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RESUME

Au cours des derniéres décennies, il y a eu un intérét croissant pour les approches de découverte
de pistes basées sur des fragments (FBLD, fragment-based lead discovery). En raison de leur
faible poids moléculaire et de leur complexité, les fragments peuvent sonder une plus grande
partie de I'espace chimique, ce qui nécessite donc des chimiothéques beaucoup plus petites, ce
qui rend le FBLD beaucoup plus accessible aux petites institutions. Les approches par fragments
sont également de plus en plus utilisées contre des cibles difficiles ou les poches de liaison moins

traitables ne peuvent pas toujours étre sondées avec les méthodes classiques.

Cependant, la détection de fragments possédant de faibles affinités de liaison nécessite
fréquemment des concentrations élevées de ligand, ce qui peut augmenter les risques d'artefacts
dus a l'auto-agrégation. Nous avons donc validé I'utilisation d’'une expérience T2-CPMG de
résonance magnétique nucléaire (RMN) comme outil de détection d'agrégation. La méthode est
versatile et se préte a un haut débit permettant la surveillance du comportement des composés

en paralléle au criblage.

Un autre défi dans la découverte de médicaments est de hiérarchiser I'affinité des composés
testés afin de guider I'optimisation chimique de ces composés. La RMN est frequemment utilisée
pour I'évaluation de la liaison, car elle est sensible aux événements de liaison de faibles affinités.
Cependant, les méthodes RMN standard pour la détermination de constantes d’affinités
nécessitent |'utilisation de plusieurs points de titrage, ce qui rend ces approches moins pratiques
en contexte d’optimisation chimique. Pour relever ce défi, nous avons développé une plateforme
« RMN pour la RSA » (relation structure-activité) qui repose en grande partie sur des méthodes
de RMN basés sur la détection de ligand qui contournent le besoin d'utiliser des concentrations
élevées de ligand pour détecter de faibles liaisons intermoléculaires. Des scores de liaison sont
extraits des données acquises utilisant des points de concentration uniques (plutét que des
titrages), ce qui permet un classement en fonction des affinités de liaison relatives et ainsi guider
les efforts de chimie médicinale. Le comportement des composés en solution, de méme que la
protéine sont aussi soigneusement surveillés en paralléle. Nous démontrons notre plate-forme
RMN pour la RSA avec la cible protéique oncogéne HRas comme une preuve de concept dans
laquelle des ligands de qualité d’affinités de l'ordre du micromolaire / nanomolaire ont été

développés a partir d’'un fragment d'environ 10 millimolaire.



La détection de ligands par RMN du fluor ("°F), en particulier des ligands de faibles affinités, peut
nécessiter des interprétations de changements mineurs dans les déplacements chimiques. Ainsi,
le référencement du déplacement chimique est essentiel pour linterprétations de tels
changements. Malheureusement, aucune ligne directrice n'existe quant au choix des références
chimiques internes en conditions aqueuses. Dix composés candidats potentiels pouvant servir de
références chimiques RMN '"F ont donc été évalués. Plusieurs paramétres ont été
systématiquement évalués afin de déterminer la pertinence de ces candidats pour des fins de
criblage par RMN "'°F. |l a été conclu qu'il n'y avait pas de candidat idéal parmi les molécules

testées, mais cinqg composés pourraient tout de méme convenir au criblage par RMN.

On a longtemps supposé que les faibles puissances des fragments les rendraient incompatibles
avec le criblage cellulaire. Néanmoins, l'utilisation de chimiothéques de fragments pourraient
présenter plusieurs avantages en contexte de criblage phénotypique. Nous avons donc appliqué
une approche phénotypique de découverte de pistes basée sur des fragments (FPLD, fragment-
based phenotypic lead discovery) contre divers modéles de maladies tels que des parasites, des
bactéries et des virus afin de déterminer si cela aboutit 8 une identification fructueuse de
composés touches. Des tendances RSA préliminaires ont été observées, soutenant l'idée que
les effets ne sont pas simplement dus a la promiscuité et que le FPLD représente une approche
intéressante pour lancer des projets de découverte de médicaments, en particulier pour les

maladies plus complexes qui ne possédent pas de cibles moléculaires bien validées.

Mots-clés : Découverte de médicaments, auto-agrégation de composeés, criblage par fragment,
résonance magnétique nucléaire, plateforme biophysique, Ras, référence de fluor, criblage

phénotypique, maladies infectieuses



ABSTRACT

Fragment-based lead discovery (FBLD) has gained in popularity over recent decades as a drug
discovery approach. Due to their lower molecular weight and complexity, fragments can probe
greater portion of chemical space and therefore necessitate significantly smaller libraries, making
it much more accessible to smaller institutions. Fragments approaches are also increasingly used
against difficult targets where less tractable binding pockets cannot always be probed with

classical methods.

However, detection of weaker affinity fragment binders frequently requires high ligand
concentrations which increases risks of artifacts due to compound self-aggregation. We therefore
validated the use of an nuclear magnetic resonance (NMR) T2-CPMG experiment to detect
compound aggregation. The method is versatile and amenable to high-throughput, allowing

monitoring of solution behavior in parallel to screening.

Another challenge in drug discovery is how to rank compound affinities to guide chemical
optimization of these compounds. NMR is frequently used for fragment screening, as it is sensitive
to weak affinity binding events. However, standard NMR methods for binding affinity
determination require the use several titration points which makes such approaches less practical
for chemical optimization. To address this challenge, we have developed an “NMR for SAR”
(structure-activity relationship) platform that is centered on ligand-detected NMR methods which
circumvent the need to use high ligand concentrations to detect weak binding. Binding scores are
extracted from single concentration points, allowing rank ordering of compounds according to
their relative binding affinities in order to guide medicinal chemistry efforts. Compound free-state
behavior, as well as the protein are surveyed in parallel. We demonstrate our NMR for SAR
platform with the oncogenic HRas protein as a proof of concept in which quality
micromolar/nanomolar binders were developed from an initial ~10 millimolar fragment screening
hit.

The detection of ligand binding by fluorine ("°F) NMR, especially those with weak affinities, can
require interpretations of minor changes in chemical shifts. Thus, chemical shift referencing is
critical for accurate measurements and interpretations. Unfortunately, no guidelines exist as to
the choice of internal chemical references in aqueous solutions. Ten potential candidate
compounds that could serve as 'F NMR chemical references were therefore evaluated. Multiple

parameters were systematically evaluated to monitor suitability of these candidates for 'F NMR



screening purposes. It was concluded that there was no ideal candidate, but five compounds were

identified that could be suitable for NMR screening.

It has long been assumed that the low potencies of fragments would make them incompatible
with cell-based screening. Nonetheless, the use of fragment libraries in phenotypic screening
context could hold several advantages. We therefore applied a fragment-based phenotypic lead
discovery (FPLD) approach against various disease models such as parasites, bacteria and
viruses in order to determine if this resulted in successful identification of hit compounds. Early
SAR trends were observed, supporting the idea that the effects are not simply due to promiscuity
and that FPLD represents an interesting approach, especially for more complex diseases that

often lack well-validated molecular targets.

Keywords : Drug discovery, compound self-aggregation, fragment screening, nuclear magnetic

resonance, Ras, fluorine reference, phenotypic screening, infectious diseases
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1 INTRODUCTION

With advancements in automation and recombinant technologies, recent drug discovery has
relied heavily on high-throughput screening (HTS) where large libraries of molecules (often
millions) are tested against disease targets. This approach aims at identifying large numbers of
relatively potent drug leads with binding affinities often ranging from the low micromolar to the
nanomolar range '. However, such large chemical libraries require significant resources to
acquire, maintain and use, which often limits the accessibility of HTS to larger organizations.
Moreover, this significant library size will often amount to very large numbers of hit molecules to
investigate. For example, a hit rate of 1% using a library of 1 million molecules will result in 10,000
hits to evaluate. Considering that HTS assays are often plagued with false-positives, a large
proportion of these hits can be artifactual #°. Therefore, confirming these hits can necessitate
considerable time and resources and the aforementioned artifacts often leads to low confirmation

rates 6.

Fragment-based lead discovery (FBLD) has been introduced a little over two decades ago and
instead relies on the use of low molecule weight compounds to identify binders to macromolecules
such as proteins, nucleic acids, etc. (for the sake of simplicity, these macromolecules will
henceforth be referred to as “proteins”). The early concept of FBLD originates from a 1981 paper
by Jencks where he introduced the theoretical notion that weak affinity small molecules
(fragments) could form good quality interactions and could be optimized to improve their binding
affinities ’. However, it took 15 years before the first real application (and success) of FBLD when

a team from Abbott implemented the pioneering method coined “SAR by NMR” (vide infra) 8.

There is no absolute definition as to what constitute a fragment but usually these molecules have
molecular weights that are below 300-350 Da. Guidelines have also been published as to what
properties increase the chances of finding good quality fragment hits. Analogous to Lipinski's Rule
of Five which provided guidelines for the development of orally bioavailable drugs ®'°, a team
from Astex Pharmaceuticals published “Rule of Three” guidelines for the design of fragment
libraries: number of hydrogen bond donors < 3, number of hydrogen bond acceptors < 3, ClogP
< 3, number of rotatable bonds < 3, polar surface area < 60) ''. Although, it must be highlighted
that these rules are guidelines rather than hard-set rules as some non-“Rule of Three” molecules

can also yield successful chemical matter 2.

Some calculations of the size of the chemical universe estimate that 10 molecules larger than

500 Da could exist '*'* and although it can be argued that a lot of these molecules may not



represent interesting starting points for drugs, the screening a library of 1 million molecules only
probes a minuscule proportion of this available chemical space. In contrast, the fragment chemical
universe is significantly smaller with one estimate of the chemical universe for molecules below
160 Da being about 14 million molecules '°. Therefore, screening a typical-sized fragment library
of only a couple hundred to thousand molecules covers considerably more chemical diversity
space than a standard HTS '6'7. This represents one of the main advantages of FBLD since
screening can be performed on relatively small libraries, several of which are commercially
available, making FBLD much more accessible to smaller institutions such as academia and
biotech companies, despite being also part of the toolbox of a lot of large pharmaceutical
companies '8, The smaller library sizes also means that a smaller quantity of hits would need to
be sorted through as compared to an HTS screen. For example, a 1% hit rate in a fragment-based
screen of 1000 compounds will result in 10 hit compounds, whereas a comparable hit rate from a
HTS on 1 million compounds would yield 10,000 hits. Fragment screening therefore provides a
significantly more manageable quantity of compounds to follow-up on, especially considering that
hits from HTS are often plagued with artifacts, as will be discussed in the next section.
Additionally, the lower complexity of these fragments is associated with higher hit rates 92°. This
is due to the fact that as molecular complexity increases, the probability of generating good
complementarity with the protein decreases 92!, This is illustrated in Figure 1.1, where although
the probability of measuring a binding event increases with the size of a ligand (green curve), this
binding tends to become less productive/specific as the molecule becomes larger. This is mostly
due to the fact that larger molecules will have more atoms that can interact with a protein, even if
these interactions are not efficient. On the other hand, too small of a ligand can also result in
unspecific interactions and there should therefore be an intermediate size range (Figure 1.1,

purple curve) where the probability of observing a “useful” event is larger.
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Figure 1.1 Relationship between the size of a ligand and its binding probability.

With increasing size of a ligand, the probability of measuring a binding event between a ligand and a protein
increases, as depicted in the green curve. However, the purple curve illustrates that the probability of a
“useful” binding event would be limited to a specific range of relatively intermediate molecular size, as
depicted by the bell-shaped curve. Adapted with permission from https://doi.org/10.1016/j.cbpa.2011.05.008.
Copyright 2011 Elsevier.

Along these lines, Figure 1.2 summarizes these aforementioned conceptual differences between
HTS and fragment hits. Whereas the molecular size of the average HTS hit is usually larger and
can therefore produce more interactions with the target (Figure 1.2, left-hand side), these
interactions are expected to be of lower efficiency whereas fragment hits would be expected to
exhibit weaker but more efficient interactions due to their smaller sizes (Figure 1.2, right-hand
side). The lower fragment complexity also means that molecules derived from FBLD tend to have
higher quality interactions which usually translates to better ligand efficiency (LE; binding energy
divided by the molecular weight or number of heavy atoms, although other types of LE measures
have been proposed) #>?°, a concept that helps focus on producing drug candidates that are
smaller in order to improve properties such as absorption, distribution, metabolism and excretion.
This is in line with observations that compounds of larger molecular weights and higher

lipophilicity have been associated with higher rates of attrition in the clinic 2°*.


https://doi.org/10.1016/j.cbpa.2011.05.008

HTS hit Fragment hit

Figure 1.2 Interactions of an HTS hit compared to a fragment hit.
HTS hits usually involve less efficient interaction with the protein target in comparison with fragment hits. HTS:
High-throughput screening. Reproduced with permission from https://doi.org/10.1021/bi3005126. Copyright
2012 American Chemical Society.

Regardless of the screening approach used, a molecule will usually need to be optimized by
chemical modification/elaboration to improve its affinity/potency in order to get to a point where a
drug candidate is obtained. This is illustrated in Figure 1.3 which shows the conceptual differences
between hits originating from HTS and FBLD efforts. While HTS hits tend to exhibit better potency
from the start, fragments are smaller and weaker binders which need to be elaborated to a greater
extent in order to significantly improve their potency in the hope of obtaining a drug candidate.
While this simplified depiction makes it appear as if HTS hits would already be closer to the “finish
line” due to their better potencies, in practice the less efficient binding interaction of these larger
molecules usually require these compounds to be “deconstructed” and regrown in order to
improve these interactions. Therefore, FBLD can be considered more of a linear approach as

compared to efforts originating from HTS which can be more bidirectional.
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Figure 1.3 Relationship between compound molecular weight and potency.

Depiction of the molecular optimization for fragment and HTS hits. Fragment hits need to be significantly
grown to improve their potency, but they usually exhibit greater ligand efficiency (LE) in comparison with HTS
hits that exhibit greater molecular weight and potency on average, at the expense of ligand efficiency.
Reproduced with permission from https://doi.org/10.1021/bi3005126. Copyright 2012 American Chemical

Society.

There are three main approaches for performing fragment elaboration: linking, merging or
growing.

As mentioned above, the first successful implementation of FBLD was coined “SAR by NMR” by
a team at Abbott to generate chemical leads against FK506 binding protein (FKBP) 8. The
approach they used is depicted in Figure 1.4 where they screened FKBP by 2D NMR and
identified a hit for a first binding site. This hit was optimized to molecule 2 with a Kp of 2 yM. They
then used 2 to saturate the first binding site in order to identify molecules that bound to a second
adjacent binding site. This second hit was then also optimized, resulting in compounds 9 with a
Ko of 100 uM. These two molecules were later linked together using various linkers and the
resulting molecules exhibited nanomolar affinities for FKBP. This “fragment linking” strategy has
had several successes as it relies on a concept that “the whole is greater than the sum of its part”

3132 such that the binding affinity of the final linked molecule is expected to be significantly greater


https://doi.org/10.1021/bi3005126

than what would be expected based on the Kp of the individual compounds before linkage.
However, there are significant challenges with this approach. For example, such approach
requires various synthetic strategies to generate a “linked” compound with the desired activities
as the linking process can alter the binding of the initial fragments 3'. Also, although linking can
improve potency, it often leads to larger and less ligand-efficient molecules and can lead to fewer

opportunities for optimization 3. Finally, fragment linking usually requires the presence of a
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Figure 1.4 Fragment linking strategy.
The first successful lead molecule originating from a fragment-based strategy (SAR by NMR) was developed
using a fragment linking strategy to target FK506 binding protein. Adapted with permission from
10.1126/science.274.5292.1531. Copyright 1996 AAAS.



Another fragment optimization strategy is called “fragment merging” and consists into the
incorporation of structural components based on the structural overlap of different fragments or
known ligands/substrates 3-°. Figure 1.5 illustrates an example of a fragment hit obtained from
a screen at Vernalis against the Heat shock protein 90. The hit scaffold was then combined with

the structure of an in-silico hit in order to produce a significantly more potent molecule °.
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Figure 1.5 Fragment merging strategy.
Example of a fragment merging strategy for a molecule binding the Heat shock protein 90. Adapted with

permission from dx.doi.org/10.1021/bi3005126. Copyright 2012 American Chemical Society.

The most common and usually straightforward optimization strategy is fragment growing (also
called evolution or elaboration) where an initial molecule is simply “grown” via chemical synthesis
in order to probe additional interactions with the protein and therefore increase its binding affinity
or potency. This approach however does not usually result in very large steps in affinity/potency,
but rather incremental gains via gradual chemical modifications. Figure 1.6 illustrates a case
example of a fragment (depicted in yellow) grown in the ATP-binding site of p38 mitogen-activated

protein kinase (growths are depicted in orange and red) #'.



Figure 1.6 Fragment growth strategy.
Surface representation of fragment growth strategy performed against p38 mitogen-activated protein kinase.
Reproduced with permissions from 10.1038/nrd1467. Copyright 2004 Nature.

Obviously, these fragment optimization approaches are not mutually exclusive and hybrid

strategies can be used.

Since its inception, a vast number of potent inhibitors against various targets were developed
using fragment-based drug design, with several having made their way into clinical trials "4243,
The B-Raf kinase inhibitor Vemurafenib became the first FDA-approved (Food and Drug
Administration) drug that emanated from FBLD “*45. There are also various examples of FBLD
successes against targets that proved to be difficult, or even failures by HTS approaches 3446-52,
One recent example of such success was the development of Venetoclax, a Bcl-2 inhibitor which
was granted a “breakthrough therapy” designation by the FDA for relapsed or refractory chronic



lymphoid leukemia with 17p deletion 3'53. Considering that FBLD is still a fairly young discipline
and the average delay of ~12-18 years between initial screens and drug approval, it is likely that
we will see more examples of drugs emanating from this approach in the future, especially given
the fact that almost all large pharmaceutical companies use FBLD as part of their drug discovery

workflows 1:54-56

Nevertheless, as with any drug discovery approach, the associated costs as well as the risks of
failure are considerable. As such, there is an ongoing need for improving the methods and
workflows in order to improve the outcomes. This thesis will therefore describe the implementation
of techniques and workflows to monitor compound self-aggregation, the implementation of an
NMR-centric platform to discover new drug seeds, guidelines for choice of fluorine NMR
references, as well as proof of concepts supporting the viability of combining fragment-based

approaches with phenotypic screening.

1.1 Monitoring Aggregation in Fragment-based Lead Discovery

Compound self-aggregation is condition-dependent and it has been observed that molecules will
adopt a spontaneous assembly into nano-entities above a certain concentration, the critical
aggregation concentration (CAC) 2%7:%8 a concept analogous to the critical micelle concentration
(CMC) concept used for surfactant molecules. Temperature and aqueous conditions (e.g. salt,
pH) also have an effect on the aggregation behaviors of molecules which increases the complexity

associated with monitoring or even predicting the phenomenon %-¢1,

Aggregation has been identified as the main cause of artifacts in early-stage drug screenings %
85 More specifically, they have been associated with false-positives in functional assays via non-
specific adsorption of the enzymes to the aggregate surface , and the binding affinity between
some proteins and colloids has been estimated to be in the picomolar range 7. This
phenomenon illustrated in Figure 1.7 has been reported to occur via local unfolding events of the
enzyme upon non-specific binding to the aggregates, which can result in a loss of enzymatic
activity "8, It is estimated that one aggregate can sequester up to 10,000 enzymes and it has
also been reported that some aggregates are able to inhibit membrane-bound proteins as well
5769 This phenomenon of protein adsorption to colloidal aggregates appears to be surprisingly
specific to proteins. Indeed, a study comparing fluorescently labeled DNA (single and double-
stranded) did not observe any evidence of adsorption of DNA to colloids 7°. Moreover, that same

paper also reported that peptide fragments resulted in significantly lower binding to colloids when



compared to full proteins. Conversely, while aggregates are usually associated with false-
positives in functional assays, some aggregates have been shown to result in false-negatives in
cell-based assays "2, It was reported that the efficacy of various anticancer drugs was greatly
diminished when tested at concentration where they aggregate ”*. This would be due to the large
size of these entities which restrict crossing of the compound through cell membranes and has
been associated with bell-shaped activity curves in cell-assays "2. Aggregates could also impact
downstream processes in the drug development. For example, aggregates of the calcium channel
blocker cilnidipine have been reported to inhibit several cytochrome P450 enzymes which can
impact drug metabolism evaluations and can have serious implications for potential drug-drug

interactions 3.
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Figure 1.7 Compounds aggregates can assemble into entities of various sizes.

Compound aggregates can sequester proteins via partial denaturation. This represents the main mechanism
explaining false-positives in biochemical screens. Adapted with permission from
https://www.nature.com/articles/s41557-019-0234-9. Copyright 2019 Nature.

Several aggregates can be disrupted upon addition of detergents 274, and this phenomenon is
often exploited in various assays which often include some detergents such as Triton X-100 and
polysorbate (Tween) 80 in order to mitigate artifacts emanating from the presence of aggregates
in the samples """®. However, even by including detergents in screening buffers, there are still
significant risks of obtaining artifactual data due to the presence of some aggregates that can
remain resistant to the presence of detergent. Moreover, additional artifacts can emerge due to
the presence of detergent such as the interaction of non-aggregating compounds with the

detergent which could reduce the amount of freely available compound in solution, or the possible
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occlusion/alteration of the binding pockets of a protein due the presence of these detergents

which could prevent binding of some ligands.

111 Implementing a T2-CPMG NMR Experiment as a Method to Detect
Aggregation

Various strategies have been reported to detect aggregates, the most frequently used one being
dynamic light scattering (DLS) since it can provide information regarding to the particle sizes at
relatively low concentrations 6276, However, DLS has various limitations in terms of sample
conditions. For example, it can have difficulty resolving polydisperse samples (e.g. various types
of aggregate species, presence of precipitation, etc.) 8. Moreover, compound concentration
needs to be optimized and a serial dilution could be needed to determine the optimal
concentration °, which could have an impact on the properties (e.g. size, distribution) of the
observed aggregate species since aggregation is concentration-dependent. Colored/fluorescent
samples can also be problematic for DLS and the quality of measurements can also be greatly

affected by presence of contaminant such as dust particles 881,

Transmission electron microscopy (TEM) is also a relatively common technique used to detect
aggregation #8, Some advantages of TEM include being amenable to samples containing
various species of aggregates and being essentially the only techniques allowing a direct, high-
resolution visualization of the particles. However, this technique is low throughput and usually
requires negative staining as well as dehydration of the sample, which may alter the properties of

the aggregate particles.

While useful, one common limitation of both these techniques is that they are sensitive to larger
aggregate states. Figure 1.8 illustrates an NMR dilution assay that was previously reported where
aggregation is monitored based on abnormal characteristics of the spectra such as changes in
chemical shift or peak shapes/number on the NMR spectra of a compound upon dilution 885,
Changes in chemical shift would suggest changes in the local environment around the molecule
and changes in peak shape would be due to changes in the tumbling rate (size) of a species with
a larger entity being expected to exhibit broader peak shapes. Abnormal compound behavior from

this dilution assay was found to be highly correlated with promiscuity in off-target assays.
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Figure 1.8 NMR dilution assay.

Depiction of the NMR dilution assay for a non-aggregating molecule (A) and an aggregator (B). Upon dilution
of a non-aggregator, only changes in signal intensities are expected due to differences in concentrations.
However, in the case of an aggregator, changes in the number of peaks, their shapes and chemical shift can
be observed. Adapted with permission from dx.doi.org/10.1021/jm400535b. Copyright 2013 American Chemical
Society.

While useful to characterize compound behavior, this dilution assay can be less amenable in a
high-throughput setting as it requires the preparation and acquisition of several samples at
different compound concentration. There is therefore still a need to develop new methods and
strategies that can integrate in a higher-throughput workflow in order to improve understanding

and monitoring of compound aggregates.

Relaxation is usually a very sensitive indicator of intermolecular interaction, which is why it has
often been used to detect binding between ligand and proteins by NMR 8¢87_ Transverse relaxation
(T2 or spin-spin relaxation) has been exploited to study various biological phenomena such as
protein dynamics and ligand/receptor interaction 8. The concept of T2 relaxation is illustrated
in Figure 1.9 where at the equilibrium state (A) nuclear spins (depicted by the red arrow) are

aligned along the magnetic field in the z axis where they precess randomly. At this equilibrium
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state, no signal is detected by the instrument. When a 90° radiofrequency pulse is applied to the
sample, these spins become phase-coherent and the net magnetization (green arrow) is then
aligned with the x-y plane (B), which allows detection of signal by the instrument. Over time, this
coherence will be lost and the net magnetization will diminish, resulting in a gradual loss of signal
(C-E). The depiction in Figure 1.9 is oversimplified as it does not include the use of 180° pulses
which define the T2-CPMG delay times (delay = (number of echoes/repetition of the 180° pulse *
(time before 180° pulse + time after pulse) = n(t + t)). These refocusing 180° pulses are performed
after the initial 90° pulse to remove contributions of magnetic field inhomogeneities on the
decoherence, so that most of the decoherence is due to transverse relaxation.

Time

b~k

Net magnetization (Mxy)

Figure 1.9 Influence of T2 on net magnetization.

