elaboration in the site B. The solitary binder
in the site B which is located in close proximity to the active site is coordinated by key
residues Argh1 and Asp133 bearing the promise of a novel inhibition mode (PDB: 5QJ5).
c.-d. Two strategies for joining the site A and B are potentially feasible: c. following the
front route demonstrated by Page et al.[200) (shown in blue, PDB: 5NQR) or d. the novel
back pocket route entering deeper into the active site.

fragment 41 is interacting with the catalytic Arghl through a hydrogen bond (Fig-
ure 6.1.b). In addition, the urea moiety of the fragment is coordinated by Asp133 —
a residue that stabilises the hydroxyl groups of the endogenous substrate ADP-ribose.
Although sterically restricted, this novel site is a suitable starting point for further ex-

ploration and bears the promise of a novel inhibition mode for NUDTS5.

Joining the sites A and B. The connectivity of both fragment binding site A and B
suggests a third potential strategy for elaboration — the design of a compound joining
both sites. For that, fragment 41 or its analogues identified in the site B could be linked
with one of the fragment hits binding in the active site. However, to assess the feasibility

of this approach, simultaneous occupation of both sites A and B needs to be confirmed.

Theoretically, the sides could be bridged in two ways — the front and the back pocket

route. The front route would involve linking of a binder in the site A with fragment 41 or
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its analogues in the site B, following a similar path as the first NUDT5 inhibitor described

[200] These binders follow the surface topology of the protein

by Page et al. (Figure 6.1.c).
in its active conformation. The alternative route, covering shorter distance would involve
linking of the fragments following the back of the pocket, as shown in Figure 6.1.d. A
consequence of this binding mode would involve a distinct conformational change of the

catalytic Argbl, preventing its function in substrate recognition.

Given a good sampling of the site, the approach aiming to join both sites seems particu-
larly promising for delivering a new inhibition mode of NUDT5. The undertaken efforts

toward the described approaches are summarised in the subsequent sections.

6.2.2. Structural analysis of the site B reveals a conformational

change of the catalytic Argbl upon fragment binding

The site B was identified through binding of a single fragment hit — an urea derivative
with a phenyl and a pyridine ring (Figure 6.1.b). As mentioned in 6.2.1, the urea
core is coordinated through two distinct hydrogen bonds: to Arghl and to Aspl33.
Both residues are involved in recognition of the endogenous substrate ADP-ribose. 22"
In addition, kinetic studies carried out by Zha and co-workers!???) demonstrated that
a mutation R51Q causes a 17-fold decrease of k.., indicating a lower turnover and
confirming the role of Argh1 in catalysis. The aromatic rings of the fragment hit adopt a
staggered conformation and interact with the protein surface purely through hydrophobic

interactions.

A structural analysis explains the low sampling of site B in the XChem screening cam-
paign. Both apo- and fragment-bound structures of site A demonstrate that Arghl
adopts the same conformation and is positioned closely to both residues Trp28 and

Trp46 involved in substrate recognition (Figure 6.2.a). 220!

Upon binding of fragment 41, Argbl is displaced as the loop segment including the
residues Argbl and Thr58 shifts into a different conformation. As a consequence, an
additional cavity — the site B — opens up elongating the active site and allowing to
accommodate fragment 41 (Figure 6.2.b). Arghl appears to be a gatekeeper residue

regulating the access to this deep cavity inside the active site.

Following ligand binding in site B, the conformational change of the key residue Argh1

may prevent its function in substrate recognition and catalysis, presumably by locking
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closed conformation open conformation

Figure 6.2. The binding of fragment 41 induces a conformational change retracting
Arg51 from the binding site. a. In the apo-structure of NUDT5 (PDB: 6GRU), Arg51 is
positioned in close proximity to key residues Trp28 and Trp46 to carry out its function
in substrate recognition and catalysis. b. Binding of fragment 41 reveals a deep cavity
elongating the active site. This suggests a gatekeeper function for Arg51.

the enzyme in an inactive conformation. Such an inhibition would allow to by-pass
the promiscuous and generic nature of the substrate. Exploration of the site B and
validation of the fragment binding mode could therefore lead to novel chemical matter
for selective NUDT5 inhibition.

6.2.3. Fragment hit exploration in site B

Fragment 41 is supported by weak evidence in the 2F,-F. map. Replicated high concen-
tration soaks at 500 mM validated its presence in site B and the conformational change

of the loops segment (Arg51-Thr58) observed in the initial structure.

Structure-activity relationships of fragment 41 provide understanding of structural ele-
ments responsible for binding. 29 In absence of a quantitative assay, initial exploration
of fragment site B was carried out with rigid docking and subsequent crystallographic
validation. 46 close structurally related analogues of fragment 41 were selected using the
Fragalysis platform.?%! Fragalysis is a cloud-based tool for fragment analysis developed
at DLS which allows to visualise protein-fragment interactions and to map elaboration
vectors onto 3D structures. ' This tool aims to accelerate fragment elaboration by
presenting commercially available follow-ups compounds in the Enamine REAL data-
base% for each elaboration vector of a given compound, allowing a rapid and specific

exploration of the binding site. 27
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Fragment 41

| X o) /X | R, N\
S A b
H H
Ry«
X=N,C
ring substituents 5-membered rings linker variations
26 compounds 12 compounds 8 compounds

l 46 compounds

Rigid docking: plausibility of the binding pose

l 28 compounds

Crystallographic validation

9 ligand-bound crystal structures
Figure 6.3. Workflow summarising the exploration of the fragment hit in the site B.

Close analogues of the initial fragment hit were selected to explore three elaboration
possibilities: substitution of a 6-membered by a 5-membered ring, addition of ring sub-
stituents and variation of the urea linker (Figure 6.3). Introduction of substituents of
varying size in ortho-, meta- and para-position of the aromatic ring aimed to provide a
better understanding of the pocket size and topology, and identify possibilities to form
specific interactions beyond the urea core. For the replacement of a 6-membered ring,
a variety of aromatic and aliphatic 5-membered rings containing heteroatoms at dif-
ferent positions were selected, exploring formation of a hydrogen bond.!® In addition,
5-membered rings may provide more suitable geometry for potential joining of the site

A and B, as mentioned in 6.2.1. The variation of the urea linker intended to confirm
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the importance of the identified key interaction to Arghl and Aspl33 for binding and

explore the size of the site B.

For prioritisation of experimental efforts, rigid docking experiments were carried out.
The selected set of the follow-up compounds was docked into the crystal structure in
which fragment 41 was identified (PDB: 5QJ5). For evaluation of the results not only
the top ranking but all suggested binding poses were inspected manually. The detailed

procedure is described in 2.11.2.

The obtained docking results clearly demonstrated that both interactions with Argh1

and Aspl133 are crucial for binding, as none of the linker substitutions retains a similar

| Xy o | R,
= N)J\N N OR,
HOH g
crystallographic
Compound R, R, R, X Y MW [g/mol] "yajidation
FU00L/2 oo H H N,C CN 2433 vV -
FU003 ¢ Y -H -H N C 255.3 -
FU004 ;\n/ -H -H N C 255.3 -
O
FU005 £, H H C N 247.7 -
FU006 H Ao~ H N C 243.3 v
FU007 -H L0 -H N C 257.3 -
E
FU008 -H N -H N C 255.3 -
O
FU009/10  -H N -H N,C QN 292.1 V&%
_ & ]
FU011 H N H N C 237.3 v
FU012 -H 5\\\N -H N C 238.3 v
FU013 -H -H Ao N cC 229.2 -
FU014 -H H ;\\\N N C 243.3 -
FUO15 -H -H SNo C C 242.3 -

Figure 6.4. Variations of ring substituents on the core of fragment 41 selected for
experimental validation after filtering by rigid docking.
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binding pose as the original fragment. In addition, an extended linker as in the compound
FUO032 (appendix Figure A.11) cannot be accommodated due to space limitations. As
a consequence of their poor performance in the rigid docking, the compounds exploring

substitution for the urea linker were excluded from the experimental validation.

Further, the rigid docking results show that a variety of substituents in different positions
can be accommodated. While the ortho- and meta-positions allow to incorporate larger
substituents such as acetyl- and bromide groups on both ring sites, the para-position
seems to be less favourable as it is sterically hindered. Therefore, the majority of the
compounds with a para-substituent were removed from the crystallographic validation.

The analogues selected for experimental testing are shown in Figure 6.4.

The docking poses obtained with compounds containing a 5-membered ring replacing one
of the aromatic rings shown that most of the analogues yield plausible docking poses
retaining the key hydrogen bonds. Interestingly, substitutions for both the pyridine
and the phenyl rings were observed equally often. The selection of the compounds for

experimental testing is shown in Figure 6.5.

Based on the described filtering by rigid docking, 28 follow-up compounds were taken
into crystallographic validation. Similarly as in the XChem screening campaign, the
compounds were soaked into the pre-formed NUDT5 using compound concentrations of
500 mM and 200 mM, while keeping the DMSO content at 10%. The detailed proced-
ure is described in 2.8.3. In total, 9 unique protein-ligand structures could be obtained
(Figure 6.6). The structure with FU021 and FU022 were obtained from soaking ex-
periments at 500 mM, the majority of the structures were obtained at 200 mM due to

limited compound solubility.

As expected, the structures with analogues are coordinated by the key residues Argh1
and Aspl33 and demonstrate the same binding mode as the original fragment 41. The
only exception is the compound FUO029 which lacks a hydrogen bond to Arghl and
adopts a different conformation. Indeed, the substitution of the urea oxygen by a sulfur
atom results in loss of H-bond acceptor functionality, confirming the specificity of the

Argbhl interaction to the urea core.

In all structures, the aromatic ring pointing into the deep cavity of the site B — shown on
the left in Figure 6.6 — adopts the same distinct conformation, highlighting the limited

space of the pocket that can only accommodate a flat aromatic system with potentially
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Figure 6.5. Variation of ring structures selected for crystallographic validation after
filtering by rigid docking. Compounds were obtained as racemic mixtures.
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Figure 6.6. Crystallographically validated follow-up compounds based on fragment 41.
The event density is shown at 2x(1-BDC) o as grey mesh. The orientation of the pyrimidine
in FU029 (c.) cannot be determined due to the symmetry of the molecule.
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meta-substituted position. While the docking results suggested that 5-membered rings
could potentially substitute both the phenyl- or the pyridine ring, the experimental data
only supports the presence of a 5-membered ring on the more open side located further
away from the active site — the right site in Figure 6.6.b-c. From the analogues with
ring substitutions shown in Figure 6.5, only the 5-membered aliphatic rings yielded co-
structures. This suggests that the right site of the pocket favours the accommodation

of lipophilic ring systems with large hydrophobic surface.

In three of the obtained structures, analogues containing various ring substituents in
meta-position were identified (Figure 6.6.d-f). The obtained data suggests that sub-
stituents with limited steric constraints in ring proximity such as bromide, alkyne and
methoxy-groups can be accommodated in the deep cavity occupied by the aromatic
ring (left side in Figure 6.7), whereas acetyl- and methoxymethyl-moieties (FU007 and
FUO008 in Figure 6.4) require more space as they are larger and rotatable. This distal
meta-position on the ring pointing into the deep cavity can therefore be exploited for

affinity increase.

The substituents in meta-position on the right ring, shown in Figure 6.6.j-h, allow for
more flexibility and demonstrate two confirmations exploring different directions in frag-
ment site B. These suggest an avenue for larger substitution and further exploration,

especially since these finding may be informative for joining the site A and B.

Interestingly, the only analogue carrying a substitution in ortho-position (Figure 6.6.1)
points towards the site A and could be used as a possible route to link both fragment

binding sites.

The experimentally validated features informing further elaboration process are sum-

marised in a pharmacophore model, as shown in Figure 6.7.

Arg51
c/
N .R .
] /@6\‘
RN NJ\N Xz
H H
Asp133

Figure 6.7. The identified pharmacophore for hit exploration in the site B.