Loss of coherence and associated relaxation of magnetization vectors are depicted. Before application of a
radiofrequency pulse, the net orientation of the bulk magnetization in the sample is aligned with the magnetic
field in the z-axis, which does not result in any magnetization detectable in the x-y-plane, as depicted in A.
After a 90° pulse, the magnetization is rotated in the x-y-plane (as depicted in B) which results in detection of
signal in the NMR coil. With time, this magnetization loses its phase coherence due to relaxation which results
in a decrease in the net magnetization in the x-y-plane depicted in green. This loss of coherence therefore
results in a gradual loss of detectable signal. The figure is oversimplified as in a T2-CPMG experiment, a 180°
pulse would be used to refocus the loss of coherence to control for the contribution from magnetic field
inhomogeneities on the decoherence, so that most of the remaining decoherence is due to spin-spin
relaxation. This 180° pulse would normally be applied after a brief period that would fall within the C-D
timeframe depicted above. Application of multiple 180° (echoes) is what defines the T2-CPMG delay times.
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One interesting property of the transverse relaxation is that there is a close-to-linear relationship
between correlation time/molecular tumbling (i.e. molecular size) and T2, as illustrated in Figure
1.10. Therefore, T2 should be a sensitive parameter for the monitoring of compound aggregation

due to changes in molecular tumbling.
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Figure 1.10 Relationship between T2 and correlation time.
Transverse relaxation (T2) exhibits a close-to-linear relationship with the correlation time of a molecule. This
correlation time is dependent of sample viscosity and molecular size. Figure adapted with permission from
https://doi.org/10.1103/PhysRev.73.679.

Moreover, T2 is also sensitive to chemical exchanges. Therefore, if a small species such as a
monomeric compound is exchanging with a larger aggregate present in solution, this exchange
should have an influence on the T2 of this compound. Figure 1.11 illustrates how the T2 could
report on molecular size (top left), or chemical exchange (top right), with an example of a resulting
signal decay (bottom) that could be expected. In reality, contribution from size or chemical

exchanges are not mutually exclusive and both can influence the observed T2 of a molecule.
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Figure 1.11 T2 to monitor molecular size and chemical exchange.
T2 relaxation can report on molecular size directly via changes in tumbling (top left), or indirectly via chemical
exchange between states such as a lone-tumbling small molecule and a larger entity (aggregate or protein
receptor). Both size and chemical exchange can contribute to the experimentally observed T2 relaxation and
a depiction of the resulting T2-CPMG signal decay over time is illustrated in the bottom box where the lone
molecule would be expected to result in a longer relaxation time, as depicted in blue. Conversely, presence of
a larger entity would be expected to result in a faster decay of signal over time, such as in the one observed

for the red signal decay profile.

The goal of this project was therefore to validate the use of a T2-CPMG experiment in order to

monitor compound aggregation.

1.1.2 Integrating Multiple Assays Into a Practical Protocol to Monitor Nano-
entities

As aforementioned, the various available techniques to monitor aggregation all possess some

advantages and limitations. Moreover, these various limitations are not necessarily understood
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by everyone involved in drug discovery projects. Therefore, integrating these techniques in a
practical workflow that exploits their strength and mitigate their weaknesses should provide a
better overall picture of the solution behavior of studied compounds and provide guidance to drug
discovery scientists. The goal of this publication was to establish such a protocol to provide a
guideline as to what experiments can be performed, in what order, and provide insight as to the

interpretation of the data emanating from these various techniques.

1.2 Validating an NMR-centric Platform to Generate New Chemical Matter

Several biophysical methods have been applied to FBLD, such as NMR 8% surface plasmon
resonance (SPR) °'92 X-ray crystallography %%, isothermal titration calorimetry (ITC) ,
differential scanning fluorometry °, and more recently microscale thermophoresis (MST) ¥7. As
mentioned above, NMR was the first method to be successfully applied to fragment screening
and is to this day still widely used due to its sensitivity to weak binding affinities and its versatility.
Indeed, NMR is one of the only techniques that is both label- and immobilization-free, while also

providing information on the compound, the protein, and even buffer/solvent impurities.

1.2.1 Protein-observed NMR

Initial SAR by NMR approaches used isotopically labeled (**N) protein to identify hits that cause
chemical shift perturbations (CSP) on 2D "H-""N HSQC spectra 8. These CSPs can be used to
extract binding affinity of the molecules by fitting these CSPs with a titration the molecule against
the protein as depicted in figure 1.12 (left-hand side). If the protein residues assignments are
known, these CSPs can be used to map the binding site of the molecule based on a 3D structure
of the protein based on the principle that residues showing significant perturbations should be in
close interaction with the molecule. However, ligand binding to the protein can also induce
changes further away from the binding site due to allosteric effects or changes in protein
conformation so care must be taken when interpreting such data. Oftentimes, most CSPs will be
clustered around the same area (as depicted in figure 1.12, right-hand side), which increases
confidence about the binding site determination while a random distribution (or absence) of CSPs
would be suggestive of nonspecific binding. In the absence of structural binding information (such
as a co-crystallized ligand/protein complex), this mapping of the binding site, can be used to
restrict docking efforts to the identified pocket in order to help generate medicinal chemistry

hypotheses .
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Figure 1.12 Protein chemical shift perturbations.
Chemical shift perturbation of isotopically labeled protein can be used to determine binding affinity from
titration of compound (left-hand side). If a 3D structure as well as spectra assignments are available, then these
perturbations can also be mapped onto the structure to infer binding site information (right-hand side).
Adapted with permission from 10.3390/molecules21070854.

Additionally, the CSP profile upon titration of a molecule can also provide useful information as to
the stoichiometry of binding. For examples, on the left-hand side of Figure 1.13, a linear CSP
profile is observed which would be consistent with a 1:1 binding mode, whereas the profile on the

right-hand side would suggest non-stoichiometric binding (i.e. multiple binding sites).

unique binding site multiple binding sites

15N 15N

I1HI IH

Figure 1.13 Chemical shift perturbations provide insight as to the stoichiometry of binding.
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Depicted are protein-observed 2D NMR experiments under fast exchange regime. Titration of a ligand can
provide information as to the stoichiometry of binding. On the left-hand spectra, linear changes in chemical
shift perturbations are observed which is indicative of a unique binding site. On the right-hand spectra, titration
of the ligand results in non-linear changes on the protein resonances, which is indicative of multiple binding
sites. Adapted with permission from 10.1002/0471140864.ps1718s81. Copyright 2015 John Wiley & Sons, Inc.

Although this approach is very robust as it can be used to assess binding specificity and
stoichiometry, some of its main limitations are the very large quantities of isotopically labeled
protein that are required (several hundred milligrams may be required for a screen), as well as
the usually longer acquisition times needed for these experiments %. Moreover, such typical
labeling scheme (e.g. N, 3C) are usually limited to protein sizes smaller than ~40 kDa due to
the increasing loss of signal intensities caused by fast relaxation with increasing protein size.
Several methods can be employed to expand this protein size limitation. The most commonly
used methods to study larger systems combine labeling strategy and perdeuteration with the use
of TROSY (transverse relaxation optimized spectroscopy) experiments '®. *C-methyl labeling of
residues such as isoleucine, leucine as well as valine (ILV labeling) is also relatively frequently
used "', Several other techniques can be adopted and development of new labeling strategies
with or without new associated NMR techniques is a very active field of research. However, the
use of more “complex” strategies is generally associated with increasing costs of reagents as well
as significant decreases in expression yields. Analysis can also become quite time-consuming
with several of these strategies which can hinder their use for routine screening purposes. These
limitations probably explain why NMR is often used as a secondary assay for validating hits from

other methods such as HTS rather than for primary screening 3192-104,

1.2.2 Ligand-observed NMR

A parallel NMR approach is the monitoring of the ligand instead of the protein. As illustrated in
Figure 1.14, there are various properties that can be monitored to detect binding between a small
molecule and a protein target. Upon interacting with the protein, a ligand will inherit some of the
properties from the protein and these changes in properties will be detected by specific

experiments.
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Figure 1.14 Various NMR parameters can report on ligand binding to a protein.
Summary of the NMR parameters that can be used to report on ligand-protein interactions. Upon interaction
with a larger macromolecule such as a protein, the small molecule adopts certain properties from the protein
which can then be measured using appropriate experiments. Adapted with permission from
10.2174/156802611793611887.

For example, a change in tumbling can result in broadening of the ligand peak which is exemplified
in Figure 1.15 where the spectra of the free compounds (a binder and a non-binder) would both
be expected to exhibit sharp resonances. However, upon addition of the protein to the
compounds, the tumbling of the binder (depicted in red) would slow down due to its interaction
with the larger protein, resulting in a broadening of its resonance, as depicted in the lower
spectrum. The spectrum of the blue non-binder in this example will not have exhibited any

significant change upon addition of the protein.
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Figure 1.15 Depiction of a stereotypical binder monitored by traditional 1D NMR experiments.
lllustration of the difference in broadening/peak intensity that can be observed for a binder (red molecule) in
presence of its target protein. In contrast, a non-binder (depicted in blue) would not exhibit any change on its

spectrum in presence of the protein. Copyright 2011 Bentham Science.

While protein-observed methods usually require concentrations of tens to hundreds micromolar
of isotopically labeled protein, ligand-observed methods can be used with much lower amounts
of proteins (nM to low uM). This key difference is due to the concept of fraction of protein-bound
ligand (p», fb, Xb,) which is described by the following equation '%:
Dy = [P]r
([Llr + Kp)

where [P]r represents the total protein concentration, [L]r is the total ligand concentration and Kp
is the binding affinity of the complex. Therefore, for fixed Ko and protein values, increasing ligand
concentration actually decreases the fraction of protein-bound ligands. This is exemplified in
Figure 1.16 where the relationship between fraction bound (ps) (depicted on the Y axis) and total

ligand concentration (X axis) are simulated based on various Kp values at a fixed protein
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concentration. It becomes evident that as ligand concentration increases, py values decrease in

an asymptotic fashion.
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Figure 1.16 Relationship of protein-bound ligand and ligand concentration.

Depicted are simulations illustrating the fraction of protein-bound ligand (p») at varying ligand concentration
(Lt). The protein concentration (Et) used for the simulation was 5 uyM and curves were generated using four
different Kp values (100, 200, 500 and 1000 uM). A zoomed in depiction of the 1000 uM Kp curve is also visible.
Reproduced with permission from 10.1016/j.drudis.2009.07.013. Copyright 2009 Elsevier.

Therefore, in contrast to protein-observed NMR and most other screening techniques, weak
affinity ligands such as fragments do not need to be evaluated at very high concentrations. This
has several implications for ligand-based NMR approaches. Firstly, because the screening of
weak binders does not require the use of very high ligand concentrations, it reduces the risks of
artifacts such as aggregation which, as mentioned above, is a concentration-dependent
phenomenon. It also allows the use and development of screening libraries that include
compounds with relatively lower solubility limits (e.g. tens-hundreds micromolar) than what would
often be included in fragment libraries designed to be screened by other biophysical approaches.

Another major advantage is that with ligand-based NMR approaches, there is no theoretical limit
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as to the protein size that can be screened and the ligand-detected binding even tend to be greater
as the size of the protein increases since the tumbling rate of the ligand would consequently be

further affected from its interaction with a larger protein.

1.2.3 Fragment screening

Screening of fragments is frequently done as pools (mixtures) of compounds in order to increase
throughput. While screening fragment libraries as pools can also be done with most techniques,
ligand-detected NMR is one of the few that can directly monitor which molecule is binding within
a pool, which significantly helps reducing deconvolution time. Only the selected binders need to
be retested as singleton molecules in order to validate the observed binding. The choice of how
many compounds will be pooled together is often based on finding an equilibrium between
throughput and keeping potential artifacts to a minimum . For example, while pooling 100
compounds together might result in extremely fast screening capabilities, the potential problems
that could arise due to solubility issues and inter-compound interaction can make such an
approach prohibitive. Moreover, the effect that such a large quantity of compounds could have on
the protein needs to be taken into consideration. Due to their lower affinities, fragments would
often be tested in the hundreds of micromolar, or even low millimolar concentrations using more
classical approaches. Therefore, the total “chemical load” can get extremely high. For example,
using relatively small pool of 10 compounds which would be screened at 1 mM for each fragment,
then the total amount of compounds in solution would be 10 mM. Therefore, it is difficult to predict
if that chemical load could have an adverse impact on the protein being screened. On the other
hand, screening of pools using ligand-observed approaches allows the use of lower ligand

concentration, effectively reducing this total chemical load, further reducing risks of artifacts.

Another parameter that also comes into play is chemical compatibility since not all molecules can
be pooled together and therefore, too large pools of compounds can more easily result in
compounds interacting with each other . For ligand-observed NMR, one must also consider
that each molecule possesses chemical resonances that can overlap with the resonances of other
compounds in the same solution. Care must be therefore be taken in order to minimize that

spectral overlap in order to allow proper identification of binders within a pool.
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1.2.4 Fluorine NMR

While '"H NMR experiments have traditionally been used to monitor binding of compounds,
fluorine NMR screening has increased in popularity in the recent decades, in parallel with the
development of '®F-tuned cryogenic probes which lead to improved sensitivity along with the
optimization of pulse sequences %, There are many advantages to the use of '°F NMR to detect
binding. Firstly, fluorine being virtually absent from biology, this allows for a background-free
spectrum where only the fluorinated molecule is visible and the use of lower screening
concentrations in part due to the absence of any background from components such as the
protein. Moreover, some probes allow for the decoupling of 'H, resulting in a single sharp
resonance for each fluorine moiety, making data analysis even much simpler. The "°F nucleus is
also very sensitive to changes in electronic environments (i.e. interactions). Indeed, at magnetic
field traditionally used for screening, the transverse relaxation of the '°F spin is dominated by
chemical shift anisotropy (CSA) which makes it very sensitive to changes in tumbling upon
interaction with a protein '°°. Moreover, the large chemical shift dispersion of the fluorine nucleus
also contributes to its sensitivity to binding events as this will usually result in large difference in
chemical shift between the free and bound state of a molecule, consequently increasing the
associated broadening effect that can be observed. This large chemical shift distribution also
allows the NMR screening of cocktails containing more fragments than would usually be possible
by "H NMR. Indeed, some report the use of > 30 fragments per pool, although mixtures of 10-20
fragments are more typical %1191 An example of a '°F pool is depicted in Figure 1.17 which

shows the large chemical shift dispersion of a pool containing 15 fragments.
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Figure 1.17 Screening a pool of fragment by '°F NMR.
Example of a pool screened by '°F NMR. The top part illustrates 2 different screening experiments performed:
1D differential line broadening experiment, T2-CPMG experiment. The bottom part represents the °F 1D

spectrum of each 15 individual fragments for deconvolution purposes.

Despite all the aforementioned advantages, ligand-observed experiments are often used as a
qualitative “Yes/No” binding assessment, whether in an initial screen, or as an orthogonal method
to validate binding. Therefore, although ligand-observed NMR is frequently used for initial
screening or hit confirmation, it is seldom used as a primary method at the chemical optimization
steps where various chemical analogs are tested in order to establish SAR and improve
compound affinity. This optimization is usually performed using other techniques to extract binding

affinity values.

Therefore, one current challenge with NMR is the affinity ranking of compounds in order to guide
SAR efforts. Binding affinities usually require the use of titrations which can be challenging to do
by NMR in a routine fashion due to the relatively lower throughput of the method. Another
challenge that is not exclusive to NMR is that titrations of the ligand to determine Kp can be
hindered by the solubility limits of the compounds, especially when dealing with relatively weak
binding interaction where sufficient saturation often cannot be reached for robust Kp calculation.
Therefore, as described above, ligand-detected experiments can circumvent several of these

limitations.
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Although binding affinities represent a useful value to possess, it is not a strictly necessary one
and a project could very well move forward based on affinity ranking only (i.e. knowing which

compounds are better binders and which ones are worst).

A scoring system can therefore be implemented based on the ligand fractional occupancy
(fraction of bound ligand, py) described above. The goal of the current publication was therefore
to validate an NMR-centric platform where compounds would be scored based on their ligand-
detected binding effects at a single concentration to guide medicinal chemistry efforts. To do so,
the protein system HRas®'?V was used as a model system. A brief description of Ras is included

below.

1.2.5 HRas

Ras represents the most frequently mutated gene family in cancer. Ras proteins are involved in
the activation of many downstream pathways including mitogen-activated protein kinase (MAPK)
and phosphatidylinositol 3-kinase (PI3K) pathways that promote cell proliferation and survival
112113 As depicted in Figure 1.18, Ras proteins switch between two nucleotide states of GDP and
GTP which result in inactive and active states of the protein, respectively. Ras proteins exhibit
intrinsic nucleotide exchange and GTP hydrolysis, but these nucleotide states are mostly
regulated via activation by guanine nucleotide exchange factors (GEFs) which catalyzes the
exchange of GDP for GTP, and deactivation by GTPase-activating molecules (GAPs) which
promote hydrolysis of the GTP '3, Mutations of Ras result in the protein being predominantly in

the active state which in turn leads to oncogenic effects.

Efforts at drugging Ras have spanned over several decades without success, which has resulted
in the protein being considered as “undruggable”. This has been mostly attributed to the high
affinity of the catalytic pocket for native nucleotides (GTP/GDP), as well as the high intracellular
concentration of these nucleotides. Therefore, directly competing with GDP/GTP with a small-
molecule is unlikely to be successful and efforts have been especially focused on allosteric sites

and protein-protein interactions interfaces 4.
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Figure 1.18 Regulation of Ras nucleotide cycle.
Guanine exchange factors (GEF) proteins catalyse exchange of GDP for GTP, therefore bringing Ras into its
active state. GTPase activating proteins (GAP) on the other hand accelerate intrinsic hydrolysis of GTP into
GDP to bring back Ras into its inactive state. Reproduced with permission from
https://doi.org/10.4161/sgtp.1.1.12178.

The FDA has recently granted a Fast Track designation for AMG 510, a covalent inhibitor of
KRas®'?¢ developed by Amgen for non-small-cell lung cancer 5. This has revived interest in Ras
targeting and has provided a proof of concept that drugging Ras proteins is possible and can
result in therapeutic benefits. However, covalent binders such as AMG 510 are specific to G12C
mutant and so the question of whether other mutated forms of the protein can be successfully
drugged with non-covalent molecules remains to be determined. Therefore, there is still a need
to identify compounds that can modulate other Ras forms. This has proved very difficult to do in
absence of covalent molecules given the shallow binding pockets available on Ras protein
surface, which also can explain the lack of success in coming up with effective drugs. There have
been some recent successes from fragment-based screening approaches in identifying

compounds binding a pocket between the switch | and switch Il (SI/ll-pocket) in KRas %118, The



molecules identified can modulate Ras function via interference of the protein-protein interaction
with the guanine exchange factor SOS1 (Son of Sevenless 1) interaction and therefore, altering

Ras nucleotide exchange. Although these compounds represent useful probes, they have yet to
result in efficacious clinical candidates.
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Figure 1.19 Distribution of Ras isoforms across types of tumors.
Adapted from 10.1038/s41573-020-0068-6 with permission. Copyright 2020 Springer Nature.

HRas was historically the first Ras oncogene to be identified ''°. However, KRas is the isoform
which has received the most attention due to its greater involvement in various cancers. As
illustrated in Figure 1.19, HRas mutations are not as frequent as in KRas of even NRas, but they
are still associated with 5% of head and neck squamous cell carcinoma and 4% of bladder
cancers which are the sixth and fifth most common types of cancers, respectively 120121,

Therefore, HRas represent a small but significant niche for the treatment of these cancers for
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which there is still a need to come up with new treatments. We therefore decided to use the
HRas®'?V protein as a target to validate the aforementioned NMR platform. The G12V mutation
was chosen because G12 is one of the most frequently mutated residue in Ras, and G12V is the

most frequent G12 mutation in HRas 22,

1.3 Challenges Associated with Fluorine NMR Referencing

As described in the previous section, fluorine is an excellent probe to detect binding between a
compound and a protein. The most straightforward and perhaps most robust parameters that can
be used to monitor binding are changes in linewidth (or associated changes in peak intensities).
However, variation in chemical shift can also be expected if there is a significant difference in
chemical shifts between the free and bound states of the ligand '?3. In some instances, especially
for very weak binding events, changes in chemical shifts may be observed without any significant

change in linewidth.

Unfortunately, various parameters can also cause changes in the chemical shift of a molecule,
such as sample-dependent changes (e.g. pH, temperature, buffer composition, etc.) or
spectrometer instabilities (e.g. drift in magnetic field over time). The high sensitivity of the fluorine
nucleus to its environment exacerbates these variations and these phenomena can therefore

skew interpretation of changes in chemical shifts due to binding.

There are different methods to reference NMR chemical shifts. The International Union of Pure
and Applied Chemistry (IUPAC) recommends the use of either an internal reference, or a
substitution method. The former involves the addition of a reference molecule within the sample
in order to adjust the chemical shift value of an experimental sample relative to this reference. A
substitution method involves the use of a reference compound into a separate tube and usually
requires the user to avoid re-locking or re-shimming onto the experimental sample. Therefore, in
a higher-throughput drug discovery context, internal referencing usually represents a more
practical approach. However, contrarily to '"H NMR where there are robust references available
such as sodium trimethylsilylpropanesulfonate (DSS) for aqueous conditions 24125 there are no
official guideline as to a recommended '°F reference under such conditions. Indeed, IUPAC
recommends the use of trichlorofluoromethane (CCIsF) for °F referencing ', but this molecule
possesses limited aqueous solubility, is highly volatile at ambient temperature and is an ozone-
depleting substance which restricts its commercial availability. In a similar fashion, reported

quantitative '®F NMR standard are meant to be used in organic solvents and their aqueous
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solubility is very limited '?, all of which makes these standards as well as CCIsF less than ideal

molecules in a screening context.

The objective of this publication was to evaluate some of the most reported reference molecules
to determine if they would make good candidates for screening purposes. Due to its impractical
nature, CClsF was excluded, as well as the aforementioned quantitative (QNMR) standards due
to their poor aqueous solubility '?8. Instead, the focus was put on molecules for which there has
been reports of use in aqueous media (whether it be in screening context or not), and some other
potential candidates that were used in organic solvents to see if they could be suitable in aqueous
solutions. An ideal fluorine reference would possess several characteristics. The most important
and obvious one being aqueous solubility to be useful in screening conditions. A reference should
also be compatible with buffer components such as the buffering agents themselves, salts and
other additives that can either be added to the buffer or medium, or be a residual from protein
purification. In addition to being compatible with these various elements, an ideal reference should
also be stable under aqueous condition throughout the duration of an entire screen. Its sensitivity
to various conditions should also ideally be minimal. These conditions include variation in pH,
DMSO content, or temperature, as well as having minimal interaction with other molecules in
pools of compounds and limited protein binding properties. All of these conditions were therefore
evaluated in a funnel-type approach where compounds that fail at one step, would be eliminated
from further downstream evaluation in order to obtain a list of final candidates that could be

considered suitable references.

1.4 Expanding Fragment-based Lead Discovery to Phenotypic Screening
Approaches
So far, the focus of the previous sections has been on target-based approaches where a protein
of interest is purified and screened in buffer conditions. This reductionist, hypothesis-based
approach has several appeals, such as allowing better control over the system being investigated
by reducing the number of variables present. However, before the relatively recent advancements
in protein expression and purification, as well as high-throughput biochemical assay capabilities,
drug discovery was based on more empirical approaches involving the use of complex systems

such as entire organisms, organs, tissues or cells '27:128,

One advantage of phenotypic approaches is that they do not require prior knowledge of the

molecular mechanism of action. This in turn can complement target-based approach via
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identification of new molecular targets '?°. Moreover, the effects in such phenotypic assay may
translate into better biological relevance when compared to target-based screens that usually
focus on a single isolated protein which does not reflect all of the molecular complexity observed
in a living model. Indeed, target-based approaches do not involve the evaluation of various
characteristics that are also important for the success of a new drug such as entry into cells, off-
target effects, etc., whereas by default, phenotypic assays will usually filter out compounds that
might not exhibit desired characteristics.
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Figure 1.20 New molecular entities and how they were identified.
Number of new molecular entities (NMEs) approved by the FDA between 1999 and 2008, and the approach used
for their identification. Phenotypic screening approaches was most successful for first-in-class drugs.

Adapted from permission from https://doi.org/10.1038/nrd3480. Copyright 2011 Springer Nature.

An analysis by Swinney and Anthony of the new molecular entities (NMEs) approved by the FDA
between 1999 and 2008 (Figure 1.20) revealed that a significant portion of first-in-class small-
molecules were discovered via phenotypic screening approaches. In fact, phenotypic screening
was the most successful approaches for the identification of first-in-class NMEs throughout this
period, while the opposite trend was observed for follower drugs where target-based approaches
were most successful. Considering most of the efforts during this period was focused on target-

based approaches, it is also likely that the success of phenotypic screening is actually
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underestimated '?°. This report has significantly helped spark a renewed interest in PDD,

especially for diseases that lack well-validated molecular targets.

Despite these factors, one limitation of phenotypic screening pertains to the usually lower
throughput of these assays, which can make screening of large traditional HTS libraries a
resource-intensive endeavor '?°. However, over the recent years, the trend has been toward an
overall reduction in library sizes for screening to promote quality over quantity '*°. This change in
mentality started to appear when it became apparent that the greater library sizes were not
associated with better successes overall. This is highly relevant in the context of phenotypic
screening approaches due to the aforementioned challenges and it has been suggested that the
use of smaller libraries can yield sufficient hits in phenotypic assay settings, when compared to
target-based approaches '*'. Since this observation was based on libraries of more traditional
molecules, it can be presumed that the use of fragment libraries could require an even smaller

number of molecules in order to identify interesting chemical matter.