In summary, compounds building on the initial fragment should retain the key interac-

tions with Argh1 and Asp133, while conserving a 6-membered aromatic ring for binding
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into the deep cavity. On this side, small substituents in meta-position can be accom-
modated. The right side offers more options for introduction of larger substituents and
is suited for a fragment growing approach. Due to size limitations of site B, joining of

site A and B appear to be a promising approach for gaining specificity and affinity.

6.2.4. Understanding the dynamics of the binding site

Comprehensive understanding of accessible conformations of the binding site is required

to assess the feasibility to join sites A and B in a fragment linking approach.

The comparative analysis of the NUDTH crystal structures in absence and presence of
fragment 41 already framed two distinct conformations of the binding site. In presence
of the site A binders, both Trp28 and Trp46 are aligned creating a m-7 interaction. As
shown in Figure 6.8.a, the catalytic Argbl is then positioned closely to the tryptophan
residues, pointing toward the active site. In this conformation, represented by most of
the crystal structures, the deep cavity comprising the fragment site B is not accessible.
In the second conformation, revealed upon binding of fragment 41 or its analogues, the
catalytic Arghl shifts away from the binding site, thus opening up the site B. In this

confirmation, the tryptophan residues are not aligned.

Designing a ligand joining sites A and B requires bridging of two conformations. There-
fore, knowledge of the dynamics in the active site, including flexibility of the key residues

involved in binding, is essential.

For understanding the dynamics of the active site, all atom molecular dynamics simu-
lations using the apo-structure of NUDT5 (PDB: 6GRU) in explicit water were carried
out using Gromacs and the Amber99sb forcefield over 100 ns. The simulation reveals a
contrasting flexibility for tryptophan residues in the active site: while Trp46 is rather
static, Trp28 displays high flexibility (Figure 6.8.b).

In the course of the simulation, the structure switches between two conformations of
the tryptophan sandwich: aligned and shifted, induced by a 180° flip of the Trp28.
Similarly, influenced by the position of Trp28, Arghl shows high flexibility. The loop
segment ranging from Argbl to Thrb8 is equally highly variable, thus influencing the
space available in the binding site (Figure 6.8.c).

Taken together, the dynamics of the binding site as evidenced by MD appear to support
the joining strategy of both fragment sites. The highly flexible and dynamic character
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C.

residue RMSF [A]
Trp28 1.99
Trp46 0.87
Argh1 1.67
Thrb52 1.54
Thrb3 1.97
Argh4 3.01
Lys55 3.02
Glub6 2.67
GInb7 2.18
Thr58 1.75
Ala59 0.99

protein residue  1.06
average

Static | Flexible

Figure 6.8. Understanding the dynamics of the NUDT$5 binding site. a. Comparative
analysis of the crystal structures reveals a distinct conformation in presence of fragment
41. The structure of the complex with fragment 41 (PBD: 5QJ5) is shown in magenta,
with ADP-ribose (PDB: 2DSC) in blue and with 8-oxo-dGDP (PDB: 3AC9) in green. b.
Flexibility analysis from molecular dynamics simulations using the apo-structure (PDB:
6GRU) reveals highly dynamic Trp28 and Arg51. The heap map colouring by root mean
square fluctuation (RMSF per residue) visualises the flexibility of each residue. The frag-
ment 41 was inserted after the simulation. c. RMSF values (averaged over both NUDT5
chains) for the key residues and the flexible loop segment containing Arg51.

of Trp28 and Argbl should allow to accommodate ligands as these conformations are
populated in the MD simulations at 298 K. However, careful ligand design is required
as the tryptophan residues might not be aligned in the resulting structure, creating a
weaker 7-7 interaction. Locking Argb1 into the open conformation bears the promise of

inhibition without stark demands on the compound affinity.

6.2.5. Towards joining sites A and B: growing of the B site hit

Building on the pharmacophore for site B and the insights into the active site dynamics

of NUDTS5, the binding of larger follow-up compounds with additional ring systems or
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substituents was explored. To enable a rapid elaboration cycle, commercially available
compound from the Enamine REAL P database were selected by a substructure search
using the original fragment hit and its validated analogues. As for previous rounds
of follow-up compounds, the selection was filtered by rigid docking, all ligands with

plausible binding pose were retained.

For experimental validation using X-ray crystallography, 24 follow-up compounds were
selected. These ligands can be grouped in two categories. The first series shown in
Figure 6.9 explores binding of larger substituents including various ring systems as well
as aromatic and aliphatic rings connected by a flexible linker in the open side — while
retaining the pyridine pointing toward the deep pocket side (left side). The second series
shown in Figure 6.10, the aromatic ring in the open side (right side) is substituted by
a pyrrolidine / piperidine, while larger ring systems are introduced in the deep pocket
side. This series aims to assess previous observation of 5-membered rings only binding
in the open and more accessible side. In addition, it explores the possibility of growing

from the deep pocket into site A starting from meta-position.

The binding of the compounds was validated using X-ray crystallography. The com-
pounds were soaked into NUDT5 crystals at different concentrations including 200 mM,
100 mM and 50 mM. The experiments were carried out in triplicates for each compound

and concentration to account for any variability such as low solubility.

The crystallographic validation could only confirm binding of one follow-up compound
containing a octahydroindolizine group, FU038, at 200 and 50 mM (Figure 6.11). How-
ever, the experimentally obtained binding mode does not correspond to the expected.
According to the docking results, the compound FU038 was predicted to adopt a similar
pose as the original fragment 41, with pyridine ring pointing into the deep cavity and oc-
tahydroindolizine group occupying the open side (Figure 6.11.a). In the obtained crystal
structure, the flexible loop segment containing Arghl does not display the same shift as
observed upon binding of the original fragment hit (Figure 6.11.b). Consequently, the
deep cavity remains inaccessible. Compound FUOQ038 occupies the elongated side of the
active site in close proximity to the magnesium ions. While the urea oxygen is coordin-
ated by one of the magnesium ions, the aliphatic octahydroindolizine ring points towards
the open site. The overlap with the structure containing the original fragment 41 reveals
that both the phenyl and the octahydroindolizine rings are located perpendicularly to
each other (Figure 6.11.b).

This finding suggests a possible entry route for fragment 41 and its analogues into the
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Figure 6.9. Variation of substituents replacing the pyridine ring in fragment 41 structure
selected for crystallographic validation. Compounds were obtained as racemic mixtures.
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Figure 6.10. Variation of substituents replacing the pyridine ring in the follow-up com-
pound FUO022 structure selected for crystallographic validation. Compounds were ob-
tained as racemic mixtures.
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C.

FU038

Figure 6.11. Comparison of predicted and experimental results for binding of for the
compound FU038. a. Binding pose of the follow-up compound FUO038 (yellow) as
predicted by rigid docking in comparison to the binding mode of the original fragment 41
(magenta). b. Overlay of the structures with FU038 (yellow) and fragment 41 (magenta)
reveal that FU038 does not enter the deep cavity of the site B and occupies the elongation
of the active site. ¢. The binding mode of the compound FUO038 in the obtained crystal
structure demonstrates that the urea oxygen is coordinated by the guanidinium group
of Arg84 and Mg?*. In addition, the ring nitrogen is stabilised by Asp133. The event
density is shown at 1-(2xBDC) as purple mesh. d. The chemical structure of the follow-
up compound FUO038.

deep cavity in soaking experiments: supposedly, the compound binds in proximity of
the two magnesium ions first and subsequently slides behind Arghl1, allowing the con-
formational shift. However, the follow-up compound FUO038 entered the active with the
octahydroindolizine ring first, blocking its insertion into the deep cavity. The retention
of the compound at the Mg?* site, facilitated by the coordination through Arg84 and
Asp 133, enabled the identification of this intermediate binding pose (Figure 6.11.c).
This observation implies that derivatives bulkier than initial fragments may not be able

to enter the deep cavity in soaking experiments when the crystal is already formed.

Steric constrains impaired on the progression of compounds joining sites A and B through
the deep pocket route. Growing of the fragment hit from the deep pocket towards the site
A using the proximal meta-position of the phenyl ring did not lead to the identification
of any binders in the soaking experiments. This suggests that the deep cavity of the site
B is too narrow for such steric demands and the joining of the two sites would require

a connection in ortho-position, if possible. However, initial tests with compounds from
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the SGC collection containing ortho-substituted phenylureas were unsuccessful (Fig-
ure 6.12), which could be related to the isopropyl group being unsuited or the amide
linker in ortho-position introducing unfavourable steric constraints. Therefore, further

exploration of the ortho-position is required.

crystallographic
Compound R R, R, MW [g/mol] validation
(0]
NU000828a -H -H 327.4 -
E/NH
NU000829a °© H 327.4 -
%/NH

NU000825a H C\N Yv" -H 291.4 -

NU000824a -H HN™ N H 306.3 -

Figure 6.12. Variation of substituents in ortho- and meta-positions in analogues available
from the SGC compound collection.

In summary, the follow-up compounds have a substantial increased size compared to the
original fragment 41. Binding of larger ligands could potentially require a significant
conformational change. %8 Compound soaking into pre-formed crystals may not allow
for induction of such conformational changes, preventing the compounds from binding.
While co-crystallisation could be an alternative validation, it is less amenable for testing
in a high-throughput manner as each condition may require individual optimisation. ¢
Therefore, instead of growing from one site into another, an alternative approach using

co-soaking of two compound into different sites was attempted.

6.2.6. Co-soaking of multiple fragments towards linking

Following the comparative analysis of the crystal structure and the MD simulation, an

experimental validation of simultaneous occupation of the fragment binding sites A and
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B was sought.®*2 Upon initial binding of the fragment hit inside the deep cavity in site
B, the flexible loop segment would undergo a conformational change shifting the Argh1
away from the active site. The altered conformation of the binding site would allow to
evaluate, whether a different fragment can bind between both tryptophan residues. The
XChem fragment hits obtained for the site A differ in their size and binding mode and
provide a suitable test set for such exploration. A co-structure containing two bound
fragments in both sites A and B would not only demonstrate the feasibility of this

approach, but also facilitate fragment linking proving concrete starting points. 202

First, NUDT5 crystals were soaked with fragment 41 at the concentration of 500 mM.
Following a short incubation, a second fragment previously identified in the active site
A was added. In total, 40 fragment hit combinations were tested in triplicates. For all
soaks, high concentration solutions of fragments at 500 mM were used, while keeping the
total DMSO content at 10%. The detailed experimental procedure is outlined in 2.8.5.

From 120 soaking experiments, 118 datasets could be successfully processed and analysed
by the PanDDA algorithm. "3 While the majority of the obtained structures contained
fragment 41 only, nine exclusively presented binding of site A fragments. Among the
triplicates, reproducibility was low, with only one out of three replicates containing a
site A binder. From the conducted experiment, it remains unclear whether these active
site binders outcompeted fragment 41 or whether experimental variations caused its

absence.

The co-soaking experiments yielded five structures presenting evidence for binding of

a. ‘ b.

Cl NH,
Y ©
N__N

X

Fragment 25
5QJU

LDSC: 50 mM

Figure 6.13. Co-soaking experiments reveal a simultaneous binding of two fragment
hits. a. While fragment 41 (magenta) binds in the deep cavity of the site B, fragment 25
(green) occupies in the active site A. The 2F,-F. density at 1 ¢ is shown as blue mesh. b.
The chemical structure of fragment 25.
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both fragment 41 and a second binder occupying the active site. The structure present-
ing the most compelling evidence contained fragment 41 in site B and fragment 25 in
site A (Figure 6.13), which was observed in one of three replicates. Crystallography
intrinsically presents an average of the observed states in the crystal. Therefore, the
possibility cannot be excluded that the observed simultaneous binding of these com-
pounds is an artefact resulting from crystallographic averaging over two distinct states

binding each a single ligand.

The identified fragment 25 has a LDSC of 50 mM and is therefore a stronger binder. Both
fragments were observed in their previously described binding modes and are located
closely to each other. The distance between the isopropyl carbon of fragment 25 and
ortho-position of the pyridine ring is only 3.8 A, suggesting a possible site for connecting
the two molecules. The fragments adopt a perpendicular orientation to each other,
creating less than ideal geometry for linking. However, screening of close fragment
41 analogues revealed the possibility to replace one of the aromatic rings through a
5-membered ring which may provide a more suitable conformation. As suggested by
the MD simulation, the tryptophan rings do not align perfectly, with the static Trp46

interacting with the aromatic core of fragment 25 to create m-7 stacking.

The ultimate feasibility of the linking both site A and B following the back pocket route
can only be assessed through additional bespoke synthesis and experimental validation
of the linked compound. Upon success, the desired inhibition effect on NUDT5 needs

to be validated in an activity assay. 2%

6.3. Discussion and Outlook

In the efforts to target NUDT5 in a novel inhibition mode, the elaboration was focussed
on the newly discovered and previously unreported fragment site B. Possible elaboration
strategies including growing of the solitary fragment hit and potential joining of the sites

A and B through fragment linking were explored.

The initial exploration of fragment 41 using SAR by catalogue approach, supported by
rigid docking and validated by crystallographic soaking experiments yielded a pharma-
cophore model summarising the key features for further ligand design. The attempt of
further elaboration aiming to grow fragment 41 towards site A using larger substituents

was unsuccessful, only resulting in a structure containing a follow-up compound in an
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unexpected binding mode. However, co-soaking of fragment hits for both sites A and B
yielded an interesting starting point for joining the two sites through the back pocket of
the active site, while displacing the catalytic gatekeeper residue Arghl.

Combining SAR by catalogue and high-throughput crystallography allows for rapid
hit exploration. The SAR by catalogue approach allows for rapid exploration of the
binding site using databases of readily available compounds. This approach is partic-
ularly suitable when access to medicinal chemistry support is limited or not available.
The successful application of SAR by catalogue has been demonstrated in numerous
examples of hit to lead optimisations. 2% Selection of close analogues for fragment
41 enabled precise hypothesis testing, pinpointing steric constraints, sites for potential
functional group additions and key interactions of the novel fragment site B. However,
the exploration of a binding site may require bespoke synthetic routes and therefore be
limited by the availability of suitable compounds in commercial databases.[*? As such,
the exploration of substituents in ortho-position of fragment 41 was constrained by lack

of suitable commercially available compounds.

Docking is a helpful filter for selection of close analogues. In the described hit
exploration cycles, rigid docking was used as a filter for selection of follow-up compounds
for subsequent crystallographic validation. The compound analogues were docked into a
crystal structure with accessible binding site B following a rigid docking protocol, using
fragment 41 as positive control. When introducing moderate changes to the original
fragment such as ring substituents, the observations from docking experiments could
largely be confirmed by the obtained experimental validation. Thereby, rigid docking

provided a useful filter to reduce the experimental efforts. 306

Beyond simple functional group variations, the success of binding mode predictions using
rigid docking for follow-up compounds with significantly larger substituents was rather
low. Only one structure in complex with a follow-up compound could be obtained, how-
ever showing an unexpected binding mode. While fragment and large drug-like molecules
do not display significant differences in docking performance, failures to predict the bind-
ing mode mainly occur for two reasons: undersampling of the conformational space and
inaccurate scoring. 39396397 The first point particularly applies to larger molecules and
explains their poor performance. More reliable binding pose predictions can be achieved
through induced fit docking.*®! Using an ensemble of different receptor conformations,

such protocols take information upon binding site flexibility into account 839 However,

138



6. Targeting NUDTS5: Elaboration of fragment hits in the novel binding mode

induced fit docking protocols are typically more time- and resource-intensive compared

to rigid docking. 310!

Choosing an adequate experimental validation for weak binders. The sensitivity
of X-ray crystallography combined with the high reproducibility of the XChem imple-
mentation at DLS allows for experimental validation of small weak binders and their
follow-up compounds. However, it does not provide a functional readout. In absence of
a biochemical assay, the impact of site B binders on enzyme activity, such as potential
inhibition, could not be validated yet. On the other hand, larger follow-up compounds
have a sufficient size to display modulation effects in a biochemical assay, yet are not
always suited for use in soaking experiments. The follow-up compounds with larger
ring systems presented here did not show binding in soaking experiments, but might
be detected in site B in co-crystallisation experiments as it allows for larger conform-
ational changes. Therefore, it is necessary to establish a co-crystallisation system for

characterisation of follow-up compounds.

Co-soaking is promising for fragment joining. Tailored soaking experiments can be
another experimental method for elaboration of compounds in absence of a biochemical
assay. This work describes co-soaking of fragments to identify simultaneous binding in
the sites A and B of NUDT5 and to discover concrete possibilities for joining. Although
at least one suitable combination was found, the practicalities of co-soaking experiments
require further optimisation to fulfil their promise. In order to fix the protein in the
desired conformation, NUDT5 crystals were incubated with fragment 41 first, before
the second compound was added. While a longer incubation time with first fragment
could potentially benefit the experiment, the short-lived nature of NUDTS5 crystals upon
prolonged solvent exposure does not allow significant time or concentration increase.
The diffusion time of a small molecule binder into a protein crystal largely depends on
physical and chemical properties of both the protein crystal and the small molecule in-
cluding protein density, size and binding affinity.*'!] Therefore, a systematic exploration

of soaking time to reach sufficient occupancy could determine optimal incubation.

A more robust alternative to access the desired protein conformation would be a prior co-
crystallisation of NUDT5 with fragment 41, followed by soaking of fragments binding in
site A. As the co-crystallisation conditions may not be identical to the soaking condition
in which site A binders were identified, their solubility may be impacted and would

require further optimisation.
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In this work, the fragments used in the co-soaking experiment were limited to the hits
previously identified in the site A. Screening of smaller fragments such as MiniFrags!6?
or FragLites™ in combination with the fragment 41 could result in identification of new

joining opportunities.

While the co-soaking of fragment 41 and 25 presented sufficient evidence for binding, the
remaining crystallographic datasets displayed more ambiguous data containing partial
occupancy for both Argb1 states. This, in turn, makes it unclear whether both fragments
bind simultaneously or the observed crystallographic state results from superposition of
different protein conformations. Data analysis methods enabling further deconvolution

of the bound state might resolve such ambiguous cases.

Towards a novel inhibition mode for NUDT5. The discovery of fragment 41, displa-
cing catalytic Arghl as gatekeeper and opening a deep pocket in the binding site called
for a deeper investigation whether this structural feature can be harnessed for thera-
peutic modulation of NUDT5. Conceptually, two routes were designed for inhibition,
taking advantage of this new pocket: the front route, prolonging the site occupied by
the inhibitors of Page et al.?%) targets the known and easily accessible conformation
of the binding site. The back pocket route requires a conformational shift in solution,
but would allow to design smaller inhibitors displaying higher selectivity for NUDT5,
bypassing the promiscuity of site A.

Initial attempts at growing fragment 41 did not yield any concrete indication for joining
of both sites. Encouragingly, the co-soaking experiment delivered an interesting co-
structure containing both fragment 41 and 25 — which are among the strongest binders
(LDSC: 50 mM). This crystal structure provides a promising starting point for further

medicinal chemistry efforts to target NUDT5 for breast cancer.
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The high sensitivity of crystallographic fragment screening is both a blessing and a
curse. As demonstrated in this work, it allows to detect novel binding sites and fragment
hits sampling additional protein-ligand interactions that can provide starting points for

further exploration.

As a consequence of the high sensitivity of X-ray crystallography as well as low affin-
ity and small size of fragments, crystallographic hits can rarely be detected in other
commonly used biophysical methods. However, quantitative binding information is es-
sential for both rapid selection of fragment hits and monitoring of their affinity gain
in initial elaboration cycles. This presents particular challenges for prioritisation and
quantification of crystallographic fragment hits. Novel tools for ranking and affinity
determination are necessary to streamline the elaboration of weak binders into potent
lead compounds. In this work, two methods for ranking of weak binders were explored:

concentration-dependent crystallographic soaking and relaxation-based T, NMR.

The crystallographic proof of principle study demonstrates a correlation between low-
est detectable soaking concentration and binding affinity of a fragment hit. Low con-
centration counter-soak is proposed to triage fragment hits according to their binding
strengths. This additional step can easily be implemented following a screening cam-

paign at high soaking concentration using the already existing infrastructure at screening
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platforms, such as the XChem facility at DLS. The combination of the wealth of inform-
ation provided by weak fragment hits detected at high soaking concentration combined
with prioritised fragments enables a streamlined and structure-guided elaboration into

potent compounds.

Therefore, its application is recommended for prioritisation of fragments hits for targets
with a high hit rate, whose affinities cannot be measured by commonly used biophysical
methods (e.g. SPR, MST). The consistent use of X-ray crystallography for both fragment
identification and ranking does not require the development of an orthogonal assay,

bypassing the discrepancies in assay results.

The correlation between fragment affinity and its lowest detectable soaking concentration
(LDSC) has an impact beyond fragment screening. This study shows that a quantitative
dimension can be introduced to X-ray crystallography of protein-ligand complexes, by
using the detection limit of fragment binding as a value for their affinity. Although pre-
vious studies have applied concentration-dependent crystallographic soaking, these are
limited to relative ranking of compounds in competition 6!l or comparison of fragment

t[260) In contrast, concentration-dependent

binding at secondary sites of the same targe
crystallography can be directly applied to obtain an affinity metric (LDSC) to rank frag-
ments binding to the same target in different sites, or to assess the strengths of selected

interactions.

This thesis is the first to systematically explore the relationship between ligand affinity
and crystallographic soaking concentration, which only became possible through high
reproducibility (93 %) of the high-throughput crystallography infrastructure at DLS. As
such the dataset generated for NUDT5 in this thesis provides a stepping stone for further
developments in quantitative macromolecular crystallography. Following the theoretical
framework outlined in chapter 4, this dataset can be used for advancing algorithms
enabling the calculation of apparent crystallographic KD directly from the crystallo-
graphic occupancy. Further, it can provide experimental validation for computational

predictions of fragment binding affinity, such as dynamic undocking. #2313l

The detection range of NMR comes closest to crystallography. Quantification of ligand
binding using currently available ligand-observed NMR methods is typically a lengthy
process requiring multiple ligand titrations. A relative NMR-based ranking of weak bind-
ers would allow to accelerate their prioritisation, focussing medicinal chemistry activities
on the most promising starting points. Ligand-observed NMR experiments with pro-

tein titration were investigated as practicable ranking method for hit triage. Although
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measuring T, has the most promising potential from the NMR methods assessed in
this work, further investigations are required to determine the contribution of binding

affinity to the observed 'H signal.

Fragment elaboration typically comprises an iterative cycle of compound design followed
by their testing in a biochemical or biophysical assay, which allows to monitor the
progress of elaboration. The low affinity of crystallographic fragment hits impedes their
detection in orthogonal quantitative methods. The initial cycles of elaboration can
nonetheless be monitored by X-ray crystallography until sufficient affinity is reached.
Indeed, this unconventional approach has proven valuable in the development of a kRAS
inhibitor.®'¥ By obtaining structural information first, the precise understanding of
the binding mode guided the design of inhibitors by rationalising affinity readouts —

illustrating the power of structure-based approaches on challenging drug targets. 34

In absence of a quantitative assay, initial exploration of the fragment hit in the newly
discovered NUDT5 binding site was carried out in a SAR by catalogue approach using
X-ray crystallography as a readout. Various substituents and alternative ring structures
exploiting different exit vectors from the pocket were explored, leading to a possible route
to connect the new binding site with the known active site. Hereby, the application of
co-soaking provided concrete starting points for fragment linking. While the linking
could not be completed, this thesis provides the groundwork for the development of
novel NUDT5 modulators.
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Construct name NUDT5A-c001

Construct protein sequence MHHHHHHSSGVDLGTENLYFQSMESQEPTESSQNGKQYIISEELISE
GKWVKLEKTTYMDPTGKTRTWESVKRTTRKEQTADGVAVIPVL
QRTLHYECIVLVKQFRPPMGGYCIEFPAGLIDDGETPEAAALRELE
EETGYKGDIAECSPAVCMDPGLSNCTIHIVIVTINGDDAENARPKP
KPGDGEFVEVISLPKNDLLQRLDALVAEEHLTVDARVYSYALALK

HANAKPFEVPFLKF
Number of residues 241
Molecular weight (Da) 26880.4
Extinction coef. (M!cm™) 22920
Estimated pl 4.95

Construct protein sequence, cleaved SMESQEPTESSQNGKQYIISEELISEGKWVKLEKTTYMDPTGKTRT
WESVKRTTRKEQTADGVAVIPVLQRTLHYECIVLVKQFRPPMGG
YCIEFPAGLIDDGETPEAAALRELEEETGYKGDIAECSPAVCMDPG
LSNCTIHIVTVTINGDDAENARPKPKPGDGEFVEVISLPKNDLLQRL
DALVAEEHLTVDARVYSYALALKHANAKPFEVPFLKF

Number of residues, cleaved 220
Molecular weight (Da), cleaved 24414.8
Extinction coef. (M cm™), cleaved 21430

Estimated pl 4.65

Figure A.1. The sequence of the construct NUDT5A-c001 and its characteristics.
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Figure A.2. SDS-PAGE and MS analysis of the construct NUDT5A-c001. a. SDS
PAGE analysis of NUDT5A-c001 fractions after size exclusion chromatography. PM lane
is molecular weight marker; lanes 1 to 8 correspond to protein fractions collected. b. MS
analysis confirms presence of the cleaved construct encoded by NUDT5A-c001.