Indeed, this mentality of using smaller-sized libraries is aligned with the core concept of fragment
screening. However, FBLD has traditionally been used in in vitro assays, but very little has been
published about the use of fragments in phenotypic settings. A report using functionalized
fragments in cells showed that despite their small-size and low affinities, evidence of SAR could
be found for most fragment-protein interactions identified '*2. However, these fragments contained
photoreactive groups to induce their covalent cross-linking with interacting proteins. Another
recent report screened two C-type lectin receptors in cell-based assay using a combination of
flow cytometry and competition of reporter molecules '*. Interestingly, even though the primary
screening concentration used was relatively high (2 mM fragments), the hit rates were comparable
to what is often observed in traditional in vitro fragment screens. They were also able to detect
ICs0s in the low millimolar range and the binding of several compounds could be supported by
NMR. Another paper reported in vivo optimization of a fragment-sized hit identified from an in vivo
screen designed to identify novel antipsychotic agents 34, Although the library was not fragment-
based, the hit possessed fragment-like properties. Interestingly, no efforts were made in order to
understand the mechanism of action despite the fact that the series was optimized into an

advanced lead.

Therefore, there is reason to believe that despite common beliefs among drug hunters, using
fragment libraries in phenotypic screening context could be a viable option to identify drug seeds
or chemical probes. This is further supported by the fact that although the initial approaches were

not fragment-based, many existing drugs actually possess low molecular weights that would make
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them fragment-like and as depicted in Figure 1.21. In fact, a large number of these low molecular
weight drugs even originated from phenotypic approaches before the rise of target-based
screening around the 1970s. This suggests that despite their smaller size, it is possible to observe

efficacy with very small molecules.
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Figure 1.21 Discovery of low molecular weight drugs over the years.

Many low molecular weight drugs (MWT) were discovered through phenotypic approaches before the 1970s.
Reproduced with permission from https://doi.org/10.3389/fphar.2022.917968.

Another potential challenge with fragment libraries is that as described in previous sections, the
screening of pools of compounds is usually associated with target-based fragment screening
approaches. However, there have been some examples of successful screening of mixture-based
libraries in phenotypic contexts. For example, a recent study described the development of a
platform allowing the testing of up to tens of millions of compounds as mixtures into animal models
to identify antinociceptive molecules '3°. In another report, researchers selected 1000 compounds
computationally from a library of 200,000 drug-like molecules which where randomly combined to
generate pools of 10 compounds which were then tested intracerebroventricularly to identify
molecules which would promote neuron formation in mouse hippocampus '¢. Therefore, the use
of mixtures of compounds appears to be compatible with the phenotypic format of these assays,

which should increase their throughput.
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Even though, there have been various successes of target-based approaches to identify clinical
candidates, there has been limited success in approving new drugs in the field of infectious
diseases using these approaches. This can be attributed to various factors such as the small
amount of validated drug targets for many infectious diseases, as well as the ability of many
infectious organisms to establish compensatory mechanisms that can lead to drug resistance -
139 As such, phenotypic approaches tend to exhibit better translatability in the field of infectious
diseases due to the usually strong correlation between efficacy in preclinical assays and efficacy
in the clinic ™. Indeed, most of the compounds recently in the pipelines for treatment of
leishmaniasis were identified using phenotypic approaches '#%'4'. On the other hand, even
phenotypic screens have had relatively limited success against mycobacterial membrane since
chemical libraries used for those screens are usually similar, if not the same ones, as the ones
used for target-based screening which are often more drug-like selected using rule-of-five

parameters 142144,

Despite their large incidences, there is limited investment attributed to drug discovery of infectious
disease, especially tropical diseases. For example, in 2000, ~0.1% of global investment in
research was allocated to malaria, leishmaniasis, trypanosomiasis and tuberculosis which
combined account to ~5% of global disease burden 45146 Therefore, a significant portion of the
burden of identifying new chemical matters for these afflictions falls onto the shoulder of smaller
institutions and research groups. If valid an approach, the use of fragment molecules in
phenotypic assays could allow these smaller entities to jump-start drug discovery initiative with
fewer costs and resources. For example, FPLD could prove particularly relevant in the field of
tuberculosis treatment, as fragment-sized molecules (Figure 1.22) have been used for the
treatment of tuberculosis over the years '*’. One reason that smaller-sized molecules could prove
to be a viable option is the mycobacterial cell envelope which represents a challenging
permeability barrier for drugs and has resulted in the failure of many target-based approaches
143,148-150 Several of the drugs illustrated in Figure 1.22 were discovered by cell or animal model
screening '*', and some of them are actually pro-drugs that get activated upon metabolism inside
the bacteria 152153, It is therefore unlikely that these pro-drugs would have been identified in target-

based screening.
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Figure 1.22 Examples of fragment-sized drugs used for the treatment of tuberculosis.

The goal of this project was to perform various proof of concept studies to establish whether FPLD
appears to be a viable option in traditional, unbiased phenotypic assays. To do so, a curated
fragment library was used to screen various disease models. First, it was applied to Leishmania
parasites, and then to Plasmodium parasites, Zika and dengue flaviviruses, and Neisseria and
Mycobacterium bacteria. Below are brief descriptions of the diseases associated with these
pathogens.
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1.4.1 Parasitic disease systems

Leishmania parasites are responsible for leishmaniasis, a group of diseases that affect both
human and animals. The World Health Organization (WHO) estimates that there are between 700
000 and 1 million new human cases of leishmaniasis each year, with various species of
Leishmania having the potential to cause different clinical manifestations of leishmaniasis. Indeed,
this disease can be separated into three types depicted in figure 1.23: cutaneous, mucosal, and
visceral leishmaniasis '**. Over the years, there have been a few drugs developed against
leishmaniasis, but there is still a need to identify other treatments for this disease as development
of drug resistance is not uncommon and some are also associated with significant side effects.
Drug accessibility is also a fundamental concern in poorer areas, as illustrated by amphotericin B

which is usually administered in liposomal form which restricts its availability due to its greater

cost 1%,
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Figure 1.23 Clinical manifestations of leishmaniasis.
Leishmaniasis can be classified into three main clinical categories: cutaneous, mucosal, and visceral. Source:
PAHO/WHO, 2018.

Plasmodium is a parasite that is responsible for malaria, with Plasmodium falciparum being the
deadliest species causing malaria in humans %, In 2020, the WHO estimated the number of
cases of malaria to be around 241 million worldwide, with a death toll above 600,000 during that
same year. Despite the recent progress in malaria vaccine development, efficacy of the first
RTS,S/AS01 vaccine is modest since the protective effect depends on the presence of antibodies
soon after injection of the parasites by the mosquito. When the parasites reach the hepatocytes,
the antibodies lose their efficacies due to the loss of expression of the targeted antigen on the

35



parasite surface (circumsporozoite protein) '*’. Current drug treatments also possess limitations
in terms of efficacy due to the complex biology of the parasites and the emergence of resistance
to some treatments %1%, There is therefore still a need to develop new treatments for the

treatment of this disease

1.4.2 Bacterial disease systems

Tuberculosis (TB) is caused by Mycobacterium tuberculosis bacteria. The WHO estimates that
10 million people contracted TB in 2020, with 1.5 million deaths for the same year, making TB the
leading cause of death from a single infectious agent. It is also estimated that about one quarter
of the world population is infected in a latent manner, which represents a large reservoir for
potential future TB cases '®°. The currently available vaccine is 100-year-old (Bacille Calmette—
Guérin; BCG) and possesses limited efficacy due to the decrease in protection by adolescence
161 With the increasing emergence of multidrug-resistant tuberculosis, there is a constant need

to come up with new drugs to combat this disease 2,

Meningococcal diseases such as meningitis and sepsis can be caused by Neisseria meningitidis
bacteria. Meningitis is fatal in about half cases if left untreated, and 1 out of 5 people surviving
the disease can suffer from long-term disabilities (WHO). Although vaccine efforts have
significantly helped reduced occurrence in developed countries, meningococcal diseases are still
an ongoing problem in underdeveloped areas, particularly in the African meningitis belt (sub-
Saharan region) 8384 partly due to the challenges in deploying vaccination campaigns. Another
challenge pertaining to vaccination against N. meningitidis pertains to the existence of 12
meningococcal serogroups, 6 of which are responsible for most disease cases. Of these 6 most
common serogroups, vaccines are available against 5 of these 6. Therefore, even fully deployed
vaccination campaign does not currently protect against all meningococcal serogroups %1% and
global emergence of antibiotic-resistant bacteria highlights the need to keep developing new

treatments.

1.4.3 Viral disease systems

Dengue disease is caused by viruses of the same name for which about 200-500 million infections
are estimated to occur each year 97188 Although most cases of infection result in either
asymptomatic or mild symptoms (dengue fever), the disease can result in serious illness (dengue

shock syndrome), which is estimated to result in the death of about 500,000 to 1 million individuals
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every year '®. There are currently no specific treatments or for dengue infections, and the

searches for effective vaccines are still ongoing.

Zika virus is another flavivirus for which there are no specific treatment available, nor any
efficacious vaccine '7%17", Although most people with Zika infections will be asymptomatic, it can
result in neurological complications in some individuals, such as Guillain-Barré Syndrome . It
is also associated with increased congenital abnormalities for the fetus, as well as pregnancy
complications for the mother. The incidence of Zika infections around the world is very difficult to
estimate due to the large proportion of asymptomatic cases (about 80%), as well as cases with
mild, non-specific symptoms. However, to give an idea of the magnitude of contagion, there has
been between 440,000-1,300,000 suspected cases of Zika virus disease during an outbreak in
Brazil in 2015 2. As is the case for dengue fever, there are still no specific treatment for Zika

disease.

1.5 Summary of challenges, hypotheses, and research objectives

Validation of an NMR relaxation assay to monitor aggregation

Compound nano-entities (aggregation) can lead to artifactual results in binding and functional
assays. Being a concentration-dependent phenomenon, the relatively higher compounds
concentrations often required to detect weak binding from fragments can increase the risk of
nano-entity formation. Detection of these nano-entities is still challenging and despite being a
versatile technique to monitor these entities, currently published NMR assays are less amenable
to high-throughput. Therefore, FBDD would benefit from a higher-throughput NMR technique to
detect nano-entities. Our hypothesis was that transverse relaxation (T2) could be exploited to
monitor the presence of nano-entities using a T2-CPMG NMR assay. We therefore validated the

feasibility and performance of such an assay to detect nano-entities.

Integrating multiple assays into a practical protocol to monitor nano-entities

As was mentioned above, detection of nano-entities is still challenging to this day. One limiting
factor for many scientists is that no guidelines are available to characterize the solution behavior
of compounds in aqueous solution. We therefore wanted to implement a protocol that takes
advantage of various assays in order to propose a practical workflow that non-expert scientists

can follow, along with possible scenarios and interpretations.
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Validating an NMR-centric platform to generate new leads

Compounds emanating from a fragment screen will typically possess weak binding affinities. NMR
is the one of the most sensitive methods to weak binding events and is therefore a useful
technique for assessing binding of fragments. However, Kp determination usually requires the use
of titrations, which is not practical for routine testing of compounds by NMR. Moreover, Kp
measurements are also often limited by the compound behavior in solution (solubility limit,
aggregation). Despite being useful, Kp values are not essential for an early drug discovery project
to move forward. Indeed, a relative affinity ranking of the molecule can be sufficient to guide early
medicinal chemistry efforts. We therefore validated the use of an NMR-centric platform coined
“‘“NMR for SAR” which is centered around the use of relatively high-throughput ligand-observed
NMR methods to rank order compounds based on their relative affinities. This ranking could be
used to guide medicinal chemistry efforts, while also providing a lot of control over the system by
being able to monitor both the ligand and protein in solution. HRas®'?V was used as a test system
for this platform. Ras proteins have long been considered as “undruggable” targets due to their

few shallow binding pockets.

Practical Considerations and Guidelines for Spectral Referencing for Fluorine NMR Ligand

Screening

As previously mentioned, the fluorine ('°F) nucleus is very sensitive to change in its chemical
environment, which makes it a very useful tool to detect weak binding of a ligand to a protein.
Changes in chemical shifts can be used to monitor binding events, especially in the absence of
significant changes in linewidth. However, sample-dependent variations can also affect the '°F
chemical shift and skew binding interpretations. Therefore, in a drug discovery context, the use
of an internal reference molecule represents one of the more practical approaches to correct for
such artifactual variations in chemical shifts. However, while robust references are available for
"H NMR, no guidelines exist for '°F referencing in aqueous conditions. Therefore, we evaluated
a subset of fluorinated molecules to determine if they represent good candidates for screen
purposes. To do so, we implemented a workflow that can be adopted by others in order to expand

the search for robust '°F reference molecules.

Expanding fragment-based screening to phenotypic approaches
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Phenotypic screening is a complementary approach to target-based approaches where a screen
is performed directly on an organism (e.g. cell, tissue, animal, etc.), often without any prior
knowledge about the molecular target. While phenotypic approaches possess many advantages,
one of its main limitations pertains to the often relatively lower throughput of many of these
phenotypic assays, making them less amenable to the screening of large libraries. Fragment
screening has historically been used in target-based contexts due to the assumptions that low
affinity fragments would result in non-specific effects in phenotypic assays. However, many
fragment-sized drugs have historically been discovered from phenotypic approaches so one can
wonder if these examples are exceptions rather than the rule. We therefore wanted to evaluate
the hypothesis that fragment libraries could represent a viable alternative to traditional, larger
libraries for phenotypic screening. To do so, we performed several proof-of-concept studies and
screening 6 disease models: Leishmania and Plasmodium parasites, Zika and dengue

flaviviruses, and Neisseria and Mycobacterium bacteria.
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ABSTRACT

Small-molecules can self-assemble in aqueous solution into a wide range of nano-entity types
and sizes (dimers, n-mers, micelles, colloids, etc), each having their own unique properties. This
has important consequences in the context of drug discovery including issues related to non-
specific binding, off-target effects, and false-positives and -negatives. Here, we demonstrate the
use of the T2-CPMG relaxation NMR experiment which is sensitive to molecular tumbling rates
and can expose larger aggregate species that have slower rotational correlations. The strategy
easily distinguishes lone tumbling molecules versus nano-entities of various sizes. The technique
is highly sensitive to chemical exchange between single-molecule and aggregate states, and can
therefore be used as a reporter when direct measurement of aggregates is not possible by NMR.
Interestingly, we found differences in solution behavior for compounds within structurally related
series’, demonstrating structure—nano-entity-relationships. This practical experiment is a valuable

tool to support drug discovery efforts.
INTRODUCTION

A clear understanding of the behavior of compounds in aqueous solution is central to the rational
design of pharmaceutical agents. However, this basic insight has historically been shaded by
assumptions that neglect the full complexity of multi-phase equilibria adopted by compounds. An
alternate view of compound solution behavior that is encompassing yet emphasizes
pharmacologically relevant properties is needed: a general multi-phase equilibrium, with an
intermediate nano-entity phase that includes a wide array of self-associated assemblies (including
smaller aggregates and n-mers) (Figure 1). Within this context, each compound would possess
its own fingerprint equilibrium between single molecules, an array of soluble and/or colloidal self-
associated nano-entities, and insoluble precipitate; with distributions that are highly dependent on
environmental conditions such as compound concentration, buffer, salt, pH, temperature, metals,

etc. (vide infra)."3
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Figure 1. Compounds can adopt multi-phase equilibria when placed in aqueous media. A-D are
'H NMR spectra of compounds that are typical of the states. (A) Light green SF yellowish, (B)
Evans blue, (C) acid violet 49, and (D) pranlukast. All NMR spectra were taken at nominal
concentrations of 300 uM, in 50 mM sodium phosphate, 100 mM NacCl, 10% D20, pH 7.4.

Given the impact of compound solution behavior in drug discovery and pharmaceutical research,
focused efforts have been undertaken to more fully characterize compound solution behavior.
Such initiatives are beginning to decipher some features of the intermediate self-assembly phase
and several reports have demonstrated that some small-molecules can self-associate into large
micelle-like entities with unexpected solution properties.*® For example, they can bind to and
adsorb protein macromolecules in a non-specific manner, leading to changes in dynamics or
partial denaturation of the protein. This can lead to false-positive results in drug screens.'®'2 They
have also been implicated in causing up to 85-95% of artifacts in early high-throughput screens
(HTS),"'* and in promiscuity tendencies in in vitro, off-target pharmacology assays — and perhaps

toxicity.®

It is important to make a distinction between nano-entities and colloidal aggregates given that the
latter is often used to describe particles of sizes extending beyond the nano-scale, thereby leading
to confusion when describing pharmacological properties of compounds that often arise from their
behavior at the nano-scale. For example, the formation of nano-entities can also hinder cell

membrane permeation leading to false-negative results in cell-based assays.'® On the other hand,
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some drug self-assemblies have also been associated with favorable properties such as
conferring unusually high drug bioavailability."'® Thus, it becomes clear that we are only beginning
to understand the important consequences of drug nano-entities. Appropriate technologies and
strategies need to be employed to comprehensively detect the array of nano-entities that exist,
and only then will we be able better understand the relationships between compound solution

behavior and pharmacological properties.

To date, the available technologies and strategies have been inadequate to detect the full range
of self-assemblies that can exist. The most widely used methods are dynamic light scattering
(DLS) and electron microscopy (EM).'®'” Both have been employed for the detection of larger
aggregates, and DLS is often used for determining the critical aggregation concentrations (CAC)
of some compounds. However, given the nature of these techniques, both are biased toward and
limited to the observation of assemblies on the order of tens of nanometers.'®' They
consequently lack the capacity to reliably detect and characterize medium and small nano-entities
along with mixtures of self-assemblies. Another distinct approach is aggregation-induced
emission (AIE).?° This method relies on the induction of chromophore fluorescence and emission
upon formation of aggregates. However, this has limited applicability as it is only relevant for large,
highly aromatic compounds capable of AIE. More recently, we introduced an NMR aggregation
assay based on serial dilutions as a facile method to support medicinal chemistry workflows and

to predict promiscuity in off-target pharmacology assays.*®

This assay is based on the notion that aggregates should be sensitive to changes in concentration
from which unusual NMR spectral features can be observed. Although this technique is ideal for
observing small to medium-sized nano-entities, the larger nano-entities are only visible in NMR
spectra after the addition of detergents to break up the aggregates into smaller detectable
species. While highly effective, the method remains burdened by the necessity of preparing
multiple samples followed by longer data acquisition times, especially at the lower concentrations.
In conclusion, the techniques described above have powerful utility but also have their inherent
limitations. As a result, there is a high likelihood that many types of nano-entities remain

undetected, and new strategies are wanting.

In this work, we introduce the use of an alternate NMR strategy that employs one-dimensional
CPMG experiments (T2-CPMG). It exploits the difference in NMR relaxation properties that result
from differences in sizes and tumbling rates of lone molecules versus those of self-associated
nano-entities. This approach has several advantages such as the need for only a single sample

and is amenable to higher throughput, with shorter data acquisition times than previously
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described methods. We examine potential applications of this tool, including curating compound

libraries, evaluating buffer effects, and exploring structure-nano-entity relationships (SNER).

RESULTS AND DISCUSSION

Designing the NMR aggregation assay based on T2-CPMG relaxation. The spin-spin
relaxation Carr-Purcell-Meiboom-Gill (T2-CPMG) experiment has long been a powerful tool for

addressing a wide range of questions from monitoring protein internal dynamics to detecting small

ligands binding to large proteins.?'?® The experiment is relatively simple in that one applies
consecutive spin-echoes (1-11-1) after the initial excitation pulse, followed by the detection of the

free-induction decay (FID) as shown in Figure 2A.
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Figure 2. (A) In the T2-CPMG spin-echo pulse sequence, the overall length (T) of the sequence
can be varied by changing the delay time (), highlighted in red, and the number of refocusing
pulses (n). These experiments employ the spin-echo scheme which consist of a delay period (7),
a 11 or 180° radiofrequency pulse applied along the +x or ty axis, followed by a second delay
period of same duration. (B) Example of the early use of the T2-CPMG NMR experiment. Both
spectra are of a sample containing a mixture comprising of 100 yM galectin-7 protein and 300 uM
of 2-methyl-1,3(2H, 4H)-isoquinolinedione small molecule in 50 mM sodium phosphate buffer at
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pH 7 with 10% D-O. The bottom spectrum shows the results after applying a T2 filter with a 1 ms
delay, displaying numerous broad resonances from the protein, whereas the top spectrum shows
the result of applying a T2 filter with a 100 ms delay. After the 100 ms delay, most resonances
from the larger species are eliminated.

The total duration (T) of the CPMG experiment can be defined by varying the number of refocusing
pulses (n) and refocusing frequency, which is controlled by time 1. One of the earliest applications
was for the analysis of mixtures where one desired to observe the resonances of small molecules
when in the presence of large macromolecules such as proteins.?® A clear demonstration is shown
in Figure 2B, where one can selectively observe the resonances of a fast tumbling small-molecule
(which is a non-binder) while intentionally suppressing the undesired and slower-tumbling
macromolecule, galectin-7. The bottom spectrum shows a typical '"H NMR spectrum (minimal
spin-echo delay of 1 millisecond) where the ligand and protein resonances are both observed.
When a spin-echo delay of 100 milliseconds (ms) is introduced in the T2-CPMG experiment (top
spectrum), the resonances of the larger macromolecule are effectively suppressed due to its
inherent shorter transverse relaxation time (T2), whereas the resonances of the fast-tumbling

small molecule are observed due to the longer T2.%

Given the above, it was rationalized that the T2-CPMG experiment could also be used for the
detection of small-molecule aggregates. It is expected that non-aggregating, fast-tumbling lone
molecules (with short correlation times in solution) should exhibit longer transverse relaxation (T2)
and therefore should maintain signal intensity across a range of spin-echo delay times. On the
other hand, aggregating molecules which tumble more slowly (longer correlation times in solution)
should exhibit shorter T2 due to loss of coherence and exhibit rapid resonance intensity loss
across a range of delay times. This reasoning was then used to implement an initial version of
our NMR T2-CPMG aggregation assay which includes the preparation of one NMR tube per
compound followed by acquiring a series of eight one-dimensional T2-CPMG experiments, each
having an increasing number of spin-echo pulse trains with overall CPMG times (T) ranging from

1-800 ms. This assay is illustrated in Figure 3.
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Figure 3. Depiction of the T2-CPMG aggregation assay. (A) Shown are representations of an
aggregating compound in an NMR tube (top) and a freely soluble lone-tumbling compound
(bottom). (B) '"H-NMR data are acquired with varying T2-CPMG refocusing delay times. Multiple
experiments are run on a single sample. (C) The signal obtained from the NMR experiment will
show significant decay in the case of slow-tumbling aggregates (top) but will be retained for a
soluble, fast-tumbling molecule. (D) NMR data acquired over a range of T2-CPMG delay times.
In the case of aggregation, there is a loss in resonance intensity (top) with longer delay time and
in the case of lone (free) molecules, resonance intensity is maintained (bottom) across increasing
delay time.

For non-aggregating molecules that tumble fast in solution (bottom, Figure 3), there is a minimal
loss of resonance intensities as a function of longer T. However, for aggregating molecules that
tumble slowly in solution, there is a loss of resonance signal intensity as a function of longer T
(top, Figure 3). The distinct features are evident when comparing the top and bottom set of
spectral overlays in Figure 3D, and thus can be used to reveal compounds that aggregate in

solution.

Application of the NMR T2-CPMG aggregation assay. The T2-CPMG assay was applied to
compounds that were reported in the literature to be known aggregators and non-aggregators
(Figure 4).41030-32 The FDA-approved anti-inflammatory drug etodolac was used here as a non-
aggregator control as its behavior in aqueous solution has been confirmed via both DLS and the
NMR dilution aggregation assay reported previously. The T2-CPMG spectra of etodolac
demonstrates long T2-CPMG relaxation times for the compound in solution, indicative of a non-

aggregator (Figure 4A). Taking the difference in peak area between the spectra with 1 ms and
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800 ms delay times as a percentage, 60% of signal intensity is maintained for the aromatic

resonances of etodolac across the range of delay times.
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Figure 4. Shown are three examples of the T2-CPMG assay applied to literature compounds at
300 uM. Panels A-C show a series the "H-NMR spectra and the T2-CPMG delay times are shown
on the left.

In contrast, the relaxation properties of known aggregator compounds are quite different. T2-
CPMG spectra were acquired on solutions of methylene blue and Evans blue (Figure 4B and 4C),
and unlike etodolac, resonance intensities rapidly decay with increasing spin-echo delay times.
Taking the difference in peak area between the spectra with 1 ms and 800 ms delay times as a
percentage, there is < 1% of the initial signal intensity remaining at 800 ms for the aromatic
protons of both methylene blue and Evans blue. These same samples were also retested in an
NMR dilution aggregation assay which again report that the compounds are aggregators. Data

are shown In the Supporting Information.