175



Construct name

A. Appendix

NUDT5A-c002

Construct protein sequence

Number of residues
Molecular weight (Da)
Extinction coef. (M* cm™)
Estimated pl

Construct protein sequence, cleaved

Number of residues, cleaved
Molecular weight (Da), cleaved
Extinction coef. (M cm™), cleaved

Estimated pl

MHHHHHHSSGVDLGTENLYFQSMESQEPTESSQNGKQYIISEELISE
GKWVKLEKTTYMDPTGKTRTWESVKRTTRKEQTADGVAVIPVL
QRTLHYECIVLVKQFRPPMGGYCIEFPAGLIDDGETPEAAALRELE
EETGYKGDIAECSPAVCMDPGLSNCTIHIVIVTINGDDAENARPKP
KPGDGEFVEVISLPKNDLLQRLDALVAEEHLTVDARVYSYALALK
HAN

230
25575.8
22920
4.85

SMESQEPTESSQNGKQYIISEELISEGKWVKLEKTTYMDPTGKTRT
WESVKRTTRKEQTADGVAVIPVLQRTLHYECIVLVKQFRPPMGG
YCIEFPAGLIDDGETPEAAALRELEEETGYKGDIAECSPAVCMDPG
LSNCTIHIVTVTINGDDAENARPKPKPGDGEFVEVISLPKNDLLQRL
DALVAEEHLTVDARVYSYALALKHAN

209
23110.2
21430
4.55

Figure A.3. The sequence of the construct NUDT5A-c002 and its characteristics.
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Figure A.4. SDS-PAGE and MS analysis of the construct NUDT5A-c002. a.

b.

23111.18

cleaved NUDT5-c002

SDS

PAGE analysis of NUDT5A-c002 fractions after size exclusion chromatography. PM lane
is molecular weight marker; lanes 1 to 13 correspond to protein fractions collected. b. MS
analysis confirms presence of the cleaved construct encoded by NUDT5A-c002.
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Construct name

A. Appendix

NUDT5A-c003

Construct protein sequence

Number of residues
Molecular weight (Da)
Extinction coef. (M cm™)
Estimated pl

Construct protein sequence, cleaved

Number of residues, cleaved
Molecular weight (Da), cleaved
Extinction coef. (M em™), cleaved

Estimated pl

MHHHHHHSSGVDLGTENLYFQSMKQYIISEELISEGKWVKLEKTT
YMDPTGKTRTWESVKRTTRKEQTADGVAVIPVLQRTLHYECIVL
VKQFRPPMGGYCIEFPAGLIDDGETPEAAALRELEEETGYKGDIA
ECSPAVCMDPGLSNCTIHIVIVTINGDDAENARPKPKPGDGEFVE
VISLPKNDLLQRLDALVAEEHLTVDARVYSYALALKHANAKPFEV
PFLKF

229
25606.2
22920
5.25

SMKQYIISEELISEGKWVKLEKTTYMDPTGKTRTWESVKRTTRKE
QTADGVAVIPVLQRTLHYECIVLVKQFRPPMGGYCIEFPAGLIDDG
ETPEAAALRELEEETGYKGDIAECSPAVCMDPGLSNCTIHIVTVTI
NGDDAENARPKPKPGDGEFVEVISLPKNDLLQRLDALVAEEHLTV
DARVYSYALALKHANAKPFEVPFLKF

208
23140.5
21430
4.85

Construct name

Figure A.5. The sequence of the construct NUDT5A-c003 and its characteristics.

NUDT5A-c004

Construct protein sequence

Number of residues
Molecular weight (Da)
Extinction coef. (M cm™)
Estimated pl

Construct protein sequence, cleaved

Number of residues, cleaved
Molecular weight (Da), cleaved
Extinction coef. (M cm™), cleaved

Estimated pl

MHHHHHHSSGVDLGTENLYFQSMKQYIISEELISEGKWVKLEKTT
YMDPTGKTRTWESVKRTTRKEQTADGVAVIPVLQRTLHYECIVL
VKQFRPPMGGYCIEFPAGLIDDGETPEAAALRELEEETGYKGDIA
ECSPAVCMDPGLSNCTIHIVIVTINGDDAENARPKPKPGDGEFVE
VISLPKNDLLQRLDALVAEEHLTVDARVYSYALALKHAN

218

24301.6
22920
5.05

SMKQYIISEELISEGKWVKLEKTTYMDPTGKTRTWESVKRTTRKE
QTADGVAVIPVLQRTLHYECIVLVKQFRPPMGGYCIEFPAGLIDDG
ETPEAAALRELEEETGYKGDIAECSPAVCMDPGLSNCTIHIVTVTI
NGDDAENARPKPKPGDGEFVEVISLPKNDLLQRLDALVAEEHLTV
DARVYSYALALKHAN

197
21835.9
21430

4.75

Figure A.6. The sequence of the construct NUDT5A-c004 and its characteristics.
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Figure A.7. SDS-PAGE and MS analysis of the construct NUDT5A-c004. a.

PAGE analysis of NUDT5A-c004 fractions after ion exchange chromatography. PM lane
is molecular weight marker; lanes 1 to 6 correspond to protein fractions collected. b. MS

analysis confirms presence of the cleaved construct encoded by NUDT5A-c004.

Construct name

NUDT5A-c005

Construct protein sequence

Number of residues
Molecular weight (Da)
Extinction coef. (M cm™)

Estimated pl

Construct protein sequence, cleaved

Number of residues, cleaved

Molecular weight (Da), cleaved

Extinction coef. (M cm™?), cleaved

Estimated pl

MHHHHHHSSGVDLGTENLYFQSMESQEPTESSQNGKQYIISEELISE
GKWVKLEKTTYMDPTGKTRTWESVKRTTRKEQTADGVAVIPVL
QRTLHYECIVLVKQFRPPMGGYCIEFPAGLIDDGETPEAAALRELE
EETGYKGDIAECSPAVCMDPGLSNCTIHIVTVTINGDDAENARPKP
KPGDGEFVEVISLPKNDLLQRLDALVAEEHLTVDARVYSYALALK

HANAKPFEVPFLKFSSKGGYGLNDIFEAQKIEWHE

262
29271.0
29910
5.1

SMESQEPTESSQNGKQYIISEELISEGKWVKLEKTTYMDPTGKTRT
WESVKRTTRKEQTADGVAVIPVLQRTLHYECIVLVKQFRPPMGG
YCIEFPAGLIDDGETPEAAALRELEEETGYKGDIAECSPAVCMDPG
LSNCTIHIVTVTINGDDAENARPKPKPGDGEFVEVISLPKNDLLQRL
DALVAEEHLTVDARVYSYALALKHANAKPFEVPFLKFSSKGGYGL
NDIFEAQKIEWHE

241
26805.4
28420
4.86

Figure A.8. The sequence of the construct NUDT5A-c005 and its characteristics.
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Figure A.9. SDS-PAGE and MS analysis of the construct NUDT5A-c005. a. SDS
PAGE analysis of NUDT5A-c005 fractions after size exclusion chromatography. PM lane
is molecular weight marker; lanes 1 to 13 correspond to protein fractions collected. b. MS

analysis confirms presence of the cleaved construct encoded by NUDT5A-c005 as well as
truncated NUDT5A-c005.
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A.1.2. Overview of NUDT5 XChem fragment hits.
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A. Appendix

A.1.3. Overview of NUDT5 F NMR fragment hits.
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A.1.4. Data collection and refinement statistics of NUDT5 XChem

A. Appendix

hits.
PDB ID 5QJ4 5QJ5 5QJ6 5QJ7
PDB ID Ligand Ko4 KOG GQJ JMM
X-ray source 104-1, DLS 104-1, DLS 104-1, DLS 104-1, DLS
Wavelength (A) 0.9159 0.9159 0.9159 0.9159
Space group P1 P1 P1 P1

Cell: ab c (A)
Cell: a B vy (°)
Resolution

range (A)

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/o(I)
R-merge

R-rim

CC-half

R-factor

R-free

Number of total
atoms

atoms for ligands
atoms for waters
Number of
polymer residues
Average B-factor
(A?)

B-factor for
ligands (A?)
B-factor for
solvent (A?)
RMS: bonds (A)
RMS: bond
angles (°)

RMS: dihedral
angles (°)
Ramachandran
favoured (%)
Ramachandran
outliers (%)
Clashscore

49.38 59.83 80.14
79.36 81.67 75.75

78.33 - 1.89
(1.94 - 1.89)
116615 (8581)
67122 (4949)
1.70 (1.70)
96.40 (95.40)
7.50 (-)
0.050 (0.557)
0.050 (0.557)
0.995 (0.297)
0.213 (0.340)
0.253 (0.328)
6090

85
254
770
34.0
54.4

34.9

0.015
1763

7233
96.56
0.93

5.27

49.15 59.77 80.09
79.47 81.89 75.78
78.34-1.72
(1.76-1.72)
155834 (11326)
88549 (6499)
1.80 (1.70)
96.50 (95.60)
9.70 (-)

0.031 (0.720)
0.031 (0.720)
0.998 (0.635)
0.215 (0.363)
0.253 (0.347)
6064

81
249
770
38.6
43.7

40.5

0.016
1823

7383
96.69
0.66

5.54

49.25 59.78 80.09
79.42 81.6875.64

78.30-1.65
(1.69-1.65)
178103 (11806)
100263 (7347)
1.80 (1.60)
96.30 (94.80)
10.10 (-)
0.038 (0.582)
0.038 (0.582)
0.997 (0.719)
0.212 (0.369)
0.249 (0.373)
6053

66
261
770
33.7
45.3

37.5

0.018
1951

71T
97.62
0.53

7.66

49.34 59.79 79.91
79.38 81.48 75.77
78.08-1.56
(1.60-1.56)
204321 (25390)
117075 (17002)
1.70 (1.50)
94.90 (94.00)
8.80 (-)

0.034 (0.981)
0.034 (0.981)
0.999 (0.422)
0.237 (0.410)
0.274 (0.406)
6141

105
279
770
33.7
40.7

35.5

0.017
1930

7184
96.56
0.79

7.65
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PDB ID 5QJ8 5QJ9 5QJA 5QJB
PDB ID Ligand ELQ KoD KO0A Ko7
X-ray source 104-1, DLS 104-1, DLS 104-1, DLS 104-1, DLS
Wavelength (A) 0.9159 0.9159 0.9159 0.9159
Space group P1 P1 P1 P1

Cell: a b c (A)
Cell: a B v (°)
Resolution

range (A)

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/o(I)
R-merge

R-rim

CC-half

R-factor

R-free

Number of total
atoms

atoms for ligands
atoms for waters
Number of
polymer residues
Average B-factor
(A2)

B-factor for
ligands (A2)
B-factor for
solvent (A2)
RMS: bonds (A)
RMS: bond
angles (°)

RMS: dihedral
angles (°)
Ramachandran
favoured (%)
Ramachandran
outliers (%)
Clashscore

49.53 59.99 79.65
79.56 81.09 75.49

77.81-1.76
(1.81-1.76)
149802 (11257)
83225 (6086)
1.80 (1.80)
96.80 (96.00)
8.60 (-)
0.043 (0.699)
0.043 (0.699)
0.996 (0.687)
0.234 (0.383)
0.278 (0.408)
5997

34
231
770
40.6
55.4

39.3

0.016
1892

7424
94.58
1.06

12.44

49.59 59.88 79.67
79.45 81.18 75.37

77.83-1.85

(1.90-1.85)
124530 (9217)
71290 (5223)

1.70 (1.80)
96.50 (95.40)

7.10 (-)
0.048 (0.573)
0.048 (0.573)
0.997 (0.674)
0.242 (0.375)
0.288 (0.350)
6060

81
247
770
37.7

49.6

35.8

0.015
1787

7236
95.37
0.79

10.60

49.44 59.84 80.19
79.33 81.51 75.50

78.35-1.64
(1.68-1.64)
176125 (11333)
102140 (7345)
1.70 (1.50)
95.90 (93.80)
12.20 (-)
0.026 (0.407)
0.026 (0.407)
0.997 (0.786)
0.225 (0.367)
0.257 (0.373)
6119

85
275
770
32.4
38.6

34.2

0.016
1861

6974
96.96
0.53

3.79

49.60 60.13 79.86
79.31 80.90 75.37
77.93-1.66
(1.70-1.66)
172357 (11489)
98938 (7225)
1.70 (1.60)
96.00 (94.00)
9.60 (-)
0.031 (0.596)
0.031 (0.596)
0.998 (0.693)
0.250 (0.385)
0.291 (0.403)
6070

66
256
769
40.1
50.1

39.0

0.013
1671

6963
95.62
1.06

13.58
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PDB ID 5QJC 5QJD 5QJE 5QJF
PDB ID Ligand KoJ KoM Kop KOS
X-ray source 104-1, DLS 104-1, DLS 104-1, DLS 104-1, DLS
Wavelength (A) 0.9159 0.9159 0.9159 0.9159
Space group P1 P1 P1 P1

Cell: a b c (A)
Cell: a B v (°)
Resolution

range (A)

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/o(I)
R-merge

R-rim

CC-half

R-factor

R-free

Number of total
atoms

atoms for ligands
atoms for waters
Number of
polymer residues
Average B-factor
(A2)

B-factor for
ligands (A2)
B-factor for
solvent (A2)
RMS: bonds (A)
RMS: bond
angles (°)

RMS: dihedral
angles (°)
Ramachandran
favoured (%)
Ramachandran
outliers (%)
Clashscore

49.26 59.77 80.26
79.25 81.78 75.66
78.45-1.47
(1.51-1.47)
232452 (26446)
137149 (18887)
1.70 (1.40)
93.60 (88.30)
8.50 (-)

0.027 (0.960)
0.027 (0.959)
0.998 (0.496)
0.221 (0.417)
0.254 (0.414)
6097

53
290
770
33.6
38.7

37.5

0.018
1979

7188
97.09
0.66

6.21

48.73 59.59 80.19
79.65 82.00 76.23
78.48-1.61
(1.65-1.61)
179910 (11312)
105862 (7621)
1.70 (1.50)
95.30 (92.80)
9.80 (-)
0.033 (0.595)
0.033 (0.595)
0.994 (0.672)
0.210 (0.335)
0.237 (0.336)
6198

59
319
770

44073
43.6

344

0.011
1569

6439
97.49
0.40

7.92

48.97 59.71 79.93
79.66 81.83 75.99
78.21-1.75
(1.79-1.75)
143103 (10747)
82932 (6017)
1.70 (1.80)
95.60 (94.90)
10.50 (-)

0.030 (0.434)
0.030 (0.434)
0.999 (0.794)
0.210 (0.339)
0.245 (0.346)
6099

67
269
770
34.9
47.2

36.9

0.017
1907

7066
97.09
0.40

4.89

48.39 59.42 79.92
79.85 82.34 76.55
78.31-1.63
(1.67-1.63)
172182 (24143)
96807 (14701)
1.80 (1.60)
91.10 (94.60)
9.70 (-)

0.025 (1.135)
0.025 (1.134)
0.999 (0.469)
0.214 (0.431)
0.249 (0.430)
6069

80
246
770

40.4
65.4

44.8

0.017
1866

7323
97.22
0.53

5.99
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PDB ID 5QJG 5QJH 5QJI 5QJG
PDB ID Ligand Kov KoY KI1A 6SU
X-ray source 104-1, DLS 104-1, DLS 104-1, DLS 104-1, DLS
Wavelength (A) 0.9159 0.9159 0.9159 0.9159
Space group P1 P1 P1 P1

Cell: a b c (A)
Cell: a B v (°)
Resolution

range (A)

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/o(I)
R-merge

R-rim

CC-half

R-factor

R-free

Number of total
atoms

atoms for ligands
atoms for waters
Number of
polymer residues
Average B-factor
(A2)

B-factor for
ligands (A2)
B-factor for
solvent (A2)
RMS: bonds (A)
RMS: bond
angles (°)

RMS: dihedral
angles (°)
Ramachandran
favoured (%)
Ramachandran
outliers (%)
Clashscore

48.85 59.53 80.12
79.71 82.19 76.21
78.46-1.57
(1.61-1.57)
384331 (15171)
115731 (8335)
3.30 (1.80)
96.50 (93.90)
11.40 (-)

0.043 (0.537)
0.027 (0.446)
0.998 (0.713)
0.206 (0.330)
0.233 (0.356)
6215

101
323
770
32.6
36.2

35.6

0.014
1741

6413
98.02
0.66

4.87

49.01 59.63 79.83
79.41 81.64 75.79

78.03-2.03
(2.08-2.03)
93805 (6534)
53231 (3867)
1.80 (1.70)
96.20 (94.80)
7.00 (-)
0.076 (0.522)
0.076 (0.522)
0.990 (0.746)
0.224 (0.335)
0.273 (0.374)
5980

35
225
770
39.9

48.0

40.0

0.014
1665

7312
96.69
0.53

6.12

48.98 59.77 79.38
79.84 81.43 75.99

77.65-1.69
(1.73-1.69)
302983 (11594)
92935 (6722)
3.30 (1.70)
97.10 (95.50)
12.30 (-)
0.048 (0.643)
0.030 (0.643)
0.998 (0.638)
0.257 (0.429)
0.301 (0.438)
6010

51
229
770
41.9
51.0

41.4

0.015
1865

7560
95.11
0.40

7.27

48.86 59.60 79.86
79.70 81.81 76.08
78.14-1.71
(1.75-1.71)
155108 (11088)
88844 (6544)
1.70 (1.70)
96.00 (94.90)
12.40 (-)
0.030 (0.520)
0.030 (0.520)
0.997 (0.689)
0.214 (0.378)
0.247 (0.368)
6072

59
251
770
35.8
56.5

37.7

0.016
1791

7056
96.83
0.40

3.36
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PDB ID 5QJK 5QJL 5QJM 5QJN
PDB ID Ligand K1D JIM K1G K1J
X-ray source 104-1, DLS 104-1, DLS 104-1, DLS 104-1, DLS
Wavelength (A) 0.9159 0.9159 0.9159 0.9159
Space group P1 P1 P1 P1

Cell: a b c (A)
Cell: a B v (°)
Resolution

range (A)

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/0(I)
R-merge

R-rim

CC-half

R-factor

R-free

Number of total
atoms

atoms for ligands
atoms for waters
Number of
polymer residues
Average B-factor
(A2)

B-factor for
ligands (A2)
B-factor for
solvent (A2)
RMS: bonds (A)
RMS: bond
angles (°)

RMS: dihedral
angles (°)
Ramachandran
favoured (%)
Ramachandran
outliers (%)
Clashscore

48.96 59.77 80.22
79.30 81.69 75.95
78.39-1.65
(1.69-1.65)
341941 (19946)
100346 (7328)
3.40 (2.70)
96.70 (94.60)
11.20 (-)

0.048 (0.580)
0.031 (0.412)
0.995 (0.775)
0.207 (0.301)
0.237 (0.349)
6130

85
281
770
31.0

44074

35.4

0.015
1822

6696
97.75
0.53

5.43

48.89 59.51 79.98
79.68 82.07 76.20

78.29-1.66
(1.70-1.66)

174437 (11848)

97841 (7176)
1.8 (1.70)
96.60 (95.10)
9.70 (-)
0.041 (0.690)
0.041 (0.690)
0.996 (0.612)
0.208 (0.348)
0.241 (0.346)
6195

109
289
770
34.5
43.2

37.5

0.018
1958

7022
97.49
0.53

6.57

49.64 59.95 80.27
79.09 81.28 75.44
78.34-1.75
(1.79-1.75)
138886 (22794)
77189 (12283)
1.80 (1.90)
87.30 (94.80)
6.20 (-)

0.052 (0.880)
0.052 (0.880)
0.995 (0.471)
0.223 (0.376)
0.271 (0.389)
6090

81
235
770
37.4
43.6

39.3

0.016
1809

6924
97.62
0.66

8.24

49.45 59.88 79.89
79.29 81.26 75.44
78.02-1.77
(1.82-1.77)
142252 (10038)
80967 (5843)
1.80 (1.70)
95.90 (93.60)
8.10 (-)
0.070 (0.716)
0.070 (0.716)
0.987 (0.589)
0.229 (0.379)
0.273 (0.389)
6043

57
245
769
38.2
47.1

39.0

0.016
1858

7338
96.30
1.06

7.12

187
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PDB ID 5QJO 5QJP 5QJQ 5QJR
PDB ID Ligand K41 K1P K1S K1v
X-ray source 104-1, DLS 104-1, DLS 104-1, DLS 104-1, DLS
Wavelength (A) 0.9159 0.9159 0.9159 0.9159
Space group P1 P1 P1 P1

Cell: a b c (A)
Cell: a B v (°)
Resolution
range (A)

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/o(I)
R-merge

R-rim

CC-half

R-factor

R-free

Number of total
atoms

atoms for ligands
atoms for waters
Number of
polymer residues
Average B-factor
(A2)

B-factor for
ligands (A2)
B-factor for
solvent (A2)
RMS: bonds (A)
RMS: bond
angles (°)

RMS: dihedral
angles (°)
Ramachandran
favoured (%)
Ramachandran
outliers (%)
Clashscore

49.06 59.57 79.93
79.55 81.90 75.89
78.20-1.98
(2.03-1.98)
100312 (6748)
57683 (4157)
1.70 (1.60)
96.60 (94.60)
7.10 (-)
0.070 (0.417)
0.070 (0.417)
0.964 (0.643)
0.210 (0.292)
0.249 (0.309)

6111

o~~~ —~

69

264

770

32.9

39.3

33.8

0.015
1730

6900

97.62

0.53

4.34

49.13 59.63 79.62
79.86 81.64 76.07
77.92-1.50
(1.54-1.50)
203554 (26603)
119825 (18692)
1.70 (1.40)
88.00 (93.80)
7.60 (-)

0.031 (1.358)
0.031 (1.358)
0.998 (0.399)
0.223 (0.415)
0.255 (0.443)
6100

69
262
770
37.7

49.5

41.5

0.016
1867

6880
97.09
0.53

4.78

48.92 59.63 79.84
79.67 82.01 76.26
78.14-1.55
(1.59-1.55)
200660 (12199)
119114 (8696)
1.70 (1.40)
95.50 (93.60)
11.20 (-)

0.025 (0.389)
0.025 (0.389)
0.998 (0.814)
0.211 (0.355)
0.240 (0.371)
6177

89
288
770
32.3
33.2

36.7

0.016
1834

6866
97.09
0.66

6.82

49.54 60.03 79.99
79.25 81.06 75.33
78.08-1.62
(1.66-1.62)
188829 (12106)
106603 (7744)
1.80 (1.60)
96.30 (94.50)
9.00 (-)
0.054 (0.666)
0.054 (0.665)
0.989 (0.632)
0.242 (0.408)
0.277 (0.403)
6026