Thus far in this report, it has been implied that the spin-spin relaxation measured in the T2-CPMG
experiments directly reflect the tumbling rate of the species giving rise to the observable
resonances. However, it must be kept in mind that signal intensity losses as a function of delay
times can also arise from exchange phenomena. That is, a fast-tumbling molecule can also exhibit

loss of resonance intensities at longer delay times due to exchange with an aggregate species.
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The exchange contribution to the observed T2 for the peak of interest will be dependent on the
Exchange rates between the free and self-associated states. Therefore, compounds exhibiting
exchange between populations of free and aggregate states will exhibit broader resonances and
a more rapid signal decay in the T2-CPMG experiment. It is because of this that the T2-CPMG
experiment can reveal the presence of aggregation processes that are otherwise invisible by other
methods (either because the aggregate is too small, too large, or because of weakly populated
states of the aggregate in the samples). The magnitude of the effect scales according to the
exchange rates and populations of free compound vs aggregate states (possibly exchange
between multiple nano-entities). This technique is therefore sensitive to various conditions under
which aggregation could give rise to false positives in binding studies or screening. It is also
sensitive to aggregates of sizes that would normally be outside the range of detection by
conventional NMR methods. For example, the aggregation behaviors of methylene blue and
Evans blue have been characterized by DLS, and have been shown to form aggregates close to
a hundred nanometers in diameter.'%3? Large aggregates of this size would not be expected to
yield sharp resonances by solution-state NMR. Given this, the NMR resonances observed here
most likely arise from a fast-tumbling species and the loss of resonance intensities as a function
of T2-CPMG delays reveals that the fast-tumbling species is in fast exchange with an “NMR
invisible” larger nano-entity. Thus, the loss in signal intensity indirectly reveals the existence of

the formation of large nano-entities.

To potentially corroborate these T2-CPMG findings, we resorted to diffusion-ordered
spectroscopy (DOSY) NMR which measures translational diffusion and may be used to
distinguish between lone tumbling molecules versus larger aggregate assemblies.**3-% Diffusion
coefficients (D, m?/s) were measured for a series of compounds as shown in Figure 5 and plotted
versus the molecular weights of the primary structures. Interestingly, the diffusion coefficients
based on the primary structures (black circles) predict faster diffusion rates than the measured
diffusion coefficients for several compounds deemed aggregators and intermediate aggregators
(red and orange triangles) via the T2-CPMG method. On the other hand, there is agreement
between predicted and measured diffusion constants for non-aggregator compounds (green
triangles). It is noteworthy that all compounds with much slower diffusion coefficients than the
predicted values were flagged by the T2-CPMG method. It must however be kept in mind that
other species may be missed due to limitations of one or both methods (e,g, slow exchange

between the fast-tumbling molecules and the larger NMR-invisible assemblies).
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Figure 5. Shown are predicted/experimentally derived diffusion coefficients (D) versus molecular
weights of the primary structures for known aggregators, non-aggregators, and compounds with
intermediate aggregation behavior. Points denoted as colored triangles are for experimentally
obtained diffusion coefficients, whereas black circles represent predicted values. Experimental
points were colored according to their loss in T2-CPMG signal intensity between 1 and 800 ms
delays (red, more than 75% loss in signal intensity; orange, between 50% and 75%; green, less
than 50%).

Given the above and taking into consideration the general multi-phase model in Figure 1, a
summary of the method’s blind-spots and advantages is important for clarity sake. If a compound
is placed in aqueous media and no resonances are observed, then the compound can simply be
insoluble. One would expect to observe precipitate in the NMR tube. However, the sample could
also contain large micelles or colloids whose NMR resonances would be too broad to clearly
observe in a '"H NMR spectrum (see Figure 1C). In this case, it is suggested that one centrifuge
the sample and remove the supernatant for further analyses. DLS or other techniques could then
be appropriate for revealing the presence of aggregates. Another option would be to add a
detergent that could break up the aggregate after which a 'H NMR spectrum would be
observable.**3! On the other hand, if sharp NMR resonances are observed when a compound is

placed in agueous media, then several scenarios can exist. One scenario is that the sample
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contains only fast-tumbling lone molecules. If so, then the '"H NMR spectrum would exhibit sharp
resonances as shown in Figure 1A and there would be minimal loss in signal in the T2-CPMG
experiment as demonstrated in Figure 3 (bottom). If the sample contains small aggregates, then
the 'TH NMR spectrum would appear as they do in Figure 1A or 1B, whereas the T2-CPMG data

would result in loss of intensities as shown in Figure 4C.

It is also possible that a sample may contain an equilibrium mixture of free-tumbling lone-
molecules, small self-assemblies and large micelle-like/colloidal entities. The '"H NMR spectrum
would appear similar to that shown in Figure 1A, 1B, or 1C, and there would be losses in intensity
in the T2-CPMG data which could either directly report the existence of small self-assemblies or
indirectly report the fast-exchange equilibrium with a large entity. The latter can be exposed as
described above either by DLS and/or by the addition of detergent followed by the observation of

resonances in a '"H NMR spectrum whereas the former would be difficult to detect by DLS.

Compound library screening and revealing structure-nano-entity-relationships. High-
throughput and virtual screens can readily screen millions of compounds from which subsets of
compounds can be subjected to counter screens, etc. Unfortunately, chemical libraries are known
to be contaminated by compounds that have promiscuous properties due to compound self-
aggregation. NMR is exceptionally suited as a final counter screen, for fragment screening and
for library curation. In addition to protein binding confirmations, NMR can also readily capture
critical free-state information regarding compound solubility, aggregation, and primary structure.
We therefore applied '"H NMR and our T2-CPMG strategy on over 5000 small molecules in
aqueous media to better understand their solution free-state behavior and for curation purposes

to optimize fragment screening campaigns.

Analyses of the '"H NMR data served as a practical method for identifying some misbehaving
compounds. Compounds were removed if no NMR resonances were observed or if low solubility
was exhibited (i.e. < 100 yM given a nominal concentration of 300 uM) as determined by
employing the ERETIC (Electronic Reference To access In vivo Concentrations) method.?” Of
note, many of the removed compounds had reasonable clogP and topological polar surface area
(TPSA) and would therefore have been expected to exhibit adequate solubility. This highlights
the Importance of curating under conditions as close as possible to those in which the screening

or binding studies will be conducted (a point further demonstrated in another section below).

51



A. B. C.

T2-CPMG Delays (T) Nicotinic acid 5-chloro-2-pyridinecarboxylic acid | 3-methylpyridine-2-carboxylic acid

800 ms

500 ms

300 ms

200 ms
100 ms

25 ms

1ms

Non-Aggregator Aggregators

Figure 6. Detection of aggregates of fragment-like molecules. Panels A-C show stacked T2-
CPMG spectra for 1, 2 and 3.

Analyses of the T2-CPMG NMR data exposed some interesting features. Figure 6 illustrates the
T2-CPMG spectra for three structurally related fragment-like molecules. Nicotinic acid (1) (Figure
6A) maintains more than 50% of its signal intensity after 800 ms whereas 5-chloro-2-
pyridinecarboxylic acid (2) and 3-methylpyridine-2-carboxylic acid (3) (Figure 6B & 6C) retain
almost no signal intensity at the same delay. Interestingly, the T2-CPMG data clearly shows that
1 assumes the behavior of fast-tumbling molecules, whereas 2 and 3 show evidence of slower-
tumbling molecules in solution. This observation confirms that minor differences in primary
structure can result in very significant differences in self-association behavior. Further
investigation into these three compounds reveals that no unusual trends (e.g. resonance shifting,
broadening, new peaks, etc.) were noted in the NMR dilution aggregation assay (see Supporting
Information). Characterization by dynamic light scattering (DLS) was also attempted but results
were inconclusive, possibly due to sample polydispersity, absorption, small aggregates sizes or
nano-entity concentrations below the limit of detection of the instrument.3®4! Thus, it is evident
that the T2-CPMG experiment can be more sensitive than more traditional approaches for

monitoring aggregation.

An important advantage of the T2-CPMG strategy for detecting aggregators is that it requires the
preparation of only a single sample for data collection. Furthermore, one could also collect fewer

T2-CPMG spectra per sample making the technique more amenable for even higher throughput
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screening. For example, with our current setup each delay time requires approximately 30
seconds. Therefore, complete analysis of a 1500 compounds library would require ~100 hours of
NMR time using 8 delays. In comparison, reducing the amount of T2-CPMG delays to two (e.g. 1
and 800 ms) would drop the experimental time to ~25 hours, while still obtaining pertinent
relaxation information (see Supporting information). Figure 7 illustrates this approach by
calculating the percentage difference in peak area of resonances derived from spectra collected
at 800 versus 1 milliseconds delay (Figure 7, 4" column). Accordingly, a peak area value of 0 %
represents a complete loss of signal for spectra at the 800 ms delay. Compounds can be classified
as non-aggregators (e.g. values between 50 and 100 %), aggregators (e.g. peak area values
between 0 and 25%), and intermediate behavior (e.g. between 25 and 50%). See column 1 in
Figure 7. The percentages in column 4 or the categories in column 1 may be used during library
curation to set thresholds for deciding whether or not a compound is kept, discarded or needs to
be closely monitored in screens. This type of data could be taken into consideration with other

parameters typically used for library curation.36:94246
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Figure 7. Series of structurally related N-methyl benzimidazole core compounds. For each
compound, peaks in the aromatic region of the spectra (6-10 ppm) are identified and the peak
area was calculated by integration. The peak areas between 1 ms and 800 ms delay times were
compared and the percentage difference was calculated. These percentages can be compared
to the NMR spectra in the far right column. The bottom, red spectrum has a 1 ms delay time and
the top, brown spectrum has an 800 ms delay time.
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Analyses of the T2-CPMG NMR data for larger sets of compounds also exposed some interesting
features such as structure-nano-entity relationships (SNER). This can be illustrated by the sets of
compounds in Figures 7 and 8. Note in Figure 7 that minor changes to the substituent at position
2 of the benzimidazole core results in differences in T2-CPMG trends. It is noteworthy that a
primary amine (6) promotes aggregation, a secondary methyl amine (5) results in intermediate
aggregation tendencies, whereas an alcohol (4) results in longer-lived signal intensities.
Furthermore, changes to the alkyl chain length also has a dramatic impact on the aggregate
behavior (6, 7 & 8). Figure 8 displays the data found for compounds in a pyrido-pyrimidinone
series. Again, structurally-related compounds exhibit distinct T2-CPMG values indicating that they
have different behaviors in solution. The Supporting Information shows additional interesting

trends for another benzimidazole series.

It is noteworthy that the observed SNERSs are surprising and not yet understood. More specifically,
it is unclear which substituents or cores induce aggregation. Although highly hydrophobic
compounds (high clogP) likely have a higher propensity to self-assemble, the fine underlying
mechanistic details have yet to be uncovered.® Attempts to establish predictive quantitative nano-
entity relationships (QSNER) have failed to date. Perhaps a larger ensemble of data from T2-

CPMG library screens would be needed for further evaluating QSNERSs.
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Figure 8. Series of structurally related pyrido-pyrimidinone core compounds. For each compound,
peaks in the aromatic region of the spectra (6-10 ppm) are identified and the peak area was
calculated by integration. The peak areas between 1 ms and 800 ms delay times were compared
and the percentage difference was calculated. These percentages can be compared to the NMR
spectra in the far right column. The bottom, red spectrum has a 1 ms delay time and the top,
brown spectrum has an 800 ms delay time.

In summary, it is clear that the T2-CPMG experiment can provide rich and detailed information on
the behavior of compounds in aqueous media. Interestingly, there appears to be SNER that
potentially affect multiple properties of compounds (e.g. promiscuity, affinity, etc.) which will
become clearer as this T2-CPMG strategy gains more wide-spread use by medicinal chemists.
An important take-home message from the above data is clear: Medicinal chemists may find more

clarity in interpreting structure-activity-relationships (SAR) given complementary T2-CPMG data.

Monitoring solution behavior of compounds in mixtures. A frequent practice in NMR drug
screening is the pooling of compounds for screening against a target.?>47->2 This technique allows
for more efficient screening of a larger chemical library by testing for binding of several
compounds to a target within a single NMR sample. This reduces the cost related to materials,

sample preparation and data acquisition time. This is also highly pertinent in the context of
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combinatorial libraries®>* and natural products®*°® where mixtures of molecules are used against
targets, followed by isolation or deconvolution of the active molecules. To evaluate if the T2-
CPMG is able to identify aggregating molecules in mixtures of compounds, 1 and 2 were assessed
amongst pools of small molecules as depicted in Figure 9. The maintenance of the resonance
intensities for the observed spectra of 1 in the mixture (Figure 9A) is similar and consistent as that
observed when 1 was a singleton in solution and behaved as a non-aggregating compound
(Figure 6A). Also, the resonances of compound 2 diminish as a function of delay time as a
singleton (Figure 6B) and within a mixture (Figure 9) demonstrating that the T2-CPMG experiment

clearly reports that 2 behaves as an aggregator in both conditions.
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Figure 9. Detection of aggregates amongst pools of compounds. T2-CPMG spectra overlays of
(A) 1 and (B) 2. Both profiles are consistent with their isolated form in Figure 6.
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The data in Figure 9B also shows that the aggregation behavior of 2 does not adversely affect
the solution behavior of the remaining compounds in the mixture. In other examples (e.g. Figure
10), we observed that some aggregating compounds induced aggregation of other compounds in

the mixture or the other compounds were adsorbed into the aggregate — we refer to this as the
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“bad apple effect”. These types of T2-CPMG observations are valuable and always used for our
NMR fragment screening campaigns. Pools would be eliminated from further consideration if a
‘bad apple effect” was noted. Also, fragment compounds would only be prioritized if no

aggregation evidence was observed.

T2-CPMG can monitor aggregation under various buffer conditions. It is well known that
buffer conditions can seriously affect assay results — this being mostly attributed to target protein
behavior. However, we have seen over many screening campaigns that compound self-
aggregation is also highly influenced by buffer conditions. Therefore, one must keep in
consideration the buffer conditions and pH that are optimal for biochemical assays and how these

might affect compound behavior in solution.®%”

Fortunately, the T2-CPMG can be employed on a variety of buffer conditions of choice allowing
one to match, as close as possible, the NMR fragment screening with biochemical assay
conditions. An example of the distinct behavior of compounds in various buffer conditions is
shown in Figure 10.

A. B. C.
Single Compound in Buffer 1 Pool in Buffer 2 Pool in Buffer 3

T2-CPMG

delays (T) —
g00msec | ~/|'\ M
500 msee | | WY \AaAA NV AL
AL,
soomsa | S,
SRR N b v

Lot PN e M

A

‘Lf\f q'J\‘,_/\.,_NL A
N

J‘ ") A 1"‘ ."'ﬁ‘.p\' Ui
Y UV-\NFJ.L/U J \\- A/\v/.ml“ JL‘. )

N Br o Br. (14) wo o ©
Br (14) I HN F N
\©\ N N b o~ i |
g = 0 H |
e N o =
O/\// Q\/N = HNY & NH <\j©/ &
= cl

Figure 10. Buffer dependency of aggregation. T2-CPMG NMR spectra of compound 3-(4-
bromophenoxy)propanenitrile (14) was taken in various conditions. (A) On its own for the purpose
of library curation in Buffer 1. (B) In Buffer 2, 14 retains its non-aggregating profile. (C) Conversely,
in Buffer 3, 14 exhibits a significantly different behavior. Buffer 1: 50 mM sodium phosphate, 100
mM NaCl, 10% D-O, pH 7.4; Buffer 2: 10 mM sodium phosphate, 1.8 mM potassium phosphate,
137 mM NacCl, 2.7 mM KCI, 10 % D,0O, pH 7.4; Buffer 3: 50 mM HEPES, 50 mM NaCl, 2 mM
MgClz, 2 mM TCEP, 0.02% NaNs, 10% D20, pH 7.4.
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Note that the T2-CPMG resonance intensities of singleton compound 3-(4-
bromophenoxy)propanenitrile (14) exhibit little change in buffer 1 from 1 ms (bottom of Figure
10A) as compared to the 500 ms (top Figure 10A) used for library curation. Thus, compound 14,
as a singleton, does not aggregate in buffer 1. Similarly, the T2-CPMG changes are minor in
buffer 2 as shown in Figure 10B. However, changes are dramatically different for buffer 3 where
the resonances dramatically diminish at the longer delay times (Figure 10C). Thus, illustrating the
important effects of buffers on compound solution behavior. Another feature of interest is that
many of the compounds in the mixture in buffer 3 (Figure 10C) also appear to be aggregating as
their resonance intensities also are reduced as a function of delay time. This is a clear example
of the “bad apple effect” mentioned above. Note that it has been reported that multiple aggregators
can form co-aggregates, even when each compound are below their respective CAC.58-60
Therefore, it is conceivable that some compounds may exert a detrimental effect on otherwise

well-behaved compounds.

CONCLUSION

Advantages and limitations. This method is exceptionally suited for the elucidation and study
of a wide variety of nano-entity types and sizes — especially small to medium-sized aggregates,
but also large aggregates indirectly via exchange phenomena. One important advantage of this
method is that experiments can be run under a large variety of conditions, which includes a wide
range of compound concentrations, pH, buffer components and temperatures. Running the T2-
CPMG experiment at a range of concentrations will allow one to explore critical aggregate
concentration (CAC) of some types of nano-entities, if the CAC is above the limit of detection for
acquiring a 1D NMR spectrum. The limit of detection can be as low as single-digit micromolar
compound concentration, whereas from a practical viewpoint for screening purposes samples
made to double- or triple-digit micromolar range are recommended. Nonetheless, CAC
determination can be a significant limitation for the methodology presented here. If possible within
a project workflow, it is recommended to combine the T2-CPMG assay and serial dilution NMR

assay to be able to extract the maximal amount of information about nano-entities.

It should also be noted that deuterated versions of the buffer may be required depending on
resonance overlap with the compound signal of interest, but in many cases, even non-deuterated
buffers can be used at lower concentration. Inorganic buffers are ideally suited (phosphate,

borate) as they exhibit no proton resonances in aqueous solution.
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A considerable advantage of this method over the previously reported NMR dilution aggregation
assay is that it is much more amenable to higher throughput screening. Only a single sample is
required and acquisition time is relatively short. Curating and screening fragment compound
libraries become more feasible and can ultimately save crucial resources further down the drug

discovery pipeline.

Despite the significant advancements this method offers, there are several shortcomings that
must be acknowledged. Given that this method monitors the relaxation properties of compounds
of interest, any process which leads to enhanced chemical exchange can result in faster
resonance decay. Tautomerization, exchangeable protons, and other intramolecular
conformational exchange processes can lead to enhanced relaxation, and thereby to a false
aggregation flag. In practice, however, most compounds (especially fragments) can be screened
reliably using this method even when rotamers are known to exist. In such cases, comparing the
T2-CPMG decay across multiple protons in the structure can give insight into whether rotamers
exists and can therefore aid eliminate false aggregation flags. It should also be noted that there
may also be limitations with the characterization of paramagnetic compounds, due to their short

transverse relaxation times.8!-62

Perspective of the aggregation phenomena. From a drug discovery perspective, it is critical to
have an understanding of small molecule aggregation and behavior of nano-entities in solution.
Given that aggregates are one of the primary sources of off-target pharmacological effects and
can give rise to false positives (via aggregation-induced mechanisms) in screening and binding
studies, it is clear that having a powerful tool such as the T2-CPMG method in hand, along with
other complementary technologies, will aid in ensuring productive drug-discovery initiatives. A
better understanding of SNER along with SAR can certainly help.%® One also needs to consider
at what stage the phenomenon of aggregation is being observed. For example, it is prudent to
avoid hits (uM affinity range) that aggregate from an HTS screen. Likewise, for fragment screens,
one should avoid binders that aggregate given that binding is usually detected in the high yM and
mM range of affinity — these are compound concentrations where aggregation and promiscuity

are prevalent and give rise to artifacts.

During lead optimization campaigns the phenomenon of compound aggregation should be
carefully considered. A potent compound can have both target-specific binding along with self-
association attributes. On one hand, compounds that aggregate also have a tendency to be

promiscuous in in vitro, off-target pharmacology screens. The NMR dilution aggregation assay
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has previously been used as a key criterion to select non-aggregating compounds for preclinical

studies and promotion for the clinic.®

On the other hand, other groups have employed the phenomenon of aggregation for desirable
features. For example, aggregation can promote increased bioavailability'®* and some efforts are
being devoted in order to harness the intrinsic properties of these entities to improve stability and
delivery.216:65-69 Some reports even describe inhibition of protein-protein interaction and amyloid

polymerization by exploiting small-molecule aggregation.”®"

Perspective of wider applicability. The T2-CPMG NMR aggregation assay presented in this
work can have wide-ranging utility in many chemical fields. It is a simple and practical experiment
that provides a wealth of information on compound self-assemblies and interactions. It is also
amenable to higher throughput screening given that only a single sample per compound or
mixture is needed. We have employed this assay for high-throughput analysis on thousands of
compounds across a wide range of solution conditions. Furthermore, to increase throughput, data
subsets can be acquired to reduce screening time and simplify analyses. We anticipate that this
assay will begin to expose the wide range of nano-entities that can exist and help keep drug

discovery initiatives on target.

EXPERIMENTAL SECTION

Compounds and libraries. All compounds investigated in this work were ordered from external
vendors. The suppliers and catalog numbers are provided in the Supporting Information. All
fragment compounds used in this work were identified through the curation of the ChemBridge
(https://www.chembridge.com/screening_libraries/fragment_library/) and NMX Research and
Solutions Inc. (https://www.nmxresearch.com/) fragment libraries. A subset of the NMX library is
available as Key Organics’ BIONET library (https://www.keyorganics.net/services/bionet-

products/fragment-libraries/).

NMR sample preparation. Each compound was prepared as a 10 mM stock solution in DMSO-
ds from the purchased powder or oil. This solution was then diluted in the test buffer to give the
desired final compound concentrations. The buffer used, unless stated otherwise, consisted of 50
mM NaPi, 100 mM NaCl, pH 7.4 with 10% D20. Water-suppression using excitation sculpting with
gradients was therefore necessary.’ This allows the experiment to be more generally applicable
to a range of buffer conditions and handles any water impurities. Samples were stored at 277 K

and data was acquired at 298 K.
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T2-CPMG. The experiments shown here were run on a 600 MHz Bruker Avance Il Spectrometer
equipped with a helium cryoprobe. The T2-CPMG experiment employed is a modified version of
the standard Bruker 1D 'H experiment with excitation sculpting (zgesgp) with the addition of a
CPMG pulse train after the initial 90-deg excitation pulse. The total duration of each spin echo
was fixed to 1 msec (1=500 psec) whereas the number of echoes in the pulse train was varied
according to the total time (T). The number of scans for all spectra was 64, although sufficient
signal-to-noise could be achieved using only 4 scans at 300 uM of compound. It should also be
noted that in this work we report T2* (effective T2) given the following: T2* = T2 (natural) +

T2inhom (field inhomogeneity) + T2exch (exchange contribution).

1D "H. The standard Bruker 1D 'H sequence with excitation sculpting (zgesgp) was employed. A
relaxation delay of 10 sec was employed to ensure near complete relaxation of all aromatic spins

prior to subsequent experiments. Spectra were acquired with 64 scans.

Diffusion. DOSY experiments were performed using the standard Bruker ledbpgp2s pulse
sequence.”® 128 scans were employed for each acquisition. To minimize water signal, the buffer

used was prepared in 100 % D0, with the same components as mentioned above.

Data interpretations. Data visualization was done in Bruker's TopSpin software. Quantification
of T2-CPMG peak area was calculated using Matlab (R2016b. The MathWorks, Inc. Natick,
Massachusetts, United States) (Supporting Information). DOSY data analysis was conducted
using Bruker’'s Dynamics Center. Prediction of diffusion coefficients was done using the SEGWE
calculator with the Stokes-Einstein method

(https://nmr.chemistry.manchester.ac.uk/?q=node/432).747
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1) Quantification of peak area and relaxation decay rates

CPMG spectra for all compounds were read into Matlab (R2016b. The MathWorks, Inc. Natick,

Massachusetts, United States) using the toolbox matNMR (http://matnmr.sourceforge.net/).

Artificial line broadening of 3 Hz was added to each spectrum by convolving with a Lorentzian line
shape kernel using the Matlab function 'conv'. The kernel was defined explicitly using the equation
of an absorption-mode Lorentzian line shape." Line broadening was added to improve signal-to-

noise ahead of numerical calculations.

Regions containing peaks were detected in each 1 ms delay CPMG spectrum by thresholding
above the 96th percentile of spectrum amplitude (excluding a 0.3 ppm window around the strong
DMSO reference peak). Regions narrower than 0.007 ppm were discarded as being due to spikes
in the noise. Each contiguous region was then dilated by 0.05 ppm to ensure that the tails of the
peak were included. This used the 'imdilate' function from the Matlab Image Processing Toolbox
with a unit-kernel of width 0.05/(sweep width in ppm)*(number of points), rounded to the nearest
integer. In some cases, a cluster of nearby peaks (either a multiplet or closely spaced peaks) end
up in the same region, and are therefore treated together in subsequent calculations. Due to the
0.05 ppm dilation, the minimum space between peaks in separate regions is 0.1 ppm, and peaks

closer together than that are treated as a single cluster or multiplet.