49
245
770
36.2

44.3

374

0.015
1753

7017
95.90
0.93

9.02

188
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PDB ID 5QJS 5QJT 5QJU 5QJV
PDB ID Ligand K1Y K24 K2G K2J
X-ray source 104-1, DLS 104-1, DLS 104-1, DLS 104-1, DLS
Wavelength (A) 0.9159 0.9159 0.9159 0.9159
Space group P1 P1 P1 P1

Cell: a b c (A)
Cell: a B v (°)
Resolution

range (A)

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/o(I)
R-merge

R-rim

CC-half

R-factor

R-free

Number of total
atoms

atoms for ligands
atoms for waters
Number of
polymer residues
Average B-factor
(A2)

B-factor for
ligands (A2)
B-factor for
solvent (A2)
RMS: bonds (A)
RMS: bond
angles (°)

RMS: dihedral
angles (°)
Ramachandran
favoured (%)
Ramachandran
outliers (%)
Clashscore

49.46 59.94 79.92
79.53 81.32 75.46

49.45 59.87 80.23
79.16 81.53 75.51

48.92 59.65 80.05
79.55 81.88 76.15

78.11-1.58 78.36-1.62 78.31-1.77
(1.62-1.58) (1.66-1.62) (1.81-1.76)
198056 (25177) 186282 (24949) 144424 (21533)
113202 (16464) 104799 (15343) 80398 (11699)
1.70 (1.50) 1.80 (1.60) 1.80 (1.80)
94.80 (94.20) 94.80 (94.60) 95.10 (94.50)
8.30 (-) 9.30 (-) 7.50 (-)
0.032 (1.027) 0.032 (0.782) 0.045 (0.821)
0.032 (1.027) 0.032 (0.781) 0.045 (0.821)
0.998 (0.392) 0.998 (0.533) 0.997 (0.483)
0.235 (0.445) 0.220 (0.366) 0.210 (0.366)
0.272 (0.485) 0.251 (0.380) 0.248 (0.398)
6016 6058 6106
42 45 81
250 258 249
770 770 770
37.6 34.1 38.0
48.9 43.2 478
38.7 37.8 41.3
0.017 0.016 0.016
1905 1824 1745
6909 6927 6832
96.69 97.49 97.09
0.79 0.53 0.66
9.99 6.81 6.87

48.68 59.55 79.79
79.84 82.09 76.39
78.15-1.61
(1.65-1.61)
182950 (11526)
105949 (7636)
1.70 (1.50)
96.00 (93.40)
7.80 (-)
0.042 (0.593)
0.042 (0.593)
0.994 (0.620)
0.213 (0.360)
0.247 (0.380)
6091

51
260
770
35.2
43.3

39.6

0.015
1762

6650
98.41
0.66

7.40

189



. Appendix

PDB ID 5QJW 5QJX 5QJY 5QJZ
PDB ID Ligand K2M K2P K28 K2v
X-ray source 104-1, DLS 104-1, DLS 104-1, DLS 104-1, DLS
Wavelength (A) 0.9159 0.9159 0.9159 0.9159
Space group P1 P1 P1 P1

Cell: a b c (A)
Cell: a B v (°)
Resolution

range (A)

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/o(I)
R-merge

R-rim

CC-half

R-factor

R-free

Number of total
atoms

atoms for ligands
atoms for waters
Number of
polymer residues
Average B-factor
(A2)

B-factor for
ligands (A2)
B-factor for
solvent (A2)
RMS: bonds (A)
RMS: bond
angles (°)

RMS: dihedral
angles (°)
Ramachandran
favoured (%)
Ramachandran
outliers (%)
Clashscore

49.53 59.99 80.05
79.16 81.16 75.31
78.13-1.57
(1.61-1.57)
201268 (25283)
115029 (16672)
1.70 (1.50)
94.70 (94.00)
10.00 (-)

0.030 (0.945)
0.030 (0.944)
0.998 (0.515)
0.232 (0.374)
0.267 (0.392)
6067

73
250
770
34.7
45.4

36.6

0.017
1983

7172
96.56
0.93

8.89

48.52 59.52 80.62
79.68 82.36 76.36

78.96-1.73
(1.77-1.73)

154603 (11599)

86383 (6385)
1.80 (1.80)
96.40 (95.80)
8.90 (-)
0.051 (0.623)
0.051 (0.623)
0.993 (0.699)
0.220 (0.367)
0.256 (0.379)
5985

35
226
770
37.9
60.2

42.9

0.018
1890

7085
97.75
0.53

5.79

49.51 59.92 80.14
79.30 81.43 75.55

78.29-1.77
(1.81-1.77)
113492 (21113)
63650 (11550)
1.80 (1.80)
74.50 (92.60)
10.60 (-)
0.028 (0.876)
0.028 (0.876)
0.999 (0.493)
0.214 (0.377)
0.259 (0.398)
6012

64
222
770
40.6
50.0

40.9

0.015
1777

7483
96.56
0.53

4.40

49.43 59.82 79.90
79.61 81.70 75.99
78.15-1.52
(1.56-1.52)
215289 (26443)
125392 (18365)
1.70 (1.40)
94.10 (94.20)
10.70 (-)
0.019 (1.258)
0.019 (1.258)
0.999 (0.401)
0.226 (0.441)
0.263 (0.460)
6010

51
231
770
39.8
48.8

42.0

0.018
1922

6864
96.83
0.79

9.47
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PDB ID 5QKO0 5QK1 5QK2 5QK3
PDB ID Ligand K31 K34 JH4 K3A
X-ray source 104-1, DLS 104-1, DLS 104-1, DLS 104-1, DLS
Wavelength (A) 0.9159 0.9159 0.9159 0.9159
Space group P1 P1 P1 P1

Cell: a b c (A)
Cell: a B v (°)
Resolution

range (A)

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/o(I)
R-merge

R-rim

CC-half

R-factor

R-free

Number of total
atoms

atoms for ligands
atoms for waters
Number of
polymer residues
Average B-factor
(A2)

B-factor for
ligands (A2)
B-factor for
solvent (A2)
RMS: bonds (A)
RMS: bond
angles (°)

RMS: dihedral
angles (°)
Ramachandran
favoured (%)
Ramachandran
outliers (%)
Clashscore

49.67 60.15 79.78
79.37 80.65 75.23

77.83-1.44
(1.48-1.44)

216147 (21832)
130398 (16151)

1.70 (1.40)
82.50 (70.00)
6.30 (-)
0.041 (1.119)
0.041 (1.119)
0.995 (0.464)
0.306 (0.514)
0.338 (0.476)
5990

53
221
770
40.1
47.3

39.5

0.006
0.972

4950
96.30
0.66

3.94

49.30 59.89 80.36
79.21 81.58 75.63

78.50-1.49

(1.53-1.49)
225572 (26641)
132526 (18829)

1.70 (1.40)
93.50 (91.00)

7.50 (-)

0.033 (1.164)
0.033 (1.163)
0.997 (0.484)
0.218 (0.410)
0.252 (0.444)
6128

69
275
770
34.5
41.8

38.4

0.019
1999

7037
97.49
0.66

5.72

48.51 59.47 80.09
79.55 82.12 76.18
78.38-1.65
(1.69-1.65)
129272 (15361)
77041 (10297)
1.70 (1.50)
75.20 (68.70)
7.50 (-)

0.041 (1.305)
0.041 (1.305)
0.997 (0.358)
0.223 (0.410)
0.267 (0.412)
6014

33
248
770
33.7
39.0

37.1

0.015
1772

7077
97.22
0.79

8.01

49.49 60.02 80.13
79.15 81.35 75.43
78.23-1.71
(1.75-1.71)
163557 (11727)
91119 (6665)
1.80 (1.80)
96.80 (95.90)
5.60 (-)
0.090 (0.615)
0.090 (0.614)
0.976 (0.667)
0.228 (0.357)
0.266 (0.363)
5999

31
246
770
35.1
41.7

36.6

0.017
1884

7141
97.22
0.66

8.15
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PDB ID 5QK4 5QK5 5QK6 5QK7
PDB ID Ligand K3D K3J K3M K3P
X-ray source 104-1, DLS 104-1, DLS 104-1, DLS 104-1, DLS
Wavelength (A) 0.9159 0.9159 0.9159 0.9159
Space group P1 P1 P1 P1

Cell: a b c (A)
Cell: a B v (°)
Resolution

range (A)

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/o(I)
R-merge

R-rim

CC-half

R-factor

R-free

Number of total
atoms

atoms for ligands
atoms for waters
Number of
polymer residues
Average B-factor
(A2)

B-factor for
ligands (A2)
B-factor for
solvent (A2)
RMS: bonds (A)
RMS: bond
angles (°)

RMS: dihedral
angles (°)
Ramachandran
favoured (%)
Ramachandran
outliers (%)
Clashscore

49.41 59.93 80.08
79.27 81.33 75.46
78.20-1.62
(1.66-1.62)
187778 (24775)
105652 (15367)
1.80 (1.60)
95.20 (94.40)
6.90 (-)
0.059 (0.852)
0.059 (0.851)
0.991 (0.543)
0.223 (0.390)
0.255 (0.400)

6113

o~~~ —~

67

276

770

34.4

44.5

35.7

0.018
1962

7129

97.49

0.66

6.16

49.44 59.96 79.98
79.36 81.22 75.51

78.11-1.63
(1.67-1.63)

185217 (11897)
104461 (7608)

1.80 (1.60)
96.30 (94.00)
6.20 (-)
0.083 (0.684)
0.083 (0.681)
0.985 (0.560)
0.231 (0.398)
0.266 (0.410)
6086

69
270
770
36.1
39.7

37.3

0.017
1898

7123
96.56
0.66

7.85

49.26 59.80 80.31
79.26 81.50 75.67
78.45-1.51
(1.55-1.51)
223045 (13175)
130552 (9448)
1.70 (1.40)
95.80 (93.60)
8.60 (-)

0.069 (0.682)
0.069 (0.681)
0.982 (0.511)
0.227 (0.358)
0.255 (0.372)
6054

44
269
770

43921
38.4

35.4

0.017
1877

6823
97.62
0.40

6.78

48.58 59.46 80.40
79.39 82.31 76.19
78.68-1.66
(1.71-1.66)
155480 (23708)
88015 (13924)
1.80 (1.70)
87.70 (94.80)
7.50 (-)
0.036 (1.245)
0.036 (1.245)
0.998 (0.389)
0.217 (0.412)
0.255 (0.395)
6095

81
249
770
39.2
51.5

41.9

0.016
1768

7110
96.69
0.66

5.58
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PDB ID 5QKS8 5QK9 5QKA
PDB ID Ligand K38 K3v K3Y
X-ray source 104-1, DLS 104-1, DLS 104-1, DLS
Wavelength (A) 0.9159 0.9159 0.9159
Space group P1 P1 P1

Cell: a b c (A)
Cell: a B v (°)
Resolution

range (A)

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/o(I)
R-merge

R-rim

CC-half

R-factor

R-free

Number of total
atoms

atoms for ligands
atoms for waters
Number of
polymer residues
Average B-factor
(A2)

B-factor for
ligands (A2)
B-factor for
solvent (A2)
RMS: bonds (A)
RMS: bond
angles (°)

RMS: dihedral
angles (°)
Ramachandran
favoured (%)
Ramachandran
outliers (%)
Clashscore

49.27 59.91 80.01
79.55 81.38 75.74

78.20-1.71
(1.75-1.71)

153246 (10747)
89368 (6536)

1.70 (1.60)

95.40 (94.20)

11.70 (-)
0.026 (0.416
0.026 (0.416
0.999 (0.811
0.225 (0.360
0.260 (0.335

5994
35
239
770
34.6
432
36.7

0.019
1981

7257
97.09
0.79

8.07

49.33 59.84 80.49
79.07 81.63 75.64

78.61-1.56
(1.60-1.56)
196670 (25656)
113723 (17205)
1.70 (1.50)
91.50 (94.20)
9.00 (-)
0.033 (0.904)
0.033 (0.904)
0.998 (0.441)
0.214 (0.393)
0.251 (0.404)
6170

89
287
770
33.2

42.0

36.2

0.018
1881

7014
97.49
0.53

4.28

49.75 60.12 79.52
79.24 81.03 75.23
77.61-1.55
(1.58-1.54)
205200 (25919)
118439 (17553)
1.70 (1.50)
92.90 (94.30)
9.30 (-)

0.024 (0.933)
0.024 (0.932)
0.999 (0.513)
0.245 (0.425)
0.286 (0.419)
5986

40
230
770
41.5
49.9

42.0

0.016
1811

7422
95.63
0.93

5.48
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A.1.5. Data collection and refinement statistics of NUDT5 “F
NMR fragment hits.

PDB ID 5QTL 5QTM 5QTN 5QTO
PDB ID Ligand PW7 PWA PWD PWG
X-ray source 104-1, DLS 104-1, DLS 104-1, DLS 104-1, DLS
Wavelength (A) 0.9159 0.9159 0.9159 0.9159
Space group P1 P1 P1 P1

Cell: a b c (A)
Cell: a B vy (°)
Resolution
range (A)

Total reflections

49.33 59.82 80.18
79.34 81.47 75.65

78.34 - 1.73
(177 - 1.73)

155169 (10161)

49.27 59.81 80.07
79.33 81.48 75.66

47.50 - 1.79
(1.83 - 1.79)
137971 (9624)

49.08 59.81 79.59
79.55 81.29 75.78

49.91 - 1.83
(1.88 - 1.83)
128429 (9618)

49.26 59.87 79.89
79.47 81.46 75.59

41.52 - 1.67
(1.71 - 1.67)
166019 (21069)

Unique reflections 87469 (6388) 78713 (5770) 72935 (5388) 95026 (13864)
Multiplicity 1.80 (1.60) 1.80 (1.70) 1.80 (1.80) 1.70 (1.50)
Completeness (%) 96.60 (95.20) 96.50 (95.60) 96.50 (95.60) 94.20 (93.90)
Mean I/o(I) 8.30 (-) 8.80 (-) 6.30 (-) 9.50 (-)
R-merge 0.068 (0.726) 0.047 (0.966) 0.056 (0.494) 0.033 (0.885)
R-rim 0.068 (0.726) 0.047 (0.966) 0.056 (0.494) 0.033 (0.885)
CC-half 0.986 (0.639) 0.997 (0.322) 0.979 (0.723) 0.999 (0.432)
R-factor 0.221 (0.358) 0.214 (0.357) 0.238 (0.374) 0.229 (0.455)
R-free 0.253 (0.361) 0.247 (0.377) 0.275 (0.370) 0.262 (0.459)
Number of total 6223 6182 6070 6144
atoms

atoms for ligands 7 89 51 93
atoms for waters 288 275 230 256
Number of 776 774 775 774
polymer residues

Average B-factor 36.4 32.5 39.1 38.3
(A?)

B-factor for 43.2 37.8 42.8 48.7
ligands (A?)

B-factor for 38.1 34.9 38.7 38.3
solvent (A?)

RMS: bonds (A) 0.008 0.008 0.007 0.008
RMS: bond 1.502 1.477 1.474 1.518
angles (°)

RMS: dihedral 7.296 7.531 7.512 7.547
angles (°)

Ramachandran 95.95 97.08 95.63 96.15
favoured (%)

Ramachandran 0.78 0.53 0.53 0.40
outliers (%)

Clashscore 8.29 6.22 6.52 6.12
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PDB ID 5QTP 5QTQ 5QTR 5QTS
PDB ID Ligand PWJ PWM PWP PWS
X-ray source 104-1, DLS 104-1, DLS 104-1, DLS 104-1, DLS
Wavelength (A) 0.9159 0.9159 0.9159 0.9159
Space group P1 P1 P1 P1

Cell: a b c (A)
Cell: a B v (°)
Resolution

range (A)

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/0o(I)
R-merge

R-rim

CC-half

R-factor

R-free

Number of total
atoms

atoms for ligands
atoms for waters
Number of
polymer residues
Average B-factor
(A2)

B-factor for
ligands (A?)
B-factor for
solvent (A2)
RMS: bonds (A)
RMS: bond
angles (°)

RMS: dihedral
angles (°)
Ramachandran
favoured (%)
Ramachandran
outliers (%)
Clashscore

49.25 59.83 80.05
79.42 81.55 75.70

42.67 - 1.73
(177 - 1.73)
151077 (9788)
87066 (6333)
1.70 (1.50)
96.30 (94.50)
8.90 (-)
0.041 (0.659)
0.041 (0.659)
0.991 (0.461)
0.229 (0.352)
0.261 (0.381)
6177

105
258
775
33.6
42.3

35.4

0.009
1.615

7.530
96.16
0.66

.27

49.00 59.70 80.19
79.38 81.67 75.86
47.30 - 1.82
(1.87 - 1.82)
130622 (9595)
74407 (5484)
1.80 (1.70)
96.40 (95.80)
8.80 (-)
0.043 (0.567)
0.043 (0.567)
0.997 (0.651)
0.211 (0.347)
0.250 (0.345)
6228

81
287
776
33.0
36.2

34.0

0.008
1.501

7.272
97.48
0.40

6.89

48.99 59.76 80.34
79.35 81.73 75.91

35.06 - 1.55
(1.59 - 1.55)
195220 (10119)
118554 (7390)
1.60 (1.40)
94.40 (79.00)
12.20 (-)
0.023 (0.454)
0.023 (0.454)
0.999 (0.783)
0.198 (0.336)
0.224 (0.328)
6366

84
406
776
29.9
35.8

35.5

0.010
1.606

7.163
96.74
0.78

10.60

49.31 59.91 80.08
79.34 81.27 75.59

50.11 - 1.85
(1.90 - 1.85)
125372 (9561)
71454 (5283)
1.80 (1.80)
96.40 (95.50)
9.60 (-)
0.040 (0.718)
0.040 (0.718)
0.998 (0.643)
0.216 (0.364)
0.251 (0.351)

6191

97
265
775
35.9
44.8

34.7

0.009
1.524

7.413
95.75
0.53

5.64
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A.1.6. NUDT5 XChem fragment hits.

DSiP library

1-BDC: 0.18

Fragment binding Data set # Structural data: Structural data: Chemical
site PDB ID 2F,-F. map event map structure
Fragment 1
NUDT5A-x0114 o} -N,
5004 o N&/N
DSiP library H
MW: 213.26 Da
1-BDC: 0.28
Fragment 2
NUDT5A-x0131 RS o
5QJ7 /0 (\N%
DSiP library = N\)
O
1-BDC: 0.28 MW: 248.28 Da
Fragment 3
NUDT5A-x0158 0
5QJ8

MW: 240.25 Da

Fragment 4
NUDT5A-x0169
5QJ9
DSiP library

1-BDC: 0.43

(o]
A
SQL

MW: 227.28 Da

Fragment 5
NUDT5A-x0171
5QJA
DSiP library

1-BDC: 0.34

%”f”@

MW: 210.30 Da

Fragment 6
NUDT5A-x0176
5QJB
DSiP library

1-BDC: 0.39

MW: 227.69 Da
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Fragment 7
NUDTS5A-x0177 0
5QJC /%,)J\N/\
D s HN N
DSiP library N=N
1-BDC: 0.21 MW: 140.15 Da
Fragment 8
NUDT5A-x0195 o f\ _
5QJD NH SN
DSiP library N-O
1-BDC: 0.35 MW: 206.21 Da
Fragment 9
NUDT5A-x0197 Q
7
5QJE @)LH/\E\N__\
DSiP library SN N
MW: 230.27 Da

1-BDC: 0.21

Fragment 10

NUDT5A-x0210 o NN
|\
DSiP library Z
MW: 248.30 Da
1-BDC: 0.28
Fragment 11 o
NUDT5A-x0235 o~
H
s >t
iP librar,
Y O
1-BDC: 0.31
MW: 242.32 Da
Fragment 12
NUDT5A-x0244 o
O
5QIH \(/\”)L N
DSiP library o-N o
1-BDC: 0.34 MW: 198.18 Da
Fragment 13
NUDT5A-x0251 o
5QUI Ny A
DSiP library N= '\IIX
1-BDC: 0.37 MW: 225.27 Da
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Fragment 14

NUDT5A-x0256 o H 0
“ _N e
5QJJ Py (6]
DSiP library 0
1-BDC: 0.21 MW: 229.25 Da
Fragment 15
NUDT5A-x0262 (N>
5QJK H
DSiP library NS >
P
N N
1-BDC: 0.39
MW: 175.20 Da
Fragment 16 /
NUDT5A-x0286 WN\ N
5QJL N ~Y
DSiP library \©/NH
1-BDC: 0.32
MW: 239.28 Da
Fragment 17
NUDT5A-x0299 /
e
5QJM ARG-51 N~ N
DSiP library
YN\
1-BDC: 0.41
MW: 205.27 Da
Fragment 18 -
NUDT5A-x031 -
x0319 O/\(
5QJN K/N N
DSiP library \(/ />’
=N
1-BDC: 0.28
MW: 213.30 Da
Fragment 19
NUDT5A-x0320 o N=N
5QJ0 T
DSiP library H
L.BDC: 0.37 MW: 169.19 Da
Fragment 20
NUDT5A-x0333 HN
5QJP LN N
DSiP library \(—»/
1-BDC: 0.31 MW: 198.29 Da
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Fragment 21
NUDT5A-x0339
5QJQ
DSiP library

1-BDC: 0.36

N _N
’ —
T
o N=y
MW: 205.27 Da

Fragment 22
NUDT5A-x0392
5QJR
DSiP library

1-BDC: 0.3

Fragment 23
NUDT5A-x0403
5QJS
DSiP library

1-BDC: 0.24 MW: 248.30 Da
Fragment 24
NUDT5A-x0412 o]
5QJT N
DSiP library \%fj\H
1-BDC: 0.31 MW: 156.20 Da

Fragment 25
NUDT5A-x0463
5QJU
DSiP library

1-BDC: 0.36 MW: 199.64 Da
Fragment 26
NUDT5A-x0469 | ~N
5QJV ~ /)\ e
DSiP library © N H
1-BDC: 0.34 MW: 139.16 Da
Fragment 27
NUDT5A-x0525 j\
5QJW /0 (\N NH,
DSiP library Q\H/N\)
(0]
1-BDC: 0.25 MW: 223.23 Da
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Fragment 28
NUDT5A-x0552

5QJY N L0
DSiP library 4 N7
°
1-BDC: 0.23 MW: 203.26 Da
Fragment 29 NH;
NUDT5A-x0553 :
5QJZ N
DSiP library L
N
1-BDC: 0.23
MW: 199.26 Da
Fragment 30
NUDT5A-x0554 NH;
5QKO0
X
DSiP library | N
NH
1-BDC: 0.51 MW: 187.25 Da
Fragment 31
NUDT5A-x0574 N-—
()
5QK1 ﬂ_ TN
DSiP library N H
MW: 152.18 Da
1-BDC: 0.28
Fragment 32
NUDT5A-x0600 Z\
M
5QK2 \N N
DSiP library H
MW: 109.13 Da
1-BDC: 0.39
Fragment 33
~ -N
NUDT5A-x0605 O HN7I
5QK3 )J\N/‘%)\
DSiP library H
MW: 139.16 Da

1-BDC: 0.28

Fragment 34
NUDT5A-x0627
5QK4
DSiP library

1-BDC: 0.25

MW: 199.25 Da
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Fragment 35

N<

NUDT5A-x0637 = IN
5QK5 XN
DSiP library H
MW: 137.19 Da
1-BDC: 0.32
Fragment 36 o
NUDT5A-x0651
5QK6 NHy
DSiP library E
MW: 153.16 Da

1-BDC: 0.32

Fragment 37
NUDT5A-x0673
5QKT7
DSiP library

NS N
L -
N O

1-BDC: 0.41 MW: 210.62 Da
Fragment 38
NUDT5A-x0681 Nen o
SQKS ——N\)\/N\/
DSiP library
MW: 140.19 Da
1-BDC: 0.16
Fragment 39
NUDT5A-x0685 o7 o