Amplitude in the first CPMG spectrum (1 ms delay) was calculated for each region by integrating
the spectrum in that region using the 'sum' function in Matlab. For each region, the decrease in
amplitude due to T2 decay in all CPMG spectra was found by projecting the 1 ms CPMG onto
each subsequent CPMG spectrum. For this projection we used the '\' (backslash or left matrix
divide) function in Matlab. This is the solution a(4) in the least squares sense of the equation
CPMG(A) = a(A)*CPMG(1), where A is the relaxation delay period, CPMG(1) is the spectrum with
1 ms relaxation delay, CPMG(4) is a CPMG spectrum with another delay, and a(4) is scalar
showing the decrease in intensity between the two spectra. This calculation is done separately

for each region containing a peak.

The scalars a(A) for A = 1, 25, 50, 100, 200, 300, 500, and 800 ms were fit to an exponential
decay using the 'fit' function with option 'exp1' in Matlab, to estimate T2 decay rates for each
region/peak in each spectrum. In high throughput applications, we instead only use spectra for A
=1 and A = 800 ms. Scalars a(A) for A = 800 ms were reported in the third column in Figures 6,
7, and S3.
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2) Control non-aggregator and known aggregators in the NMR dilution assay

The results obtained from the T2-CPMG assay for etodolac, methylene blue and Evans blue
correlate with results obtained from a previously published NMR dilution-based aggregation
assay. The NMR dilution-based assay flags aggregates based on characteristic changes in ligand
spectra across a range of concentrations.?* In this assay, etodolac exhibits the behavior expected
for a non-aggregator: as compound concentration decreases, peak intensity decreases with no
changes observed in peak shape, chemical shift or number of resonances (Figure S1A). In
contrast, two previously reported aggregators, methylene blue and Evans blue, show the
expected behavior of aggregating compounds (Figures S1B,C). As the concentration of both
methylene blue and Evans blue decreases, there are systematic changes in chemical shift,
number of peaks, or line broadening. These behaviors indicate that these compounds are self-
associating and forming aggregates at high concentrations, hindering their ability to freely tumble

thus changing the molecular environment of the observed nuclei.

Non-Aggregator Aggrelgators
Etodolac Methylene Blue Evans Blue
A B
Concentration JM\ JL
[300 pM] /N R
[150 pM] A A
,\r ) A . R
[38 pM] /
[19 IJM] T ¥ T T T T T T T T T T ;

75 7.0 8.5 |80 75 7.0 65| 85 8.0 75 70 6.5

o) | |+ NH, OH

N\ N S N NaO3S N=N
OH

N

H N/

SO;Na

Figure S1. Dilution assay NMR spectra for three compounds illustrated in Figure 4. Panels A-C
show a series of '"H-NMR spectra for concentrations ranging from 300 to 19 uM. The dilution

profile supports the data obtained by the T2-CPMG aggregation assay.

3) Sensitivity for aggregates of small molecules

In the NMR dilution method, the control fragment (1), displays no significant changes in resonance

number, shape and chemical shift (Figure S2A), consistent with the behavior of a non-aggregator.
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The T2-CPMG profile is also consistent with that of a non-aggregator. However, in the case of
aggregating fragments 2 and 3, the T2-CPMG results from Figure 5 do not correlate with the
observations made with the NMR dilution assay (Figure S2B,C). As compound concentration
increases, there are no telltale signs of aggregation in the dilution assay and based solely on this
assay, these compounds would have been cleared as non-aggregators. The T2-CPMG assay
clearly demonstrates that this is not the case.

Aggregators
Non-Aggregator |

Nicotinic acid 5-chloro-2-pyridinecarboxylic acid | 3-methylpyridine-2-carboxylic acid

c

A M J & AL D VI S U

Concentration
[300 pM]
[150 uM]

[38 pM]
[19 M}

T T ' T - . : — — s
88 86 84 8.2 8ol 84 82 80 78 76 |82 8.0 78 78 7.4 7.2 7.0

XL \ )o@

Figure S2. Dilution assay NMR spectra for three fragments illustrated in Figure 5. Panels A-C
show a series of 'TH-NMR spectra for concentrations ranging from 300 to 19 uM. While the dilution
assay suggest that these compounds do not aggregate, the T2-CPMG assay indicates that these

compounds undergo self-association.
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4) Additional series of structurally related compounds with distinct T2-CPMG profiles

- Peak Chemical Peak Area - :
Behavior Structure Shift (6-10 ppm) 800 ms/1 ms T2-CPMG NMR (aromatic region)
N NH, 6.83 41%
\ A ot et P st
Aggregator o /©jN> 7.05 12% e . _JL L
| i (15) 7.40 15% 80 75 70 65
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Figure S3. Quantification of a series of structurally related benzimidazole core compounds. For
each compound, peaks in the aromatic region of the spectra (6-10 ppm) are identified and the
peak area was determined by integration. The peak areas between 1 ms and 800 ms delay times
were compared and the percentage difference was calculated. These percentages can be
compared to the NMR spectra in the far right column. The bottom, red spectrum has a 1 ms delay

time and the top, brown spectrum has an 800 ms delay time.

5) Consistency of T2-CPMG at other compound concentrations

Although the compound concentrations used for T2-CPMG experiments throughout this
manuscript have been 300 uM, the T2-CPMG assay can be used at various concentrations so
long as there is sufficient NMR signal. Figure S4 compares the T2-CPMG profiles illustrated in
Figure 4 at 300 uM (Figure S4A-C) and the same experiments performed at 75 yM compound
concentration (Figure S4D-F). There is excellent agreement between the spectra observed
between 300 and 75 pM, although it is highly conceivable that different results could be observed

as a compound may aggregate at a higher concentration but not at a lower one.
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Figure S4. Shown are three examples demonstrating that the T2-CPMG assay can be run a

different compound concentration. Panels A-C show a stack of the "H-NMR spectra from various

T2-CPMG delay times for a constant compound concentration of 300 uM. Panels D-F show the

stack of '"H-NMR spectra superimposed from the same T2-CPMG delay times with a constant

compound concentration of 75 uM.

6) Evidence for the detection of chemical exchange

A range of compounds were further evaluated along with 1, 2, 3, etodolac, methylene blue and

Evans blue (Table 1). Observed concentration for each compound was estimated by NMR both

in buffer and solvent using an external standard reference.®
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Table 1. Comparison of solution properties for a range of small molecules.

Observed

Peak area
Compounds concentration (uMM) (300 ms/1 T2 (ms) D (m?s) Descriptor
Buffer Solvent ms) (%)
L-tryptophan 406 531 71 2405 4.56E-10
Etodolac 428 375 60 1446 3.94E-10
Tartrazine 295 284 52 1267 3.2E-10 Non-aggregators
1 305 379 52 1225 5.87E-10
Imidazole 483 369 51 1109 8.4E-10
Thiamine 373 308* 44 1008 3.56E-10
Lansoprazole 390 393 41 1070 3.21E-10 Intermediate behaviors
Gefitinib 267 381 31 780 1.56E-10
Erythrosin B 330 329 24 551 2.75E-10
Chlorpromazine 345 391 11 362 3.66E-10
Light green SF yellowish 230 165 10 356 2.39E-10
Acid blue 9 275 316 9 357 2.24E-10
Flutamide 378 436 7 305 4.02E-10
3 347 399 6 61 5.33E-10 Aggregators
2 380 265 0 116 5.98E-10
Evans blue 188 179 0 34 3.27E-12
Imatinib 191 333 11 334 2.61E-10
Methylene blue 274 395* 1 130 3.18E-10
Allura red 284 361 0 121 1.95E-10

Nominal concentration was 300 uM. Compounds with remaining T2-CPMG signal intensity below 25%, between
25% and 50% and above 50% were classified as aggregators, intermediate behaviors and non-aggregators,

respectively.

Buffer: 50 mM NaPi, 100 mM NaCl, 100 % D20, pH 7.4. Solvent: 1:1 DMSO-ds and ACN-ds.

*Due to poor solubility in DMSO-ACN, the solvent used for these samples was 100 % DMSO-de.

Measured peak area percentages span a wide range of values and when combined with solubility

data, allows for a separation of these molecules into three categories: 1) non-aggregators, 2)

intermediate behaviors, and 3) aggregators. Interestingly, the majority of compounds in the last

two categories have previously been reported as aggregators or as having promiscuous

behaviors.*8°
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T2 relaxation times and diffusion coefficients were determined for all samples using T2-CPMG
and diffusion-ordered spectroscopy (DOSY) NMR experiments, respectively. A comparison was
done to determine if diffusion values corroborate the measurements of T2. DOSY provides a
measure of translational diffusion and can therefore provide information on molecular size and
shape, as well as dynamics.'®'® Comparisons between T2-CPMG and diffusion coefficients
versus molecular weight of the compounds primary structures are shown in Figures S5 and S6,
respectively. Overall correlations can be noted, especially when considering theoretical versus

measured diffusion data as shown in Figure 5.

2500 =

A L-tryptophan Agg reg ators
Intermediate

20004 Non-aggregators

1500 =

A Etodolac
B
A Tartrazine
= 1
= A
A Lansoprazole
1000+ A Thiamine
A Gefitinib
5004 A Erythrosin B
A Imidazole A Chlorpromazine Imatinib A Light green SF yellowish
A Fiutamide A, Imatin Acid blue 9
A2 A Methylene blue A Allura red
3
0 A . . . . A Evans blue
0 200 400 600 800 1000

Molecular weight (Da)

Figure S5. Correlation between T2 relaxation and molecular weight. While there is an expected
correlation between T2 and molecular weight, chemical exchange processes also contribute to
transverse relaxation rates. Therefore, compounds undergoing chemical exchange between
states would exhibit shorter T2 relaxation times than compounds not undergoing exchange
processes, as shown. Furthermore, compound aggregates are of larger size and would also
exhibit shorter transverse relaxation times than freely soluble species. It is important to note that
the molecular weights shown above are those expected for the free compounds. Aggregators

therefore have T2 relaxation times that are much shorter than would be expected for the free
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compounds. Experimental points were colored according to their loss in T2-CPMG signal intensity
between 1 and 800 ms delays (red, more than 75% loss in signal intensity; orange, between 50%

and 75%; green, less than 50%).

In contrast, the T2-CPMG experiment is able to indirectly detect the presence of some very large
“‘NMR-invisible” aggregates. The chemical exchange contribution to T2 resulting from exchange
between single molecules and aggregated species of various sizes is therefore a more

appropriate reporter of self-association and aggregation.

3000 =

Aggregators
Intermediate
A L-tryptophan Non-aggregators
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m
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Figure S6. There is only modest correlation between T2 and diffusion coefficient. As mentioned
previously, this can be explained by chemical exchange contributions to T2. While diffusion is
sensitive primarily to molecular size and has a detection range limited to smaller species that are
detectable by NMR, T2 can elucidate very large “NMR invisible” entities indirectly via chemical
exchange. It is possible that the diffusion coefficients measured for aggregators only represents
the “NMR visible” fraction, thereby misrepresenting the true size distribution of aggregate species

in the sample. Experimental points were colored according to their loss in T2-CPMG signal
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intensity between 1 and 800 ms delays (red, more than 75% loss in signal intensity; orange,
between 50% and 75%; green, less than 50%).

7) Consistency between the use of T2 and peak area percentages

Figures 6, 7 and S3 illustrate that only two T2-CPMG delays can be used to rapidly assess
compound solution behaviors. This can prove very useful in reducing NMR acquisition time when
curating large compound libraries. Figure S7 illustrates the correlation between the T2 and peak
area calculation for all compounds present in Table 1. Peak areas were measured using two delay
times as described above, while the T2 relaxation times were obtained by fitting across eight T2-
CPMG delays. Therefore, peak areas can serve as reliable and fast filters in order to quickly

curate large numbers of compounds.
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Figure S7. Percentages of peak area for 800 versus 1 milliseconds delays correlate well with the

T2 relaxation times obtained by fitting several delay points.
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8) Compound information

Compound Name

SMILES

Supplier

Catalog
No.

CAS

In this

manuscript

Light green SF
yellowish

CCN(CC1=CC(=CC=
C1)S(=0)(=0)[0-
1)C2=CC=C(C=C2)C(
=C3C=CC(=[N+](CC)
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=0)(=0)[O-
])C=C3)C5=CC=C(C
=C5)S(=0)(=0)[0-
1.[Na+].[Na+]

Alfa Aesar

B23330

5141-20-8

Figures 1, 5,
S5-S7, Table 1

Evans Blue

CC1=C(C=CC(=C1)
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C(=CC(=C4N)S(=0)(
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DS(=0)(=0)[0-
1)0)C)N=NC5=C(C6=

C(C=C5)C(=CC(=C6

N)S(=0)(=0)[O-
DS(=0)(=0)[O-
1)O.[Na+].[Na+].[Na+]
[Na+]

Sigma

E2129

314-13-6

Figures 1, 4, 5,
S1, S4-S7,
Table 1

Acid violet 49

CCN(CC1=CC(=CC=
C1)S(=0)(=0)0)C2=
CC=C(C=C2)C(=C3
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Figure 1
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C1=CC=C(C=C1)CC
CCOC2=CC=C(C=C

Beta
Pranlukast 2)C(=O)NC3=CC=C Ph 56-05418 103177-37-3 Figure 1
arma
C4=C30C(=CC4=0)
C5=NNN=N5
2-methyl-1,3(2H,4H)- | CN1C(=0)CC2=CC= Key
) o ) 10L-733 4494-53-5 Figure 2
isoquinolinedione CC=C2C1=0 Organics
CCC1=CC=CC2=C1 Figures 4, 5,
Etodolac NC3=C2CCOC3(CC) Sigma E0516 41340-25-4 S1, S4-87,
CC(=0)O Table 1
CN(C)C1=CC2=C(C Figures 4, 5,
Methylene Blue =C1)N=C3C=CC(=[N Sigma M9140 122965-43-9 S1, S4-87,
+](C)C)C=C3S2.[CI-] Table 1
Figures 5, 6, 9,
o ] C1=CC(=CN=C1)C(= Key
Nicotinic acid (1) PS-4255 59-67-6 S2, S$5-S7,
0)0 Organics
Table 1
5-chloro-2- Figures 5, 6, 9,
o ) C1=CC(=NC=C1CI)C Key
pyridinecarboxylic ) BB-0607 86873-60-1 S2, S5-S7,
) (=0)O Organics
acid (2) Table 1
Figures 5, 6,
3-methylpyridine-2- CC1=C(N=CC=C1)C Key
PS-3239 4021-07-2 S2, S5-S7,
carboxylic acid (3) (=0)O Organics Table 1
able
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N=C1CO
yl)methanol (4)
N-methyl-1-(1-methyl-
1H-benzimidazol-2- CNCC1=NC2=CC=C
) Chembridge 4015772 N/A Figure 7
yl)methanamine C=C2N1C.CI.CI
dihydrochloride (5)
[(1-methyl-1H-
benzimidazol-2- CN1C2=CC=CC=C2
Chembridge 4100112 N/A Figure 7
yl)methyl]lamine N=C1CN
hydrochloride (6)
[2-(1-methyl-1H-
benzimidazol-2- CN1C2=CC=CC=C2
) Chembridge 4100113 N/A Figure 7
yl)ethyllamine N=C1CCN.CI.CI
dihydrochloride (7)
[3-(1-methyl-1H-
benzimidazol-2-
CN1C2=CC=CC=C2
yl)propyllamine Chembridge 4033392 N/A Figure 7
] ) N=C1CCCN.O.CI.CI
dihydrochloride
hydrate (8)
6-methyl-1,2,3,4-
tetrahydro-11H- CC1=CC=CN2C(=0)
pyrido[2,1- C3=C(CCCC3)N=C1 | Chembridge 9221258 N/A Figure 8
blquinazolin-11-one 2
9)
OC1=CC=CN2C(=0)
6-hydroxy-1,2,3,4-
C3=C(CCCC3)N=C1
tetrahydro-11H-
2
pyrido[2,1- Chembridge 9200099 N/A Figure 8
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3-ethyl-9-hydroxy-2-

CCC1=C(N=C2C(=C

methyl-4H-pyrido[1,2- Chembridge 9226831 N/A Figure 8
o C=CN2C1=0)0)C
a]pyrimidin-4-one (11)
3-ethyl-2,6-dimethyl-
CCC1=C(N=C2C=C
4H-pyrido[1,2- Chembridge 9205478 N/A Figure 8
o C=C(N2C1=0)C)C
a]pyrimidin-4-one (12)
3-ethyl-2-methyl-4H-
) CCC1=C(N=C2C=C ) )
pyrido[1,2- Chembridge 9281741 N/A Figure 8
o C=CN2C1=0)C
a]pyrimidin-4-one (13)
3-(4-
C1=CC(=CC=C10C Key )
bromophenoxy)propa ) PS-3130 118449-57-3 Figure 10
o CC#N)Br Organics
nenitrile (14)
[(6-methoxy-1H-
benzimidazol-2- CI.CI.COc1cce2ne(C ) ]
) Chembridge 4101295 N/A Figure S3
yl)methylJamine N)[nH]c2c1
dihydrochloride (15)
[(6-chloro-1H-
benzimidazol-2- CI.CI.NCc1nc2ccc(Cl
] Chembridge 4101293 N/A Figure S3
yl)methyl]lamine yee2[nH]1
dihydrochloride (16)
[(6-fluoro-1H-
benzimidazol-2- CI.CI.CNCc1nc2ccc( ) )
Chembridge 4004431 N/A Figure S3

yl)methylmethylamin
e dihydrochloride (17)

F)cc2[nH]1
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[(5-fluoro-1H-

benzimidazol-2-

C1=CC2=C(C=C1F)

) Chembridge 4002683 N/A Figure S3
yl)methyl]lamine NC(=N2)CN.CI.CI
dihydrochloride (18)
[2-(5-fluoro-1H-
benzimidazol-2- CNCCC1=NC2=C(N
) Chembridge 4009689 N/A Figure S3
yl)ethyllmethylamine | 1)C=C(C=C2)F.CI.CI
dihydrochloride (19)
Figures 5, S5-
Imidazole C1=CN=CN1 Sigma 12399 288-32-4
S7, Table 1
CC1=C(C=CN=C1C
S(=0)C2=NC3=CC= Figures 5, S5-
Lansoprazole Sigma L8533 103577-45-3
CC=C3N2)OCC(F)(F S7, Table 1
)F
C1=CC(=CC=C1N=N
C2C(=NN(C2=0)C3=
CC=C(C=C3)S(=0)(= Figures 5, S5-
Tartrazine Alfa Aesar A17682 1934-21-0
0)[O-])C(=0)[O- S7, Table 1
1)S(=0)(=0)[O-
].[INa+].[Na+].[Na+]
CC1=C(SC=[N+]1CC
Figures 5, S5-
Thiamine 2=CN=C(N=C2N)C) Sigma T1270 67-03-8
S7, Table 1
CCO
C1=CC=C2C(=C1)C( Figures 5, S5-
L-tryptophan RPI T60080 73-22-3
=CN2)CC(C(=0)O)N S7, Table 1
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Abstract

The free-state solution behaviors of drugs profoundly affect their properties. Therefore, it is critical
to properly evaluate a drug’s unique multiphase equilibrium when in an aqueous environment,
which can comprise lone molecules, self-associating aggregate states and solid phases. To date,
the full range of nano-entities that drugs can adopt has been a largely unexplored phenomenon.
This protocol describes how to monitor the solution behavior of drugs, revealing the nano-entities
formed as a result of self-associations. The procedure begins with a simple NMR 'H assay, and
depending on the observations, subsequent NMR dilution, NMR T2-CPMG (spin-spin relaxation
Carr-Purcell-Meiboom-Gill) and NMR detergent assays are used to distinguish between the
existence of fast-tumbling lone drug molecules, small drug aggregates and slow-tumbling colloids.
Three orthogonal techniques (dynamic light scattering, transmission electron microscopy and
confocal laser scanning microscopy) are also described that can be used to further characterize
any large colloids. The protocol can take a non-specialist between minutes to a few hours; thus,

libraries of compounds can be evaluated within days.

Introduction

A clear understanding of the behavior of compounds in aqueous solution is central to the rational
design and development of pharmaceutical agents’-2*#. The behavior of compound solutions can
be complex and involve mixtures of soluble, aggregate and precipitate forms (Fig. 1). Each
compound adopts its own fingerprint multi-phase equilibrium in solution that is highly dependent
on environmental conditions, such as concentration, buffer, salt, pH, temperature, metals,
proteins and the presence of other molecular entities’2345, Knowledge of the relative solubility of
a compound is therefore important because the relative solubility of a compound can affect its
activity in chemical and biological assays as well as in vivo. Unfortunately, a lack of appropriate
detection technologies has hindered acquisition of information about a compound’s multi-phase
equilibrium. As a consequence, the solution behavior of compounds under aqueous conditions

remains poorly understood and is largely undetected.
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Fig. 1: Drugs exist in unique multi-phase equilibria in solution.
They can range from lone molecules (left) to a solid (right), with intermediate states (center)
of nano-entities that can exhibit many shapes and sizes.

The aim of this protocol is to enable expert and non-expert researchers to monitor the solution
behaviors of their compounds, with an emphasis on monitoring the aggregate phases. It includes
detailed procedures for sample preparation, data acquisition, interpretation and how to use the
information obtained in decision-making during the drug-discovery pipeline. The workflow is
based on years of experience of the corresponding author in the pharmaceutical industry and
involves the judicious use of various equipment and assays that, as an ensemble, present the
best potential means for exposing the full range of drug nano-entity types and sizes that can exist.

For example, we have previously used the components of this protocol in references 6789,

Rationale for the development of the protocol
Existence of compound aggregates (nano-entities)

All compounds naturally adopt a multi-phase equilibrium in solution. From a practical point of view,
this property can be categorized as a three-phase equilibrium, ranging from single lone-tumbling
molecules to insoluble solid precipitate with an intermediate array of soluble self-associated nano-
entities or colloids. This is illustrated in Fig. 1, which also shows that distinctions can be made on

the basis of molecular sizes. The term colloidal aggregates is often used to describe particles with
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sizes extending beyond the nanoscale, whereas nano-entities refer to soluble aggregates having
sizes between 1 and 1,000 nm. In general, compounds that behave as single lone-tumbling drug
molecules fall within a 1-nm range, whereas amorphous solids can be =21 ym. Drugs can also
adopt self-assembled intermediate nano-entities such as dimers and small multimers sized ~1—
10 nm (Fig. 1). NMR spectroscopy is ideally suited for detection of 1-10-nm entities. In contrast,
some nano-entities are much larger and thus visible via transmission electron microscopy (TEM)
as shown in Fig. 2. For example, the images in Fig. 2 show that an anti-leprosy drug (clofazimine),
two anti-cancer drugs (lapatinib and sorafenib) and curcumin form self-assemblies ranging from
hundreds of nanometers to several micrometers in size. Although the exact molecular architecture
and environmental parameters that dictate these equilibria have yet to be deciphered, it is clear
that environmental conditions have an impact. For example, changes in colloid features can be
observed when different media are used, and smaller aggregates can experience profound

equilibrium shifts upon exposure to different buffer conditions™®.

Fig. 2: The presence of large drug colloidal aggregates can be visualized by TEM.
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A-d, TEM images show aggregates of clofazimine (a), curcumin (b), sorafenib (c) and
lapatinib (d). Compounds were incubated at 100 uM (except for lapatinib, which was tested
at 50 uM) in DMEM in the presence of 5% (vol/vol) FBS.

Importance of the characterization of nano-entities for decision making during drug

discovery and development

To date, the pharmaceutical industry has undertaken little characterization of multi-phase
characteristics of compounds or correlation of these characteristics with function. The initiatives
that have been undertaken have demonstrated that these properties have considerable impact at
various stages of drug discovery and development. For example, compound aggregates can act
as pan-assay interference-like entities and have been implicated in up to 85-95% of artifacts in
early high-throughput screens (HTSs)?*. These hits appear because of the formation of large drug
colloids that can bind to and adsorb protein macromolecules in a non-specific manner, leading to
changes in dynamics or partial denaturation of the protein. During unpublished industrial research
projects, we frequently observed nano-entities when evaluating hits from HTSs and virtual and

biophysics screens. These types of hits are often non-stoichiometric and/or non-specific binders.

The impact on decision making at the early lead identification stages of a project when searching
for new starting-chemical matter can be profound. When evaluating hits from an HTS, counter-
screens can be implemented by adding detergents that break up compound colloids™3. Significant
changes in activity can then be construed as undesirable activity, induced by hits that form
colloidal aggregates. Deprioritizing such hits could avoid issues and downstream waste in
productivity. Implementing well-designed counter-screens also enables detection of promiscuous
hits.

The impact of nano-entities on fragment-based lead discovery can also be profound. Fragment
screens usually require high compound concentrations and often involve pools of multiple
compounds all at high concentrations. These conditions tend to shift equilibria toward the
aggregation and solid phases. Thus, it would be prudent to implement an aggregation assay to
first curate libraries of free fragments in buffer’. Furthermore, given findings that compound
aggregation is also buffer dependent, one should consider running screens and aggregation tests
on the free state of compounds in the same buffer used for biological assays. We suggest
deprioritizing hits that exhibit aggregation at this stage, given the difficulties in distinguishing

between stoichiometric-specific hits and aggregate-binding hits.
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The impacts at the lead optimization stage can also be significant. Colloids have been found to
result in false-negative activity in cell-culture assays®'°. In addition, inaccurate results from other
biological assays and biophysics affinity measurements are likely, given that it is hard to
determine a compound’s solubility. Structure-activity relationship conclusions can also be skewed
if the influence of aggregation is not taken into account. Distinct variations in aggregation can
occur even within a series of closely related compounds’. Thus, it is prudent to continuously
monitor and evaluate compounds’ free-state solution behaviors throughout the lead optimization
stages. When aggregates are observed at such a stage, it would probably be worthwhile to
determine if stoichiometric single-molecule binding also exists. Aggregation tendencies can then
be monitored as the series progresses, and the information can be incorporated in decision
making. For example, we have shown that aggregation behavior can be minimized via minor

chemical modifications”.

Monitoring aggregation tendencies is also recommended for compound series that are
approaching selection for clinical studies. Compound aggregation has been implicated in
undesirable off-target and promiscuous inhibition®, toxicity'®, altered pharmacokinetics' 2 and
immune responses (unpublished data). To minimize these undesirable properties, we have
90egion90d90ing used NMR aggregation assays to prioritize non-aggregating compounds for
pre-clinical testing’. Nevertheless, some drug self-assemblies have also been associated with
favorable properties such as conferring unusually high drug bioavailability™'4. Thus, the decision
to prioritize or deprioritize aggregation will depend on the desired properties required for the drug-
discovery program. However, it is likely that the examples of aggregators exhibiting desirable
properties might be the exception rather than the rule. Either way, it is becoming clear that the
solution behavior of compounds is important; thus, detection technologies are needed to better
understand the relationships between these multi-phase solution behaviors and pharmacological

properties.
Limitations in free-state detection and monitoring methods

The most widely used methods to detect aggregates in solution are dynamic light scattering (DLS)
and electron microscopy®'®. However, both are limited to the detection of large (>10 nm) nano-
entities and colloids'"” and are thus unable to detect the full range of self-assemblies that can
exist in solution. DLS can also be inadequate in the case of inhomogeneous (polydisperse)
samples, whereas electron microscopy usually has relatively limited throughput. Although there
is no single scientific instrument that can directly detect the full range of nano-entity sizes and

types that exist, NMR is probably the most encompassing option. Fortunately, spectrometers are
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widely available at most research institutes; thus, NMR is usually the most practical technology
available that is also sensitive to the widest range of behaviors of compounds in solution. We
introduced several NMR aggregation assays'®’#8, and these are described within this protocol.
However, for optimal characterization, interested scientists must first learn and understand the
pros and cons of various instruments and techniques, which can be overwhelming because of the
challenges in acquiring and interpreting datasets within the context of the peculiarities of nano-

entities and colloids.
Comparison of methods: advantages and limitations

Table 1 provides a comparison of the advantages and limitations of the methods used in this
protocol. Given this, the protocol described here attempts to establish a pragmatic approach that

capitalizes on the advantages and mitigates the limitations of each technique.

Table 1: Comparison of techniques for detecting drug aggregates

Methods Advantages Limitations

Provides atomic-level

details of compounds

Best methods for direct

detection of small- to

medium-sized aggregates Large aggregates are detected indirectly via changes

Simple methods to in relaxation properties or by changes in measured
implement concentrations via addition of detergents or other
NMR an be used with addi.tives ' o
assays mixtures of aggregates Multiple samples required for NMR dilution assay
Both qualitative and Aggregate sizes can usually only be determined
quantitative methods qualitatively
Amenable to a wide Relatively insensitive technique and thus requires
variety of buffers/media relatively high concentrations
Amenable to HTSs
Instruments widely
available at institutions
Can detect CACs
Can detect large
aggreggtes _and Cannot detect small-to-medium-sized aggregates
determine sizes Not compatible with mixtures of aggregates
DLS Can detect CACs lydisperse samples)
assay Amenable to high (polydisp b

Many potential artifacts make detection and analyses

throughput difficult or confusing

Amenable to a wide
variety of buffers
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Methods Advantages Limitations

Can visualize large Cannot detect small-to-medium-sized aggregates
aggregates and Can require high concentrations
TEM determine sizes Visualization usually requires the addition of negative
assay Can detect mixtures of stains
large aggregates Not amenable for high throughput
Amenable to a wide Size of aggregates may be underestimated compared
variety of buffers/media to other techniques because of the need to dehydrate
Preparation is time consuming
Limited to fluorescent compounds
Can visualize large Cannot detect small-to-medium-sized aggregates
CLSM aggregates in cells If aggregates/compounds do not cross cell
assay Possible to observe membranes, they will get washed away during the
distribution of aggregates fixation steps
in cells Addition of FBS may sequester some/all aggregates,

leading to no fluorescence being observed inside the
cells (false negatives)

CAC, critical aggregate concentration; CLSM, confocal laser scanning microscopy.

Perhaps the most versatile and widely encompassing technique described in Table 1 is NMR
spectroscopy. The NMR assays best allow one to monitor the solution behavior of compounds
and their multi-phase equilibria. Lone molecules, as well as small- and medium-sized aggregates,
can be directly monitored, whereas large colloids can be exposed only upon breakup via the
addition of detergents. The presence of the latter can also be indirectly inferred through
quantification (e.g., by using the electronic reference to access in vivo concentrations (ERETIC)
method)'8, the acquisition of spectra acquired in dimethyl sulfoxide (DMSO)-ds solvent or by

difference in spin-spin relaxation Carr-Purcell-Meiboom-Gill (T2-CPMG).

Other traditional techniques used in this protocol are limited to the detection of medium to large
aggregates and are insensitive to small aggregates and lone molecules. For example, DLS has
been used extensively to study colloids'”19202" thus, it is a great method for detecting large
aggregates and for determining sizes and critical aggregation concentrations (CACs). Another
added benefit is that DLS is also amenable to high-throughput screening. However, DLS cannot
detect small-to-medium-range aggregates and has trouble resolving mixtures of aggregates of
roughly equivalent size. Furthermore, it is prone to potential artifacts, which can make detection

and analysis difficult or confusing.

TEM can be useful for visualizing large aggregates and for determining sizes®22%, It can detect

mixtures of large aggregates and could be used to determine CACs. In some cases, it is also
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amenable to a wide variety of buffers and media. However, it cannot detect small-to-medium-
range aggregates, may require high concentrations and is not amenable to high-throughput
screening. It is also noteworthy that visualization usually requires the addition of negative stains,
which may affect compound multi-phase equilibria. In addition, the size of aggregates can be

lower as a result of dehydration.

Confocal laser scanning microscopy (CLSM) is an excellent method to visualize large aggregates
in cells along with their effects on cells®?2. However, sample preparations are lengthy, analyses
are limited to fluorescent compounds and it is less sensitive to small-to-medium-sized aggregates.
Moreover, only compounds that are able to cross the cell membrane, either as monomers or as

aggregates, will be observed by using this method.

Other techniques that are not detailed in this protocol, such as aggregation-induced emission?*25,
nanoparticle tracking analysis (NTA)?®, nephelometry?’, ultracentrifugation'', small-angle X-ray
scattering? and other NMR methods (saturation-transfer difference®?°, diffusion ordered
spectroscopy’® and nuclear Overhauser effect spectroscopy') can potentially be used to study
solution behaviors of compounds. We chose not to describe the use of these assays because the
current scope of these techniques is limited. Aggregation-induced emission relies on the induction
of chromophore fluorescence and emission upon the formation of aggregates, which limits its
applicability to only large, highly aromatic compounds?+2°, NTA has been used in the tracking of
colloids?® and to track aggregates; however, we observed that the aggregates seemed to have a
tendency to stick to the capillary. Similar to DLS, NTA is sensitive to contaminants?®.
Nephelometry has been previously used to determine compound solubility?’; however, there is no
mention in the literature on use to detect drug aggregation. Ultracentrifugation and small-angle X-
ray scattering represent interesting approaches, but instrumentation is not always readily
available. Many other NMR methods exist, but they are not as straightforward to set up and
interpret, can be more time consuming and may not be as sensitive as the methods suggested
here. Finally, one can also refer to databases that predict whether compounds have a tendency
to aggregate®*3'. However, these databases were constructed by using mainly DLS data and thus

have inherent limitations.

Besides the technological limitations, there are multiple ‘gaps’ that continue to impede
pharmaceutical scientists from effectively pursuing and detecting the existence of drug
aggregates. Although some impacts are described here, we have not covered all issues and are
therefore currently preparing a more encompassing evaluation in a review article. Perhaps the

most daunting gap, and the easiest to overcome, is the lack of appreciation that the phenomenon
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of drug aggregation can have serious impacts at all stages of drug discovery and development.

Another important gap consists of the disconnect in pharmaceutical workflows and the expertise

of personnel. For example, medicinal chemists synthesize new compounds and characterize

them (at the atomic level by NMR) in organic solvents before delivering the powder form of these

compounds (or stocks in organic solvent) to biochemists, who dissolve them in aqueous buffer

and perform assays at the macroscopic level. Because no one is responsible for characterizing

the compounds in water at the atomic level, important aspects of their solution behaviors can go

undetected®.

Overview of the procedure

Figure 3 provides an overview of the whole protocol. The protocol was designed to allow a

scientist to first easily comprehend the solution behavior of a compound (or library of compounds)

by using the quick NMR 'H assay and NMR dilution assay. Depending on the results, other

optional assays can then be undertaken to further characterize the muti-phase equilibrium and

nano-entities present.
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Fig. 3: Overview of the protocol to probe drug solution behavior.

The protocol consists of the following parts to be used depending on each result: NMR 'H
assay, NMR dilution assay, NMR T2-CPMG assay, NMR detergent assay and orthogonal
assays. The red lettering indicates possible scenarios along the various stages of the
protocol, and further details regarding the interpretation are given in the main text.

The protocol begins with an NMR 'H assay in which a simple "H NMR spectrum of the compound
in aqueous buffer at 200 uM nominal concentration is acquired. In parallel, the sample should be
visually inspected to assess solubility (a clear sample suggests adequate solubility, whereas a
turbid sample and/or formation of precipitate suggests limited solubility). The top of Fig. 3 provides
examples of typical results seen for solutions behaving as lone molecules (a), small aggregates
(b), large aggregates (c) and precipitate (d). The shape of the '"H NMR resonances of a compound
depends on the tumbling rate of the species present in solution and on exchange between multiple
states/entities. In scenario a in Fig. 3, visibly sharp resonances are seen as a result of lone
molecules that tumble rapidly in solution. In contrast, larger aggregated entities tumble more
slowly, resulting in broader resonances (scenario b in Fig. 3), or have resonances that are so
broad that they appear to not exist (scenarios ¢ and d in Fig. 3). If the observed NMR resonances
are similar to scenarios a or b, then the concentration in solution can be determined (see

Procedure below).

As a control experiment, the acquisition of a '"H NMR spectrum of the compound at the same 200
MM nominal concentration in DMSO-ds solvent is also recommended. This has several purposes.
Assuming that most drug-like compounds are more soluble and are expected to aggregate less
in DMSO solvent than in buffer, one can compare the observed concentration of a compound
between the two solvents by using an external reference'®. This allows the quantitative
determination of the total concentration of lone molecules and/or small aggregates. Note that
appreciable differences are often observed between nominal and observed concentrations of a
compound in spectra from DMSO-ds solvent because of powder-weighing issues and solid

sample adducts (e.g., salt forms and hydrated powder).

If NMR resonances are observed for the compound in both buffer and DMSO, then the NMR
dilution assay'® can be undertaken along pathways e or f (Fig. 3). For this, the acquisition of a 'H
NMR spectrum of the compound at lower concentration (50 uM in buffer) is compared with the
200 pM spectrum in buffer. If abnormal dilution effects are observed, this confirms that small
aggregates are present (Fig. 3, scenario f), whereas if only normal dilution effects are detected,

then it is likely that only lone molecules are present, with no small aggregates (Fig. 3, scenario
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e). However, it is prudent to also run the NMR T2-CPMG assay’*? on the 200 uM spectrum in
buffer, given that some nano-entities have been reported to be insensitive to the dilution assay
but are sensitive to the T2-CPMG assay. Thus, if significant resonance decay is observed in the
NMR T2-CPMG assay, then small and/or large aggregates exist (Fig. 3, scenario i), whereas if
only minimal decay is noted, then the sample has lone molecules and no small aggregates (Fig. 3,

scenario j).

If the actual measured concentration of the compound in buffer is significantly less than that in
DMSO-ds solvent, then it is prudent to test if large NMR-invisible colloidal aggregates also exist.
In general, aggregates are sensitive to detergents, such that they show detergent reversibility'®33.
There have been a few assays developed for testing for aggregates on the basis of this
property®**. Running the NMR detergent assay tests for the presence of aggregates. This assay
comprises the addition of a series of detergents (examples are given in Supplementary Table 1)
to the samples containing the compound. The rationale is that because NMR resonances of large
colloids are often very broad or too broad to be visible by NMR, adding detergent can effectively
dissociate the colloids into smaller, faster-tumbling pieces. The subsequent observation of any
increases in intensity of compound resonances thus confirms the pre-existence of large
aggregates, which can be quantified by using the ensemble of NMR data. These colloids are
referred to here as ‘soft aggregates’ (e.g., candesartan; vide infra), whereas large colloids that

are insensitive to detergents are referred to here as ‘hard aggregates’ (e.g., lapatinib; vide infra).

The NMR detergent assay should be run if no peaks are observed after acquisition of the
simple '"H NMR spectrum for the compound in buffer but resonances are observed for the
compound in DMSO-ds (Fig. 3, scenario G). This assay should also be run if compound
resonances begin to appear at the 50-uM concentration in buffer. The appearance of compound
resonances after the addition of detergent suggests the existence of large soft aggregates (Fig. 3,
scenario K). If compound resonances do not appear (and there was precipitate), it is likely that
the compound is insoluble in buffer, and large hard aggregates could be present (Fig. 3, scenario
L). In contrast, if compound resonances do not appear (and there was no precipitate), then €t is
Possible that the compound exists as a large hard aggregate that is insensitive to the detergents
used in the assay (Fig. 3, scenario M). Such results should be verified by an orthogonal method

such as electron microscopy or DLS.

If no resonances were observed when the compound was placed in DMSO or buffer, this could
indicate that the compound is insoluble (Fig. 3, scenario H). In this scenario, other solvents should

be tested by using the solvent solubility assay. Once a solvent is identified for which the compound
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is soluble, then the NMR detergent assay should be run for the compound in buffer. However, if
the compound is not soluble in any of the solvents tested, then we recommend performing a
primary structure verification or abandoning the compound. It is difficult to obtain reproducible

results from biological assays that attempt to evaluate insoluble compounds.

The final part of the procedure uses orthogonal assays to confirm whether large colloids are
present. We describe how to use DLS, TEM and CLSM. However, alternative assays can be
used. By combining all the assays that we describe here, a comprehensive analysis of

compounds and their behaviors in aqueous solution can be obtained.
Development of the protocol

The initial development of the protocol began in 1996 as a result of a simple observation. The
corresponding author had dissolved a drug-like compound in PBS buffer at 200 yM and noted
that the sample was clear (no precipitate); he then proceeded to take a '"H NMR spectrum. To his
surprise, there were no observable NMR resonances for the compound as it resembled the
spectrum shown in Fig. 3d. Given that the subsequent 'H NMR spectrum of the stock in DMSO-
des solvent confirmed the presence of the compound, the only reasonable conclusion was that the
compound formed soluble self-associating aggregates that were very large in size in the buffer.
Because there were no reports of this phenomenon at that time, further investigations were
undertaken. Subsequent '"H NMR spectra on this series of hepatitis C virus polymerase inhibitors
showed diverse spectral observations that resembled the spectra A, B, C and D in Fig. 3,
demonstrating that this series exhibited a wide range of aggregate types that varied depending
on minor differences in primary structure (structure nano-entity relationships)'. Thus, in the

process of undertaking this study, the first components of this protocol were developed.

Further additions to the procedure were introduced subsequently, and the whole procedure has
been successfully applied to industry drug-discovery projects. We explored orthogonal methods
routinely used in drug discovery such as DLS, diffusion ordered spectroscopy, nuclear
Overhauser effect spectroscopy, etc.’, testing their ability to enable characterization of
aggregates. Only an ensemble of strategies was found to reliably detect the full range of nano-
entity sizes and types’®. Concurrent to these efforts, literature reports described large drug
colloidal aggregates visualized by using DLS as the main technology'®?°. As noted below, DLS
has proven to be a valuable technique and is applied here as a useful orthogonal method that
uses its advantages while addressing its limitations (vide infra). Over time, we developed and
published the practical NMR-based methods (NMR 'H assay, NMR dilution assay and NMR

detergent assay)'®8, which are amenable for routine use by non-specialists and medicinal
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chemists. These NMR-based methods also showed the presence of small aggregates for the first
time in the context of drug discovery. More recently, we implemented a new aggregation assay
based on the observation of relaxation in T2-CPMG experiments7, and we have incrementally
improved parts of this NMR T2-CPMG assay (e.g., quantification) and exploited orthogonal
assays (e.g., TEM, CLSM and DLS)368,

The ensemble of tools mentioned above is already having an impact and revealing drug
aggregates, but until the publication of this protocol, no clear ‘best practices protocol’ was
available to guide scientists monitoring the solution behavior of their compounds. Thus, this
protocol attempts to combine the details we and others have learned regarding nano-entities, to

provide a protocol for best practice.
Application of the protocol

The procedure described here was designed to provide new users with a series of practical and
efficient strategies to address their experimental problems. Users can use the protocol as is, in
which case the NMR 'H assay should be run first to qualitatively assess the predominant state
adopted by the compound of interest. On the basis of results obtained, specific subsequent
assays and pathways are suggested in Fig. 3 that enable more precise conclusions and

quantifications to be obtained.

The general nature of the protocol renders it amenable to many different applications along the
drug-discovery pipeline. The protocol can easily be further adapted to address specific needs for
various applications. For example, alternative buffers can be used in place of the phosphate buffer
used in the current procedure if these are more relevant to any subsequent biological assays.
However, a deviation from phosphate buffer may require the use of deuterated buffer components

for NMR assays. Individual assays can be run in place of the ensemble of assays shown in Fig. 3.

As another example, if a higher-throughput assay is required, for library curation or triaging of
many hits from high-throughput or virtual screens, each assay can be modified. For the NMR 'H
assay, compounds can be screened in buffer only. Spectra of compounds in DMSO-ds can be
run later if needed. For the NMR dilution assay, data can be acquired for samples only at 200-
and 50-uM concentrations. Follow-up studies can then use the full set of dilution experiments for
selected compounds. For the T2-CPMG assay, one could run only the 1- and 800-ms
experiments. If relaxation rates are desired for selected compounds, follow-up experiments can

use the full set of delays. For the NMR detergent assay, one could use only one detergent as an
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initial screen (e.g., Tween). Supplementary Table 2 gives guidance on procedure adaptations and

timing for sample sets ranging from 1 to >50 compounds.

Other modifications could be made to better address the question at hand. For example, the NMR
assays can be run at lower concentrations (e.g., compounds at 10 uM) if such concentrations are
more relevant to other experiments (such as cell culture). Moreover, researchers who are working
with optimized compounds that have more limited solubility may want to decrease the
concentrations if the dilution range yields no signal. For this, an increase in the number of NMR
scans would be recommended. Alternatively, higher millimolar concentrations may be used to
mimic conditions in the stomach for orally administered drugs or as needed for X-ray
crystallography studies. One could also run experiments in other pharmacologically relevant
buffers’, formulations and conditions (e.g., temperatures). One may also want to solely use
orthogonal methods. For example, if screening only for the presence of large colloids, a DLS

screen may be most appropriate.
Expertise needed to implement the protocol

The protocol described here was designed to enable non-experts to prepare samples, to acquire
data and to make their own interpretations. The main focus is on the NMR 'H assay, the NMR
dilution assay, the NMR T2-CPMG assay and the NMR detergent assay, all of which can be easily
performed by graduate students and even undergraduate students. NMR spectrometers are
readily available in most graduate and undergraduate institutions. No special experimental NMR
setup is required to acquire a water-suppressed '"H spectrum; however, it should be possible to
modify some parameters as described in Equipment setup. The T2-CPMG experimental
parameters are often configured on most modern NMR spectrometers. If not, they can be easily
implemented by an in-house NMR technician or the instrument manufacturer. The ERETIC
method can also be implemented for concentration determination. NMR data processing can be
done directly on the spectrometer or through software that can be downloaded from the Bruker
BioSpin website (https://www.bruker.com/en/products-and-solutions/mr/nmr-

software/topspin.html).

Instruments required for the orthogonal assays (DLS, TEM and CLSM) can often be found at most
graduate institutions. As with NMR, institutions that have these instruments often also have in-

house technicians or users who can help with experimental setup and use.
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Materials

Reagents

Compounds of interest. We show results from valsartan (Sigma-Aldrich, cat. No.
SML0142), methylene blue (Sigma-Aldrich, cat. No. 66720), candesartan cilexetil (Sigma-
Aldrich, cat. No. SML0245) and lapatinib (Sigma-Aldrich, cat. No. SML2259) as example

data.

Required for the NMR assays only

Deuterated NMR solvents, including DMSO-ds (Cambridge Isotope Laboratories, cat. No.
DLM-10-10%1) and acetonitrile-ds (€-ds) (CDN Isotopes, cat. No. 2206-26-0)

CRITICAL

Solvents should be handled under a fume hood.

Deuterium oxide (D2O) (Cambridge Isotope Laboratories, cat. No. DLM-4-100)
Tween 80 (Fisher Scientific, cat. No. BP338-500)
Tween 20 (Fisher Scientific, cat. No. BP337-100)

Nonidet P-40 (Roche, cat. No. 11754599001), Nonidet P-40 Substitute solution (Sigma-
Aldrich, cat. No. 98379) or IGEPAL CA-630 (Sigma-Aldrich, cat. No. 13021)

Triton X-100 (Sigma-Aldrich, cat. No. X100)
SDS (Sigma-Aldrich, cat. No. 8.22050)

3-((3-Cholamidopropyl) dimethylammonium)-1 propane sulfonate detergent (Fisher
Scientific, cat. No. P128299)

Milli-Q or HPLC-grade water
Sodium phosphate dibasic anhydrous (Fisher Scientific, cat. No. S374-500)
Sodium phosphate monobasic anhydrous (Fisher Scientific, cat. No. BP329-500)

HCI (Sigma-Aldrich, cat. No. 7647-01-0)

CRITICAL

Concentrated HCI should be handled under a fume hood.

NaOH (Supelco, cat. No. 1310-73-2)
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o NaCl (Wisent Bioproducts, cat. No. 600-082-WG)
Required for the TEM (transmission electron microscopy) assay only
e Phosphotungstic acid (PTA) (MECALAB, cat. No. 4098)
e Milli-Q or HPLC-grade water
o NaOH solution, 1 N (Fisher Scientific, cat. No. SS2661)
Required for the CLSM assay only
« DRAQ-5 (Biostatus, cat. No. DR50200)
o Wheat germ agglutinin conjugate (WGA-555) (Invitrogen, cat. No. W32464)
o Glycerol (Wisent Bioproducts, cat. No. 800-040-LL)
o Paraformaldehyde (PFA) at 16% (vol/vol) (Fisher Scientific, cat. No. AA433689L)
CRITICAL
PFA should be handled under a fume hood or in a well-ventilated area.

e Media required to culture cells (we use DMEM to culture RAW 264.7) (Gibco, cat. No.
11039-021)

CRITICAL

The presence of serum in the medium may sequester aggregates in the medium, resulting in less

fluorescence observed inside the cells.

e Cells of interest. We have used RAW 264.7 cells (macrophages) (Sigma, cat. No.
91062702; European Collection of Authenticated Cell Cultures, cat no. 91062702;
RRID: CVCL_0493), but other cells could be used

CAUTION

The cell lines used in your research should be regularly checked to ensure that they are authentic

and are not infected with mycoplasma.
e PBS (HyClone; GE Healthcare, cat. No. SH30256.01)
e Trypsin (Gibco, cat. No. 25200-056)

Equipment

Standard equipment required for all assays
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e Recommended protective equipment: laboratory coat, gloves and safety glasses
Required for the NMR assays only
e 400-MHz or higher-field NMR spectrometer (e.g., 600-MHz Bruker AV Il NMR)
e Magnetic stir bar
e Beaker (500 ml or larger)
e Microcentrifuge tubes
e Laboratory microcentrifuge
e NMR tubes (3- or 5-mm sizes)
e Pasteur pipettes
e Bulbs
e pH meter
¢ Magnetic stir plate
Required for the TEM assay only
o Beaker (250 ml)
e Pasteur pipette
e Bulbs
o Magnetic stir plate
e TEM (a Hitachi H-7100 was used here)
e Parafilm
e Copper grid (200 mesh)
Required for the CLSM assay only
e Confocal microscope (a Zeiss CLSM-780 confocal microscope was used here)
e 250-ml beaker
e Glass stirring rod
o Biological safety cabinet

e Cell culture flasks (e.g., 25 cm?)
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e Cell culture plate (24 wells)
e Microscope coverslips (Fisher Scientific, cat. No. 12-565-88)
e Microscope slide (Fisher Scientific, cat. No. 12-552)
e Vacuum
e 50-ml conical centrifuge tubes (Fisher Scientific, cat. No. 14-432-22)
e Task wipers
e Laboratory curved tweezer
e COg3 incubator (Sanyo)
Required for the DLS assay only
o Zetasizer Nano (or another instrument in the Zetasizer range) (Malvern Panalytical)
e Cuvettes (Fisherbrand)

o 0.22-um filter (Millipore, cat. No. GSWP14250), 0.22-um bottle-top filter (Millipore, cat. No.
SCGPSO01RE) or 0.22-um syringe filter (Fisher Scientific, cat. No. 09-719G)

Software
¢ NMR data-processing software (e.g., Bruker's TopSpin or MestReNova)
e DLS analysis software (e.g., Zetasizer Nano)
o Confocal analysis software (e.g., ZEN)
e TEM analysis software (e.g., AMT)
Reagent setup
Preparation of sodium phosphate buffer (500 ml)
The sodium phosphate buffer is prepared as 50 mM phosphate and 100 mM NaCl at pH 7.4.
1. Place 400 ml of Milli-Q or HPLC-grade water in a beaker along with a magnetic stir bar.