5QK9
DSiP library

O
-~ I}IH
_N

1-BDC: 0.32 MW: 206.20 Da
Fragment 40 O
NUDT5A-x0692
H,N
5QKA _ N—
DSiP library HN N
1-BDC: 0.36
MW: 208.27 Da

Fragment 41
NUDT5A-x0122
5QJ5
DSiP library

1-BDC: 0.21

~

| Asp-133

MW: 213.24 Da
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Fragment 42
NUDT5A-x0526
5QJX
DSiP library

1-BDC: 0.35

OO
o _F
Ej T

MW: 205.11 Da
Fragment 43 O//
NUDT5A-x0125
5Q76 N0
DSiP library HO'QM oL
g
(0]
1-BDC: 0.1
MW: 239.23 Da
Fragment 10
NUDT5A-x0210 N
| A\
5QJF AN HJ\ —~
DSiP library Z
1-BDC: 0.18 MW: 248.30 Da
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A.1.7. NUDT5 “F NMR fragment hits confirmed by X-ray

crystallography.
Fragment binding site Data set # Structural data: Structural data: Chemical
PDB ID 2F,-F. map event map structure
GB-0804 .
NUDT5A-x1072 HoN. N F
2
5QTL \“/ B F
YEF BIONET N~
library
MW: 163.10 Da
1-BDC: 0.32
FS-2639
NUDT5A-x1078 F N\W
5QTM NH
YEF BIONET
library o)
MW: 164.14 Da
1-BDC: 0.28
SS-4432
NUDT5A-x1083 Ng H
YF BIONET F =
library
MW: 136.13 Da
1-BDC: 0.38
SN 1R-0641 . F
it NUDT5A-x1093 1
""l:xé‘" ¢ 5QTO N/ N
TN “F BIONET NT P
library e NE
F
1-BDC: 0.26 MW: 237.13 Da
AE-0227
NUDT5A-x1211 N Cl
N
5QTP SN
9F BIONET N \/)
library
P
1-BDC: 0.3 MW: 245.59 Da
FS-1169
NUDT5A-x1212 ﬁN\
50TQ N~
YEF BIONET
library OH F
1-BDC: 0.42 MW: 164.14 Da
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FS-3764
NUDT5A-x1213
5QTR
YF BIONET
library

1-BDC: 0.42

8J-537S
NUDT5A-x1214
5QTS
YEF BIONET
library

1-BDC: 0.22

MW: 224.20 Da
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A.1.8. Interaction analysis of protein-fragment complexes using
PLIP.

XChem screening

YF screening followed by

crystallographic conformation

Interactions | Binding protein residue  location  interaction | protein residue location  interaction
site (atom) type (atom) type
Hydrogen A Trp28 (N) side chain  acceptor
bonds A Tyr36 (O) side chain donor
A Thr45 (O) side chain  acceptor
A Glu47 (N) backbone donor Glud7 (N) backbone donor
A Glud7 (O) backbone  acceptor Glud7 (O) backbone  acceptor
A Argsl (N) side chain donor Argsl (N) side chain  acceptor
A Aspl64 (O) backbone  acceptor
B Aspl133 (O) side chain  acceptor
B Ser137 (O) side chain donor
C Lys14 (N) backbone donor
C GInl5 (N) side chain donor
C Tyr90 (O) side chain donor
D GIn169 (N) side chain donor
D Lys205 (N) side chain donor
D Lys205 (N) side chain  acceptor
E Glud7 (O) side chain donor
E Serl72 (N) backbone donor
Halogen A Trp28 (O) backbone acceptor
bonds A Thr45 (O) backbone  acceptor Thr45 (O) backbone  acceptor
A Glud7 (O) backbone  acceptor
A Argh1 (N) side chain donor
A Glu135 (O) backbone  acceptor
-1 A Trp28 side chain - Trp28 side chain -
stacking A Trp46 side chain - Trp46 side chain -
n-cation A Trp28 side chain -
stacking A Trp46 side chain - Trp46 side chain -
D His206 sidechain -
Salt C Lys14 side chain -
bridges
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Water
bridges

o s e = - = . S s

Trp28 (N)
Trp28 (O)
Trp28 (N)
Tyr36 (O)
Tyr36 (O)
Arg44 (N)
Thr45 (O)
Thr45 (O)
Thr45 (N)
Thr46 (N)
Glu4d7 (O)
Arg5s1 (N)
Leu9s (N)
Gly135 (O)
Glu166 (0)
Asp133 (0O)
Lys175 (N)

side chain
backbone
side chain
side chain
side chain
side chain
side chain
side chain
backbone
side chain
backbone
side chain
backbone
backbone
side chain
side chain

side chain

donor
acceptor
acceptor
acceptor
donor
donor
acceptor
donor
donor
acceptor
acceptor
donor
donor
acceptor
donor
donor

donor

Arg51 (N)

side chain

donor
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A.2. Appendix for chapter 5

A.2.1. Subset of NUDT5 XChem fragments for ranking by NMR.

Fragment # Chemical structure Fragment # Chemical structure
Data set # MW Data set # MW
PDB ID PDB ID
Fragment 1 o) -N Fragment 10 o N-N
W | >\/\
0 N/l%/N ‘ NS N/k
NUDT5A-x0114 H NUDT5A-x0210 P> H
5QJ4 5QJF
MW: 213.26 Da MW: 248.30 Da
Fragment 2 Fragment 11 Q

NUDT5A-x0131
5QJ7

Nep

MW: 248.28 Da

NUDT5A-x0235
5QIG

’ O)’ko/
N N
Ty

MW: 242.32 Da

Fragment 3

NUDT5A-x0158

fsaed

Fragment 12

NUDT5A-x0244

O
N N
J , H/Y
o-N (0]

5QJ8 5QJH
MW: 240.25 Da MW: 198.18 Da
Fragment 5 O Fragment 13 o
N N 07N
NUDT5A-x0171 | —< f Q NUDT5A-x0251 N= ’El’«
5QJA 5QJ1 *(
MW: 210.30 Da MW: 225.27 Da
Fragment 7 o} Fragment 14 o H o}
v _N
HN/ykN& /\ \/ o/
NUDT5A-x0177 Y =N H NUDT5A-x0256 \
5QJC N 5QJ]
MW: 140.15 Da MW: 229.25 Da
N N/
Fragment 9 o Fragment 16 ﬁ RN
NUDT5A-x0197 SN =\ \ NUDT5A-x0286 NH
5QIE 5QIL \©/

MW: 230.27 Da

MW: 239.28 Da
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Fragment 19

NUDT5A-x0320
5QJO

MW: 169.19 Da

Fragment 27

NUDT5A-x0525
5QIW

/ (0]

N" 'NH
S

o)

MW: 223.23 Da

Fragment 20

NUDT5A-x0333
5QJP

HN/\
LNYT'?/

MW: 198.29 Da

Fragment 28

NUDT5A-x0552
5QJY

HN
N L0
yNT

MW: 203.26 Da

Fragment 21

NUDT5A-x0339
5QI1Q

Fragment 30

NUDT5A-x0554
5QK0

NH,

NH

MW: 187.25 Da

Fragment 23

NUDT5A-x0403
5QJS

MW: 248.30 Da

Fragment 31

NUDT5A-x0574
5QK1

N—N
ol

MW: 152.18 Da

Fragment 24

NUDT5A-x0412
5QJT

O
o
N

MW: 156.20 Da

Fragment 33

NUDT5A-x0605
5QK3

O HN-N
)J\N/@\

H

MW: 139.16 Da

Fragment 25

NUDT5A-x0463
5QJU

O
N
)\(/| NH;

N
X

MW: 199.64 Da

Fragment 35

NUDT5A-x0637
5QK5

MW: 137.19 Da

Fragment 26

NUDT5A-x0469
5QJV

®
\O N/)\”/

MW: 139.16 Da

Fragment 36

NUDT5A-x0651
5QK6

NH,

F
MW: 153.16 Da
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Fragment 37

NUDT5A-x0673
5QK7

NSO N
L TN
N (6]

MW: 210.62 Da

Fragment 40

NUDT5A-x0692
5QKA

Fragment 41

NUDT5A-x0122
5Q715

Su e

N" N
H H

MW: 213.24 Da

Fragment 42

NUDT5A-x0526
5QJX

MW: 205.11 Da
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A.2.2. Ty, ranking of NUDT5 XChem fragments.

Rank Fragment Chemical structure Tirmo effect LDSC [mM]
PDB ID MW ligand: protein 3 %
(@]
1 Fragment 36 /@:LLNHZ 10.5 250
5QK6 .
MW: 153.16 Da
(0]
2 Fragment 24 — j)LN/ 9.1 100
\ | H
5QJT \
MW: 156.20 Da
SN
3 Fragment 26 e 7.3 50
5QIV o NN
MW: 139.16 Da
(0]
4 Fragment 7 HN/E)LN/\ 7.2 250
5QJC Len A
MW: 140.15 Da
NH,
5 Fragment 30 7.1 100
5QK0 | N
NH
MW: 187.25 Da
6 Fragment 41 g | L 6.9 50
5QJ5 N N
MW: 213.24 Da
N.
Z N
7 Fragment 35 ~ | 6.8 50
5QK5 N
MW: 137.19 Da
AN J<O
(0]
8 Fragment 13 N= ,E'\ 6.4 100
5QIT \(
MW: 225.27 Da
N—N
9 Fragment 31 QW/«NB 6.0 100
5QK1 \ N H
MW: 152.18 Da
o n=N
10 Fragment 19 )% N— 5.7 100
N N
5QJO H
MW: 169.19 Da

210




A. Appendix

o
11 Fragment 27 /=0 ﬁNXNHZ 5.6 100
5QIW %NJ
o}
MW: 223.23 Da
(0]
12 Fragment 25 )\(/N NH, 5.5 50
5QJU N ]
Cl
MW: 199.64 Da
HN \
Fragment 28 NS 2
13 N 5.3 250
5QJY T
MW: 203.26 Da
(0]
o H
14 Fragment 14 “ N o~ 5.3 500
5QJJ )
MW: 229.25 Da
O HN-N
\
15 Fragment 33 NN\ 5.3 100
5QK3 H
MW: 139.16 Da
o}
16 Fragment 2 /0 hN% 4.8 50
5QJ7 AN
0
MW: 248.28 Da
o]
17 Fragment 12 \(/\:HLHWO\ 14 250
5QJH o-N o]
MW: 198.18 Da
o}
18 Fragment 9 @AN = 4.2 500
N
5QJE Sy | ”AE;’ N
MW: 230.27 Da
O
19 Fragment 5 N 4.2 50
N
5QIA — ] i
MW: 210.30 Da
/NYN
Nl
20 Fragment 21 N 3.8 50
5QJQ SN~

MW: 205.27 Da
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O 0O
21 Fragment 42 3.5 250
(0] F
5QJX XF
F
MW: 205.11 Da
HN
22 Fragment 20 ON N 3.4 50
5QJP \(_K?/
MW: 198.29 Da
(0]
23 Fragment 3 K\NJKCEF 3.2 500
5QJ8 N i
MW: 240.25 Da
24 Fragment 40 3.0 250
5QKA
MW: 208.27 Da
o
25 Fragment 11 OAO/
5QJG N 2.2 100

Ty

MW: 242.32 Da
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No correlation between LDSC and T1r ranking

°
°
H o °
g ! ° °
°
: : .
o [ )
. °
[ )
T T T T T T T T T 1
50 100 150 200 250 300 350 400 450 500

Lowest detectable crystallographic soaking concentration LDSC [mM]

Figure A.10. No correlation between LDSC and T;,. Each dot represents a fragment
hit.
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A.3. Appendix for chapter 6

Compound Linker MW [g/mol]
O
FU031 R1\NJ\N/\R2 255.3
H
? H
FU032 Riy AL N. 228.3
N~ N7 R,
H H
(0]
FU033 Ry Re 226.3
H
FU034 i 212.3
R1\)J\N,R2 ’
H
H
FU035 Ri<_N. 184.3
Ry
? H
FU036 R1)J\N’N\H/R2 241.3
H O

O
FU037 R1)\HJ\/;\R2 272.4

Figure A.11. Variation of linkers to substitute the urea core of fragment 41.
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