2. Add 2.68 g of sodium phosphate dibasic anhydrous and 0.76 g of sodium phosphate

monobasic anhydrous.
3. Add 10 ml of 5 M NaCl solution.

4. Add 50 ml of D20 (to achieve 10% of D20 for the total volume).
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8.

Adjust the pH to 7.4 by using HCI or NaOH with the aid of a pH meter.
Add water to bring the volume to 500 ml.
Filter the solution with a 0.22-pum filter.

Store at =20 °C for <1 month and monitor the pH before use.

CRITICAL

Sodium phosphate dibasic heptahydrate and sodium phosphate monobasic monohydrate may be

used, but the amounts must be modified to account for the difference in molecular weight.

Preparation of detergent at 10% (wt/vol) (1 ml)

Examples of detergents we have used are given in Supplementary Table 1.

1.

2.

3.

Weigh 0.1 mg of detergent.
Add 1 ml of the sodium phosphate buffer made previously.

Store at room temperature (15—-25 °C) for <1 month and mix well before use.

Preparation of PTA at 3% (wt/vol) (100 ml)

1.

5.

Weigh 3.0 g of phosphotungstic acid and add to a 250-ml beaker equipped with a magnetic
stir bar.

Add 80 ml of Milli-Q or HPLC-grade water.
Adjust the pH to 6.0 by using a 1 N NaOH solution (~8 ml).
Add Milli-Q or HPLC-grade water to bring the volume to 100 ml.

Store in a refrigerator (4 °C) for <6 months.

Preparation of mounting media: 70% (vol/vol) glycerol (1 ml)

1.

2.

3.

4.

Pipette 700 pl of glycerol in an Eppendorf tube.
Add 300 pl of the sodium phosphate buffer.
Shake well after closing the cap.

Store at room temperature for <1 month.

Preparation of 4% (wt/vol) PFA (25 ml)

1. Add 6.25 ml of 16% (vol/vol) PFA to a 50-ml Falcon tube.

104


https://www-nature-com.erable.inrs.ca:2048/articles/s41596-021-00612-3#MOESM1

2. Add 18.75 ml of sodium phosphate buffer to the tube and mix well.

3. Store at 4 °C for <1 month.

4. Before usage, let the 4% (vol/vol) PFA solution warm to room temperature for 22 h.
Equipment setup

NMR assays

For the NMR 'H assay, NMR dilution assay and NMR detergent assay, NMR experiments can be
run on a 400-MHz or higher-field instrument. The spectra shown in the figures were run on a 600-
MHz Bruker Avance Ill spectrometer equipped with a helium cryoprobe. A standard Bruker 'H
pulse sequence can be used. Here, we also used a sequence that implements water suppression
via excitation sculpting (zgesgp)36. Spectra can be acquired with 32 scans for the NMR 'H assay
and the NMR detergent assay, whereas 128 scans per spectrum are recommended for the NMR
dilution assay. If one wishes to use quantification, then a relaxation delay of 10 s should be used
to ensure sufficient relaxation of the aromatic spins before subsequent scans to allow reasonably

accurate measurement of the solution concentration.

For the NMR T2-CPMG assay, the parameters used here are a modified version of the standard
Bruker 'H sequence with excitation sculpting (zgesgp) and the addition of a CPMG pulse train
after the initial 90-degree excitation pulse. For the results shown here, the total duration of each
spin echo was fixed to 1 ms, whereas the number of echoes in the pulse train was varied

according to the total time (7). The number of scans for all spectra was 4.
CRITICAL

If one decides to prepare samples with buffer containing 90% (vol/vol) H.O and 10% (vol/vol)

D-0, then 'H experiments should use water suppression
CRITICAL

If the NMR spectrometer is equipped with a cooled (5—6 °C) SampleJet sample changer, samples
in DMSO-ds solvent will freeze (the melting point for DMSO is ~18 °C), and the freeze—thaw cycle
could have a negative effect on the NMR data obtained. In this case, it is possible to substitute
DMSO-d for a 50:50 (vol/vol) mixture of DMSO-ds/€-d3, which has a lower freezing point as long
as the compound has sufficient solubility in the mixed solvent. Note that the use of a solvent

mixture may require tuning of the lock.

Procedure
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Preparation of a stock solution of a compound
Timing 12 min
CRITICAL

This section describes how to prepare compound stock solutions at a concentration of 20 mM in
DMSO-ds.

1. Weigh between 0.3 and 0.6 mg of the compound and place it in a microcentrifuge tube.
2. Use the following formula to calculate the volume of DMSO-ds to be added:

Exact mass weighed (mg)
MW of compound (mnrlﬁgol)
20 (mM)

DMSO volume (mL) = - 1x10°

3. Dissolve the compound with DMSO-ds in the microcentrifuge tube to give a 20 mM solution
and mix. We recommend letting the DMSO stock sit at room temperature for 21-2 h to
allow better dissolution. If particles are still visible after that time, sonication can be used

to improve dissolution.
PAUSE POINT

If compounds are sufficiently stable, DMSO stock can often be left to sit at room temperature in a
closed tube for several hours or even a few days. We recommend freezing the stocks if the
compounds are not going to be used during several days. If compound stability is limited, fresh

stocks should ideally be prepared before each experiment.
NMR 'H assay

Timing 3 min (preparation)

CRITICAL

Note that use of differing brands of NMR tubes may require slightly different volumes (because of
potential differences in glass thickness). Moreover, different types of NMR probes might require
the use of additional volumes. The suggested values here represent a general rule of thumb that
should work with most spectrometers. Ensure that the appropriate solution volume is used. To
have sufficient volume for proper lock and shim, we suggest using ~200 ul for 3-mm tubes and
600 ul for 5-mm tubes. In the following protocols, the volumes required for 5-mm NMR tubes are

shown in parentheses.
CRITICAL
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This section of the procedure is summarized in Extended Data Fig. 1.

4. Prepare 200 yM compound solutions in DMSO-ds and appropriate buffers as described in

options A and B.
(A) Assays in DMSO-ds
(i) Add 198 pl (594 pl) of DMSO-de in @ microcentrifuge tube.
(ii) Add 2 pl (6 ul) of 20 mM stock solution and mix.
(iii) Transfer into an NMR tube with a Pasteur pipette and analyze.
(B) Assays in buffer
(i) Add 198 pl (594 pl) of buffer in a microcentrifuge tube.
(ii) Add 2 pl (6 ul) of 20 mM stock solution and mix.

(iii) Transfer into an NMR tube with a Pasteur pipette and analyze.

NMR dilution assay
Timing 27 min (preparation)
CRITICAL

If undertaking the fast-track dilution strategy (see the beige highlighted segments in Fig. 4a), data
acquisition is performed only on the 50 yM and 200 uM samples. Thus, in place of this section,
50 (150) pl of the 200 uM sample can instead be diluted into 150 (450) ul of buffer to get the 50

MM concentration point.
CRITICAL
This section of the procedure is summarized in Fig. 4.

1. Add buffer into microcentrifugation tubes: 396 (1,188) ul in a tube labeled ‘#5’ and 200
(600) pl each in tubes labeled ‘#1’ to ‘#4’.
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a Sample preparation b Observations and interpretations

Buffer
200 200 200 200
396 (1,188) l (500’ ul [ (600) ul | (600) pi | (600) ul
D|Iut|on

T WTTVWﬁ TI @)%

Dilution l

&

Vv

Compound stock ; ‘ H g g Unusual NMR observation Normal NMR observation
solution in DSMO i i i : i . .
[20 mM] : : i : i NMR resonance Expected impact || NMR resonance Expected impact
400 : 200 : H H
(1,200) p| (600) ul : Number Possible change Number No change
\\"f~ s 7 Y R v Shape Possible change Shape No change
| Chemical shift Possible change Chemical shift No change
4/ 8/ 2/ \1

\Y, Intensities Change expected f\Intensities Change expected
25uM 12 uM

Fast-track dilution Aggregates No or Large
assay aggregates aggregates

Fig. 4: NMR dilution assay.

A, Two options for preparation of the samples: the ensemble of samples for the full dilution
assay and the shorter fast-track strategy as highlighted in beige boxes. B, Interpretation
of the results. Shown are volumes suggested for 3-mm NMR tubes, and volumes for 5-mm
tubes are in parentheses.

\ v
200 uM | 100 uM | 50 uM

6. Add 4 (12) ul of the 20 mM stock solution to tube #5. This tube now becomes the 200 uM
stock sample in buffer.

7. Prepare the remaining samples by serial dilution by 108egion108d108ing 200 (600) pl of
the 200 uM stock sample in buffer to tube #4 and mixing well to produce the 100 M
sample.

8. Continue serial dilutions by using 200 (600) pl from the previous sample to get 50, 25 and
12 yM samples.

9. Transfer each of the solutions from tubes #1 to #5 into separate NMR tubes and analyze.

NMR detergent assay
Timing 30 min (preparation)
CRITICAL

This section of the procedure is summarized in Fig. 5.
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1.

Prepare a stock solution of compound at 200 uM in buffer, allowing for 200 (600) ul for

each detergent condition to be tested in addition to a control sample without detergent.

Sample preparation

Stock solution in DMSO
[20 mM] /
v
4(12)pl
396 (1,188) pl
. Buffer
Compound solution
in buffer [200 pM] /
v
Lightly centrifuge
(400g, 10 min)
Add 3.2 (9.6) ul
1\ of buffer
[ Extract supernatant
J 200 (600) pl
200 (600) ! | g 3.2 (9.6) ul
of detergent
Tween 80 or  Triton X-100 or SDS or
Tween20  NonidetP-40  CHAPS Control
© <o, © &

T

L

Fig. 5: NMR detergent assay.

A, Preparation of the samples. B, Interpretation of the results. Shown are volumes
suggested for 3-mm NMR tubes, and volumes for 5-mm tubes are in parentheses. CHAPS,
3-((3-cholamidopropyl) dimethylammonium)-1 propane sulfonate.

2. Centrifuge at 400g for 10 min.

Observations and interpretations

Unusual NMR observation

NMR resonance

Number
Shape
Chemical shift

Intensities

Expected impact
Possible change
Possible change
Possible change

Increase

Normal NMR observation

NMR resonance
Number

Shape
Chemical shift

Intensities

Expected impact
No change

Possible change
Possible change

No increase

Large
aggregates
Quantification of small and
large aggregates

Precipitate l

A

Place 200 (600) pl in separate microcentrifuge tubes for each detergent.

No precipitate

Insoluble Aggregates
No aggregates likely

Take the supernatant and add 3.2 (9.6) ul of detergent stock solution at 10% (wt/vol) in

200 (600) ul of the solution. To the control tube, add 3.2 (9.6) pl of buffer to compensate
the slight dilution from the addition of detergent.

CRITICAL STEP
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Different detergent concentrations can be used to cover ranges above and below their critical

micelle concentration. The concentrations stated here serve as a practical starting point.
4. Transfer to NMR tubes and analyze.
CRITICAL STEP

Triton X-100, Nonidet P-40 and 3-((3-cholamidopropyl) dimethylammonium)-1 propane sulfonate
have resonances in the aromatic region that may overlap with aromatic signals of the compound.
If this is the case, one should analyze the signals that are not overlapping and/or change the

detergent.
CRITICAL STEP

For aggregating compounds, one would expect an increase in intensity or appearance of new
peaks. For non-aggregating compounds, one would expect no increased intensity or appearance
of peaks; however, it is possible to see a decrease/broadening of the signal as a result of

compound interaction with the detergent.

NMR T2-CPMG assay
Timing 15 min (preparation)
CRITICAL

If this experiment follows the NMR 'H assay (Step 4B), there is no need to reprepare the 200 uM
sample. The 200 uM sample can be reused to run the T2-CPMG experiments. In this scenario,

proceed directly to Step 17.

CRITICAL

This section of the procedure is summarized in Extended Data Fig. 2.
15. Prepare a solution with compound at 200 uM in buffer.
16. Transfer to an NMR tube.

17. Set up separate NMR T2-CPMG experiments with various delay times (1, 25, 50, 100,
200, 300, 500 and 800 ms), or under the fast-track strategy, acquire only two spectra with
delay times of 1 and 800 ms.
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Solvent solubility assay

Timing 15-20 min

CRITICAL

This section of the procedure is summarized in Extended Data Fig. 3.

18. Prepare a series of samples of the compound at 200 yM in deuterated solvents (€-ds,

chloroform-d, etc.).
CRITICAL STEP

The same stock of compound from Step 3 can be used to prepare 200 uM samples as described

in Step 4 instead of preparing a new stock.
CRITICAL

Some solvents may not be compatible with the use of plastic tubes for sample preparation. Glass

vials may be more appropriate in such cases.

19. Transfer samples to NMR tubes and visually observe whether the compound appears to

be soluble.

20. Acquire a regular 1D "H NMR spectrum of each sample.

NMR data analysis by TopSpin
Timing 30 min to 2 h depending on the number of datasets
CRITICAL

There are many options in TopSpin for data processing. The steps given below constitute a
practical workflow; however, depending on the dataset, other autophasing algorithms may work

better.
1. Load the appropriate data folder containing NMR data in the TopSpin software.

2. Add the first spectrum and process it by typing the following in the command line at the
bottom of the graphics interface: Ib 1; efp; apk; abs.

3. If the automatic phasing routine did not yield satisfactory results, adjust the spectrum

phase as needed to achieve a straight baseline.
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4. If the ERETIC method has been implemented on the NMR spectrometer, then use it to
calculate the actual concentration of the compound in solvent or in buffer. To this end,
integration of peaks in the aromatic region is usually simpler, but well-defined aliphatic
resonances can also be used. However, aliphatic protons can exhibit relaxation times that
could differ significantly from their aromatic counterparts. Therefore, the relaxation delays
might require optimization to allow reliable estimation of concentration based on aliphatic
resonances. If in doubt, a longer delay can be used at the expense of a longer acquisition
time. Ensure that peaks chosen for quantitation are outside the chemical shift range

affected by water suppression, if used.

5. In Integration mode, left-click on the desired integral to select the ERETIC command and

calculate the observed concentration of the compound.

Orthogonal assays
CRITICAL
This section of the procedure is summarized in Extended Data Fig. 4.

26. Further analyze compound behavior as appropriate by following options A, B and/or C to
analyze by DLS, TEM and/or CLSM, respectively.

(A) DLS
Timing 30-50 min depending on the number of samples to be evaluated

(i) Prepare a solution of the compound at a concentration of 200 uM in buffer (~1 ml,

although smaller sizes of cuvette exist).
CRITICAL STEP

It is recommended to filter the buffer before use with a 0.22-um filter to reduce the contamination
risks, because small dust particles can significantly skew results. The solvent used to dissolve
the compound should also ideally be filtered before use with a solvent-compatible 0.02-um filter.

Preparation of samples under a laminar flow cabinet is also strongly suggested.
(i) Centrifuge the sample tubes (400g, 10 min).
(iii) Transfer the solution supernatant to a cuvette for DLS measurements.

CRITICAL
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The use of a compressed air duster is recommended to clear cuvettes of possible particles before
use.

(iv) Use the Zetasizer software to perform the measurements, choosing the following
parameters: sample name, temperature, cuvette type and number of measurements

(a minimum of three experiments is recommended).

(v) Place the cuvette in the Zetasizer Nano (or other DLS equipment used).

(vi) Use the Zetasizer software (Malvern Panalytical) to analyze the data.
CRITICAL STEP

Results can be viewed according to various functions. The Count Rate display allows monitoring
of sample quality. The Correlation Function can be useful to identify potential problems with the
sample. The default view is Intensity PSD (particle size distribution), which is considered the best

choice for most scenarios. Additional information can be found in the instrument user manual.
(B) TEM
Timing 1-4 h depending on the number of samples to be analyzed

(i) Prepare a sample of the compound with a concentration of 200 uyM in buffer or

medium (as required for the function of the desired experiment).
(ii) Centrifuge at 400g for 10 min at room temperature.
(iii) Deposit 100 pl (1 drop) of the compound supernatant solution on the Parafilm.
(iv) Add the copper grid (200 mesh) on the drop and wait 5-10 min.
CRITICAL STEP

The shiny side of the grid must be appropriately placed to be facing the droplet (not the matte

side).
(v) Remove the grid and place it on a drop of 3% (wt/vol) PTA for 15 s.
(vi) Remove the grid and dry it with an absorbent paper.
(vii) Place the grid in the transmission electron microscope for analysis.
CRITICAL STEP

Higher concentrations of sample might be required to observe self-assemblies by TEM. However,

bear in mind that, as discussed in the Introduction, the physical sizes of the aggregates may differ
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from those seen by DLS, CLSM and NMR; thus, results will need to be interpreted with caution in

such cases.

(C) CLSM
Timing 2-3 d depending on the required incubation time
CAUTION

Before starting, determine whether the compound is fluorescent with a fluorometer or directly on
the microscope by using the compound alone. Note the fluorescent wavelength. If the compound

is not fluorescent, CLSM cannot be used.

CRITICAL

If cells are already growing in culture, in place of Step 26C(€ and ii), obtain a suspension of cells.
Cell thawing

(i) If required, remove the cell vial (frozen at 1 million cells/vial) from the freezer and

thaw the cells in a water bath at 37 °C. This usually takes <1 min.

(i) When the sample is thawed, transfer the cells to a centrifuge tube.
(iii) Centrifuge at 125g for 7 min at room temperature.

(iv) Remove the supernatant.

(v) Add 5 ml of medium and resuspend the cell pellet.

(vi) Transfer all of the cells and medium to a 25-cm? flask.

(vii) Incubate at 37 °C in an incubator with 5% CO; for 3 or 4 d or until cells reach 80%

confluency.
CRITICAL STEP
Check for cell contamination and occasionally monitor the growth of the cells.

(viii) Make a stock solution with the compound at 20 mM in DMSO, as detailed in
Steps 1-3.

CRITICAL STEP

Although deuterated DMSO is not required for this assay, the same DMSO-ds stocks used for
NMR assays can be used (from Step 3).

114



(ix) From the stock solution, make a new 100 yM sample in medium (e.g., DMEM).
Ensure that sufficient 100 yM sample is made up; 2500 ul is required for each well of

a 24-well plate that requires compound treatment.
CRITICAL STEP

Bear in mind that if DMEM with phenol red is used, fluorescence from the additive may
overlap/interfere with any produced by the compound. It is therefore recommended to use DMEM

without phenol red.

Cell seeding

(x) When the cells reach 80% confluency, remove the old medium and wash with

sterile PBS (use 2 ml if using a 25-cm? flask).
(xi) Remove the PBS solution.

(xii) Add trypsin (use 1 ml if using a 25-cm? flask) and put the flask in an incubator at
37 °C with 5% CO. for 5-10 min.

CRITICAL STEP

After 5 min, check to see if the cells have started to detach. If so, proceed to the next step.
(xiii) Centrifuge the cell suspension at 800g for 7 min. Discard the supernatant.
(xiv) Add medium (use 4 ml if using a 25-cm? flask) and resuspend the cells.

(xv) Count the cells and then dilute them to obtain 600,000 cells/well (1.2 million

cells/ml) and 500 pl/well.
(xvi) Add one glass coverslip on the bottom of each well to be used in a 24-well plate.

(xvii) Add 500 pl of the cell stock to each well and put these plates in the incubator at
37 °C with 5% CO- overnight.

Cell treatment

(xviii) On the next day, if the cells are growing well, remove the old medium.
CRITICAL STEP

Cells can alternatively be left for longer before proceeding with treatment.
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(xix) Wash cells with PBS.
(xx) Add 500 pl of the compound solution (at 100 yM in medium).
CRITICAL STEP

Compound concentrations used for other techniques may not directly transpose to CLSM
because they can result in higher cell toxicity. Testing a range of concentrations might be required

depending on the molecules tested.

(xxi) Put the plate in an incubator for the desired incubation time (e.g., 2, 3 or 4 h or

longer).

Staining and fixation
(xxii) Remove the old medium and wash cells with PBS.

(xxiii) Add 300 ul of membrane stain (WGA-555) at a concentration of 3.33 ug/ml and

wait 5 min.

(xxiv) Remove the membrane stain solution and wash cells once with PBS.

(xxv) Add 350 pl of the fixative PFA at 4% (vol/vol) and wait another 10 min.

(xxvi) Remove PFA and wash cells twice with PBS.

(xxvii) Add 300 pl of the nucleus stain (DRAQ-5) and wait 15 min.

(xxviii) Remove the staining solution and add 1 ml of PBS.

(xxix) Add one drop of mounting medium (glycerol at 70—90% (vol/vol)) on the slide.
(xxx) Remove the coverslip from the well and dry it on the absorbent paper.

(xxxi) Put the coverslip on the slide with mounting medium on the appropriate side (cells

should be between the slide and the coverslip, with the mounting medium).
(xxxii) Let dry for 5-10 min under a ventilated hood.
(xxxiii) Visualize under a confocal microscope.

Troubleshooting

Troubleshooting advice can be found in Table 2.
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Table 2: Troubleshooting table

Step

4B(iii) (NMR H
assay. sample
preparation in
buffer)

9 (NMR dilution
assay: NMR
spectra)

14 (NMR
detergent
assay: addition
of detergent to
the samples)

19 (Solvent
solubility assay:
compound
dissolution in
solvent)

26A(iv) (DLS
assay)

26A(vi) (DLS
assay: data
analysis)

26B(vii) (TEM
assay:
micrograph
observation)

Problem

Precipitate
formation

No signal or
weak signals for
samples used in
the fast-track
method

The compound
forms a
suspension

Precipitate
formation

Failure of
measurement

Inconclusive
results

Nothing
observable in
TEM micrograph

Possible reason

Insolubility of the
compound

Solubility is too low

Centrifugation speed
is too low, or duration
is not long enough

Insolubility of the
compound

Incompatible sample
(color or
polydispersity)

Inappropriate sample
preparation

Low concentration or
precipitate
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Possible solution

Use the supernatant after
centrifugation at 400g for 10
min. If this is done, any
observable precipitate should be
noted

Run the NMR dilution assay by
using lower concentrations

Increase the time and/or speed
of the centrifugation. Note any
observations

Centrifuge at 400g for 10 min. If
this is not enough, increase the
time and/or speed

Trying a different laser color (if
your instrumentation allows it)
may help circumvent problems
with colored samples. Reducing
sample concentration might help
reduce polydispersity, although
results might not directly
compare with techniques that
used different concentrations

Wash the cuvette with alcohol
and dry with a pressurized air
canister to remove any
contaminants. Try using different
compound concentrations

Try different compound
concentrations. Some
compounds have distinct
aggregation behavior that varies
with concentration, depending
on the type of buffer,
temperature, detergents, etc



Step Problem Possible reason Possible solution

26C(xxxiii) Incubation time with

(CLSM assay:  No coloration or  the stains or fixative Increase the incubation time or
visualisation insufficient was too short, or the  increase the concentration of the
under the fixation concentration of the stains

microscope) reagents was too low

Addition of FBS may
sequester some or all

No aggregates ?fg;eﬁfée;’sgﬂgg Use culture medium without

observable being observed inside FBS

the cells (false
negatives)

Anticipated results

To date, we have used this procedure (in whole or in part) to monitor the solution behavior of
thousands of compounds in both confidential projects and some published papers™®78°. Here,
we show four examples of results we have obtained that demonstrate the type of data acquired,
how they can be displayed and how to interpret the results obtained. We also include further
examples of results we have obtained in Supplementary Figures 1-6. Full details of all

compounds used are given in Supplementary Table 3.

In the first example, we evaluated the solution behavior of valsartan. Sharp NMR resonances
were observed by NMR 'H assay for valsartan in the spectra acquired in buffer and DMSO-d; at
200 pM nominal concentration (Fig. 6a). In addition, all samples were clear with no precipitate

upon visual inspection, confirming that valsartan is soluble in both solvents.
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Fig. 6: Probing the solution behavior of valsartan.

A—c, Shown are NMR data from the NMR 'H and dilution assays (a), the T2-CPMG assay (b)
and the NMR detergent assay (c). The chemical structure is shown on the left. The ‘X’s
in ¢ denote resonances that arise from the detergent and not from the compound. Tw20,
Tween 20; Tw80, Tween 80.

Furthermore, upon dilution in buffer from 200 to 12 yM, normal trends were seen (i.e., Fig. 6a:
decreases in intensity with no changes in peak shapes or chemical shifts). These observations
were consistent with the behavior of lone tumbling molecules with no self-association tendencies.
These conclusions were corroborated by data from the NMR T2-CPMG assay (Fig. 6b), where
the resonance intensities were minimally affected upon comparison of the resonances of the
spectra by using 1-ms versus 800-ms delays (small resonance intensity decay <50%).
Furthermore, no significant increases in resonance intensities or appearance of new peaks were
noted upon addition of detergents in the NMR detergent assay (Fig. 6¢), supporting the conclusion

that no large aggregates exist.
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In the second example, we evaluated the solution behavior of methylene blue. NMR resonances
are observed for methylene blue in both buffer and DMSO-ds by NMR 'H assay (Fig. 7a). In
addition, the samples were blue and clear with no precipitate upon visual inspection, confirming
that methylene blue was soluble in both conditions. However, upon dilution in buffer from 200 to
12 uM, abnormal trends were seen. Indeed, concentration-dependent changes in chemical shifts
are observable, consistent with the behavior of self-association into small aggregates. These
conclusions were corroborated by data from the NMR T2-CPMG assay (Fig. 7b), where the
resonance intensities were appreciably different upon comparison between the resonances of the
spectra by using 1-ms versus 800-ms delays (major resonance intensity decay >75%).
Interestingly, no significant increases in resonance intensities were noted upon addition of
detergents in the NMR detergent assay (Fig. 7c), suggesting that no large aggregates exist. Thus,

methylene blue probably self-associates into small aggregates and not into large aggregates.

a
Concentration NMR dilution [ NMR "H and dilution assays ]
(uM) assay
Resonances observed in buffer and
200 uM in DMSO * DMSO n butier
1
,r « Resonance shifts upon dilution
‘: « Abnormal trends
I
1
[
r'.
25uM ! Small aggregates
]
12 uM 80 i) 3 4 Fi |
b
/ \ T2-CPMG delays NMR T2-CPMG NMR T2-CPMG assay
Methylene blue (T) assay
800 ms . . .
« Major resonance intensity
500 ms decay from 1 to 800 ms (>75%)
cr gN D\ 300 ms
S -~
l‘\l s T Aggregates
25ms
\ / 1ms
8.0 7.8 7.6 7.4 7.2 7.0
c NMR detergent
Detergents assay [ NMR detergent assay ]
NP40 « No significant increase in
Triton X resonance intensities upon
addition of detergents
X
Tw80 No large aggregates
No detergent
LB.O 7.8 7.6 7.4 7.2 7.0

Fig. 7: Probing the solution behavior of methylene blue.
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A-c, Shown are NMR data from the NMR 'H and dilution assays (a), the T2-CPMG assay (b)
and the NMR detergent assay (c). The chemical structure is shown on the left. The ‘X’s
in ¢ denote resonances that arise from the detergent and not from the compound.

In the third example, we evaluated candesartan cilexetil (referred to here as candesartan). NMR
resonances are present for the DMSO-ds sample but non-existent in buffer by NMR 'H assay
(Fig. 8a). In addition, the samples were clear and neither were turbid nor had precipitate upon
visual inspection, which confirms that candersartan is soluble in both conditions. Furthermore,
upon dilution in buffer from 200 to 12 uM, no resonances were noted (Fig. 8a), and no cloudiness
or precipitate was notable. The absence of resonances obviously led to no resonances being
observed in the NMR T2-CPMG assay (Fig. 8b). Taken together, these observations were
consistent with the lack of lone tumbling molecules and small aggregates and suggestive of the
presence of large aggregates. Interestingly, significant increases in resonance intensities were
noted upon addition of detergents in the NMR detergent assay (Fig. 8c), demonstrating that
candesartan exists as large soft aggregates in buffer that can be disrupted by the addition of

detergents.
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Fig. 8: Probing the solution behavior of candesartan cilexetil.

A—c, Shown are NMR data from the NMR 'H and dilution assays (a), the T2-CPMG assay (b)
and the NMR detergent assay (c). The chemical structure is shown on the left. The ‘X’s
in ¢ denote resonances that arise from the detergent and not from the compound.

Triton

Tw80

No detergent

7.8 7.6 7.4 7.2 7.0 6.8

In the fourth example, we evaluated the solution behavior of lapatinib, showing unexpected
trends. NMR resonances were observed for lapatinib in DMSO-ds at 200 pM nominal
concentration but not in buffer by NMR 'H assay (Fig. 9a). The buffer samples were slightly
opaque with some precipitate upon visual inspection. No resonances appeared when the
compound was diluted in buffer from 200 to 12 yM (Fig. 9a), and no resonances were seen in the
NMR T2-CPMG assay (Fig. 9b). These observations are consistent with a lack of lone molecules
or small aggregates and suggest that the compound is either partially insoluble or that it forms
large aggregates. To our surprise, no significant increases in resonance intensities were noted
upon addition of detergents in the NMR detergent assay (Fig. 9c). (The peak appearing at 8.3

p.p.m. is one of an impurity.) Given these observations, it could not be confirmed whether the lack
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of resonances was due to the compound being partially insoluble or the fact that large hard

aggregates were being formed in the solution. We thus proceeded to further orthogonal methods

to confirm the solution behaviors.

a
Concentration NMR dilution [ NMR 'H and dilution assays ]
(uM) assay
. « Resonances observed in DMSO but
200 M in DMSO not in buffer (week)
Large aggregates
12 uM gz 20 7z 70
/ \ b T2-CPMG delays NMR T2-CPMG [ NMR T2-CPMG assay ]
Lapatinib (T) assay
800 ms
O:\ / E 500 ms « No resonances
2 300 ms
NH 0
Large aggregates
)y (o] HN Cl or insoluble
& SN
25ms
7
\ / 1ms
835 20 -1 L
c NMR detergent
Detergents assay [ NMR detergent assay ]
NP40 X
X « No resonances from the compound
Triton
X X X Large aggregates
X or insoluble
Tw80 X
No detergent
g5 80 3

Fig. 9: Probing the solution behavior of lapatinib.

A—c, Shown are NMR data from the NMR 'H and dilution assays (a), the T2-CPMG assay (b)
and the NMR detergent assay (c). The chemical structure is shown on the left. The ‘X’s
in c denote resonances that arise from the detergent or impurities and not from the
compound.

Large aggregates were seen by CLSM (Fig. 10a) and TEM (Fig. 10b) and further confirmed by
using DLS (Fig. 10c). It is, however, intriguing that addition of Tween 80 led to a loss of detection
of lapatinib aggregates by DLS (Fig. 10c), suggesting breaking of the entity, but no signal was
observed by NMR in the presence of detergent. Because of the use of a shared high-throughput
sample handler (SampleJet) on the NMR, sample acquisition can sometimes only be done several

hours after sample submission. Therefore, it is possible that lapatinib aggregates precipitate out
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of solution over time. Visual precipitate was observable upon sample preparation, and storage in
a refrigerated NMR Sampledet such as was used here could also 124eglerated sample

precipitation.
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A-c, Shown are data from the orthogonal methods CLSM (100 uM) (a), TEM (50 uM) (b) and
DLS (200 uM) (c). a, CLSM images of lapatinib in Raw 264.7 cells. The aggregates are in
green (fluorescence of compound), the membrane of the cells in red (WGA 555 staining)
and the nucleus in blue (DRAQ-5 staining). The three primary images show the aggregates
in cells in 2D (with fluorescence (1) and without fluorescence (2)) and 3D (3). The last
picture (4), shows the cells without compound (control). The 3D picture (3) is a zoom on
one cell. B, TEM images of lapatinib in phosphate buffer and DMEM with 5% (vol/vol) FBS
and its controls. C, Lapatinib at 200 uM in sodium phosphate buffer in the presence and
absence of 0.025% (vol/vol) Tween 80 for 24 h. The size of lapatinib aggregates can be
different between TEM (b) and DLS (c), possibly because of dehydration of the sample
during the preparation for the observation with the TEM or the differences in
concentrations used. D.nm, diameter values in nanometers.

Conclusions

The examples above show that no one technique can detect all the types of aggregates that exist;
thus, a combination of strategies is necessary as proposed in this protocol. One of the examples
demonstrates that no single method can expose the full range of nano-entities that exist,
highlighting the importance of using coordinated orthogonal strategies. We hypothesize that there
are distinct attributes of aggregates that can be further identified and anticipate that further
attributes such as these will have distinct properties that merit revealing and exploitation. We hope
that the wide use of this protocol along with future improved versions will advance knowledge of
the largely unexplored world of drug nano-entities. We suspect that there are many types of nano-
entities that exist that have various sizes and architectures, and that these will be correlated with
properties that can potentially be exploited, for example, for drug delivery, anti-aggregates, cell

penetrators and bioavailability enhancers.
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Extended data

| NMR H Assay |
A. DMSO-d; assay preparation B. Buffer assay preparation
Stock solution in [ Stock solution in ]
DMSO-dg [20 mM] DMSO-d, [20 mM]
2 (6) pL 2 (6) uL
198 (594) pL 198 (594) pL
DMSO-Dg Buffer

Compound solution in Compound solution in N
DMSO-d, Buffer
[200 uM] J [200 pM]

Extended Data Fig. 1: NMR 1H assay.
A, Preparation for assay in DMSO-d6. B, Preparation for assay in buffer. Shown are
volumes suggested for 3-mm NMR tubes, and volumes for 5-mm tubes are in parentheses.

INMR T2-CPMG Assay]
A. Sample preparation B. Observations and interpretations
Stock solution in DMSO §'ﬂ
2(6)uL Slow-tumbling
aggregates
198 (594) pL —
Buffer -
Compound solution in QT (| Fast-tumbling
lone molecules
buffer
[200 uM] U
Signal loss Minimal

Wannn signal loss

Aggregating Non-aggregating
compound compound

Extended Data Fig. 2: NMR T2-CPMG assay.
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A, Preparation of the sample. B, Interpretation of the results.

Solvent Solubility Assay

Sample preparation and interpretations

[ 20 mM stock solution]

2 (6) uL

Deuterated solvents
(acetonitrile, 198 (594) uL
chloroform, etc.)

v

[Solution with compound]

in solvent at 200 M

Soluble insoluble

[ NMR Detergent Assay ] [ Prircar_\;_St:Elcture
erification

]

Extended Data Fig. 3: Solvent solubility assay.
Preparation of the sample and interpretations.
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(Orthogonal Assays|
A. [ DLS ] B. [ TEM ] C. [ CLSM ]

— / Solution with compound at
[Stock solution in DMSOJ fstock solution in DMSO] 100 uM in culture cell media

[20 mM] [20 mM]
10 pL 10 pL m
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l Incubation time

7_,/
— ::'-—\ Membrane stain (WGA 555)
_—
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7~ \\
—— Y J

b
S
=5y -
e
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Extended Data Fig. 4: Orthogonal assays.
A—c, Preparation of the samples for DLS (a), TEM (b) and CLSM (c).
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Probing the solution behavior of etodolac
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Supplementary Figure 1 | Probing the solution behavior of etodolac. Shown are NMR data
from, (A) the NMR 'H and Dilution Assays, (B) the T2-CPMG Assay, and (C) The NMR Detergent

X" in

Tw80
No Detergent

7.8 76 74 72 70 6.8

Assay. The chemical structure is shown on the left. (C) denote resonances that arise from

the detergent and not from the compound.

The NMR 'H Assay for etodolac in Supplementary Figure 1A resulted in observable resonances
in both buffer and DMSO-ds at 200 M nominal concentration. Also, the samples were clear with
no precipitate upon visual inspection, confirming that etodolac was soluble in both solvents.
Furthermore, upon dilution in buffer from 200 uM to 20 uM, normal trends were notable (i.e.
Supplementary Figure 1A - decreases in signal intensity with no change in chemical shifts). These
observations were consistent with a behavior of lone tumbling molecules with no self-association

tendencies. These conclusions were corroborated by data from the NMR T2-CPMG Assay
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(Supplementary Figure 1B) where the resonance intensities were minimally affected upon
comparison of the resonances of the spectra employing delay times of 1 ms versus 800 ms (minor
resonance intensity decay < 50%). Additionally, no significant increases in resonance intensities
were noted upon addition of detergents in the NMR Detergent Assay (Supplementary Figure 1C)
reporting that no large aggregates exist. The same finding can be observed with riluzole
(Supplementary Figure 2). None of these two drugs exhibit evidence of aggregation at these

concentrations.

Probing the solution behavior of riluzole
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TwE0 | _ No large aggregates

No Detergent

Supplementary Figure 2 | Probing the solution behavior of riluzole. Shown are NMR data
from, (A) the NMR 1H and Dilution Assays, (B) the T2-CPMG Assay, and (C) The NMR Detergent

Assay. The chemical structure is shown on the left. “x” in (C) denote resonances that arise from

the detergent and not from the compound.
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Probing the solution behavior of imatinib

NMR resonances were observed for imatinib in the NMR 'H Assay acquired in buffer and DMSO-

de at 200 uM nominal concentration (Supplementary Figure 3A). Again, the samples were clear

with no precipitate upon visual inspection. Dilution in buffer from 200 yM to 20 yM results in

observation of abnormal trends (i.e. Supplementary Figure 3A - decreases in intensity along with

changes in chemical shifts). This would be consistent with a behavior of self-association into small

aggregates. The NMR T2-CPMG Assay (Supplementary Figure 3B) supports these conclusions

as resonance intensities were significantly reduced after 800 ms (intensity decay > 75%).

Interestingly, no significant increases in resonance intensities were noted upon addition of

detergents in the NMR Detergent Assay (Supplementary Figure 3C) reporting that no large

aggregates exist. Thus, the data suggests that imatinib self-associates into small aggregates and

not into large aggregates.
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74
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* No significant increase in

resonance intensities upon
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Supplementary Figure 3 | Probing the solution behavior of imatinib. Shown are NMR data
from, (A) the NMR 'H and Dilution Assays, (B) the T2-CPMG Assay, and (C) The NMR Detergent
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Assay. The chemical structure is shown on the left. “x” in (C) denote resonances that arise from

the detergent and not from the compound.

Probing the solution behavior of lansoprazole

Here is a particular example where caution must be taken upon interpretation of the data. T2-
CPMG and detergent assays of lansoprazole do not suggest any aggregation phenomenon.
However, upon looking at the dilution assay, small changes in chemical shifts can be observed
for some resonances upon dilution from 200 to 20 uM. For the sake of simplicity and speed, the
dilution assay involves diluting the samples while also diluting the amount of DMSO at the same
time. Therefore, some cases as this one may arise where observed shift can be attributed to such
variation in DMSO concentration. Retesting of lansoprazole dilutions with constant amount of
DMSO results in no observable changes in chemical shifts (data not shown). The fact that only
some lansoprazole resonances would shift upon dilution can be an indication that care must be
taken with interpretation. It is likely that some hydrogens are more sensitive to the changes in
chemical environment caused by this variation in DMSO. Although, it is conceivable that some
aggregates could also preferentially induce changes in chemical shifts for specific resonances.

This highlights the importance of looking at the data as a whole.
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A.] concentration NMR Dilution [NMR 1H and Dilution Assays]
(UM) assay
* Resonances observed in buffer and
DMSO
| \ * Minor DMSO-dependent resonance
| ‘ shifts upon dilution (20 uM vs. 200
200 pM o - M)
1
| Lone molecules
1
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/ \ B.| T2-CPMG Delays NMR T2-CPMG [ NMR T2-CPMG Assay ]
Lansoprazole (M assay
800 ms * Minor resonance intensity decay
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= Lone molecules
O&F No small aggregates
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Detergents NMRatizt:;gent [ NMR detergent Assay ]
X
P40 X * No significant increase in
Triton resonance intensities upon
addition of detergents
X X
w8 \ No large aggregates
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8.0 1.8 1.6 74 1.2 7.0

Supplementary Figure 4 | Probing the solution behavior of lansoprazole. Shown are NMR
data from, (A) the NMR 1H and Dilution Assays, (B) the T2-CPMG Assay, and (C) The NMR
Detergent Assay. The chemical structure is shown on the left. “x” in (C) denote resonances that

arise from the detergent and not from the compound.

Probing the solution behavior of pranlukast

NMR resonance for pranlukast were observed in DMSO-ds, but not in buffer at 200 uM nominal
concentration in the NMR 'H Assay (Supplementary Figure 5A). However, samples in buffer had
cloudiness upon inspection but no precipitate, confirming that the compound was still in solution.
Dilution in buffer from 200 uM to 20 uM did not result in appearance of signal but resulted in
significant decrease in sample cloudiness without any observable precipitate. The NMR T2-

CPMG Assay therefore did not provide any information due to the lack of resonances. The NMR
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Detergent Assay confirms the presence of large aggregates since the addition of several

detergents results in appearance of resonances (Supplementary Figure 5C).
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Supplementary Figure 5 | Probing the solution behavior of pranlukast. Shown are NMR data
from, (A) the NMR 'H and Dilution Assays, (B) the T2-CPMG Assay, and (C) The NMR Detergent

Assay. The chemical structure is shown on the left. “x

the detergent and not from the compound.
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Example of a possible DMSO aggregator

NMR resonances for an undisclosed compound were observed in both DMSO-ds and buffer.
However, the NMR profile in DMSO would suggests that the compounds is aggregating (broad
peaks, low signal intensity) in this solvent (Supplementary Figure 6A). Although the NMR peaks
appear much sharper in buffer, the dilution from 200 uyM to 20 uM results in changes in chemical
shifts for all the observed aromatic resonances. No precipitate or cloudiness could be visible in
the samples. The NMR T2-CPMG Assay supports the dilution results as the signals exhibit a
significant decay after 800 ms (Supplementary Figure 6B). Finally, no significant increase in
resonance intensities could be observed in the NMR Detergent Assay (Supplementary Figure
6C). The overall data suggests the presence of small aggregates in buffer, with apparent
aggregation of the molecule in DMSO as well.
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A.| concentration NMR Dilution NMR 1H and Dilution Assays
(UM) assay
* Wide peaks observed in DMSO
[ * Resonance shifts upon dilution
| | ‘\/ (20 pM vs. 200 pM)
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Supplementary Figure 6] Example of a compound that possibly aggregates in both buffer
and DMSO. Shown are NMR data from, (A) the NMR 'H and Dilution Assays, (B) the T2-CPMG
Assay, and (C) The NMR Detergent Assay. The chemical structure is shown on the left. “x” in (C)

denote resonances that arise from the detergent and not from the compound.
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Detergents properties

Detergent Chemical structure Class CcMC sPer:trum_
(aromatic region)
Tween 80 o o I8 Non-ionic 0.028 mM X
‘.l\ 10 9 8 7 6
fo._A E\ N NN
Tween 20 PO Non-ionic 0.042 mM X
R O L U o 3 ; 7 ;
o \
oH "'-/J‘r-b\ﬂ/\’\ -
" N0 S
CHAPS O e Zwitterionic 8-10 mM ‘
Ho’::i\iﬁn ,x - -
10 9 8 7 6
o]
SDS e o S lonic 6-8 mM
o 10 9 8 7 6
0. H I
o
Triton X-100 Y\<©/ {\ﬁ i Non-ionic 0.2 mM
10 9 8 7 6
/@’CQHIQ
Nonidet P-40 H1° o0 F Non-ionic 0.29 mM
" X
10 9 8 7 4]
Supplementary Table 1 | Properties of detergents used in this report. “x” in NMR spectra denote

resonances that arise from the impurities and not from detergents.
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Experimental guidelines for various sample set sizes

Number of compounds

Time per compound

Methods

20-50

>50

Preparation time: 30-40 min
NMR time: For one sample
+ T2 CPMG :5.5 min (4 scans)
*+ HNMR:4 min (16 scans), 7
min (32 scans), 13.3 min (64
scans) and 26 min (128
scans)
Analysis time: 40-50 min

Preparation time: 15-20 min
NMR time: For one sample
*+ T2CPMG :5.5 min (4 scans)
* HNMR:4 min (16 scans) or
7 min (32 scans)
Analysis time: 30 min

Preparation time: 15-20 min
NMR time: For one sample
* T2 CPMG :5.5 min (4 scans)
+ 'HNMR: 4 min (16 scans)
Analysis time: 25 min

.

.

NMR dilution assay: All concentrations

NMR T2-CPMG assay: All delay times

NMR detergent assay: 3 detergents or more (e.g. Tween
80, NP40 and CHAPS)

Note: The number of scans should be same for all dilution
experiments. However they can be 16, 32, 64, 128 or more
(for dilution and detergent assays)

NMR dilution assay: Fast track method

NMR T2-CPMG assay: All delay times

NMR detergent assay: 1 or 2 detergents only (e.g. Tween
80 and NP40)

Number of scans (dilution and detergent assays): 16 or 32
Note: The number of scans should be same for all dilution
experiments. However they can be 16 or 32 (for dilution
and detergent assays)

NMR dilution assay: Fast track method

NMR T2-CPMG assay: 1 ms and 800 ms delays only

NMR detergent assay: 1 or 2 detergents only (e.g. Tween
80 and NP40)

Note: The number of scans should be same for all dilution
experiments. 16 scans often result in satisfactory signal-to-
noise (for dilution and detergent assays)

Supplementary Table 2 | Experimental guidelines according to various sample set sizes. Presented

here are suggestions in order to mitigate increases in NMR acquisition time with larger sample sets.
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Compounds information

Reference
. Catalog s in the
Compounds SMILES Supplier No. CAS Drug class manuscrip
t
CCCCC(=O)N(C
C1=CC=C(C=C1)
co=cc=cc=c2c | T | 5600004 | o 00 | Antinypertensi Figures 6
=CC=CC= - ntihypertensive
Valsartan ARMA 2-53-4 P
3=NNN=N3)C(C(
C)C)C(=0)O
CCC1=C2C(=CC
=C1)C3=C(N2)C( E0516- 41340- Fi S
OCC3)(CC)CC(= 50MG 25-4
0)O
C1=CC2=C(C=C1 Amyotrophic
OC(F)(F)F)SC(=N | SIGMA R1TE- 1744- lateral sclerosi Figure S2
i = ateral sclerosis
Riluzole 250MG 29.5
2)N treatment
CN(C)C1=CC2=C )
(C=C1)N=C3C=C | SIGMAAL M9140 7220 Antidote for
Methylene methemoglobini Figure 7
blue C(=[N+](C)C)C=C | DRICH 25G 79-3 o
zant poisoning
3S2.[CI-]
CC1=C(C=C(C=C
1)NC(=0)C2=CC
=C(C=C2)CN3CC | BETAPH 15245 Fi s3
Imatinib 86-33437 Chemotherapy Igure
N(CC3)C)NC4=N ARMA 9-95-5
C=CC(=N4)C5=C
N=CC=C5
CC1=C(C=CN=C
1CS(=0)C2=NC3 L8533- 10357 Proton pum ;
Lansoprazole = SIGMA _— p P Figure S4
=CC=CC=C3N2) 250MG 7-45-3 inhibitor
OCC(F)(F)F
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C1=CC=C(C=C1)
CCCCOC2=CC=
C(C=C2)C(=O)N

BETAPH

10317

Antiasthmatic

56-05418 agent (anti- Figure S5
Pranlukast | c3-cc=cca=c3 | ARMA 7373 | 29!
inflammatory)
OC(=CC4=0)C5=
NNN=N5
CCOC2=NC1=CC
=CC(=C1[N]2CC3
=CC=C(C=Ca)c BETAPH 14504
Candesartan | _cc-co=c4cs= 14-31650 Antihypertensive | Figure 8
Cilexetil ARMA 0-37-5
N[N]JN=N5)C(=0)
OC(C)OC(=0)0C
6CCCCC6
CS(=0)(=0)CCN
CC1=CC=C(01)C
2=CC3=C(C=C2) Ontario
_ 23127 210
Lapatinib N=CN=C3NC4=C | Chemical L1034 7.92.2 Chemotherapy ,
C(=C(C=C4)0CC s Inc
5=CC(=CC=C5)F)
Cl
CC(C)N=C1C=C2
C(=NC3=CC=CC
=C3N2C4=CC=C( 2030-
Clofazimine Sigma C8895 Anti-leprosy 2
C=C4)CI)C=C1N 63-9
C5=CC=C(C=C5)
Cl
CNC(=0)C1=NC=
CC(=C1)0C2=CC
47520
Sorafenib =C(C=C2)NC(=0) SynChem BAM66401 7501 Chemotherapy 2
NC3=CC(=C(C=C
3)CIC(F)(F)F
COC1=C(C=CC(=
Curcumin C1)C=CC(=0)CC Sigma C1386 458- NA 2
37-7

(=0)C=CC2=CC(
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Supplementary Table 3 | Compounds information.
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ABSTRACT

Establishing robust structure-activity relationships (SAR) is key to successful drug discovery campaigns,
yet often remains elusive due to screening and hit-validation artifacts (false positives, false negatives)
which frequently result in unproductive downstream expenditures of time and resources. To address this
issue, we developed an integrative biophysics-driven strategy that expedites hit-to-lead discovery,
mitigates false positives/negatives and common hit-validation errors, and provides a robust approach to
obtain accurate binding and affinity measurements. The advantage of this method is that it vastly
improves clarity and reproducibility for affinity-driven SAR by monitoring and eliminating confounding
factors. We demonstrate the ease at which high quality micromolar binders can be generated from initial

millimolar fragment screening hits against an "undruggable" protein target, HRas.

INTRODUCTION

Most early stage drug discovery efforts begin with one or more compound screening campaigns. These
may include high throughput biochemical screens (HTS), virtual / computational screens, or biophysics-
based screens such as X-ray crystallography, surface plasmon resonance (SPR), nuclear magnetic
resonance (NMR), differential scanning fluorimetry (DSF), etc. The objective of HTS and virtual screening
efforts is to identify relatively strong binders to a given disease-relevant target (protein or nucleic acid).
In contrast, many biophysics-based screening approaches tend to identify relatively weak binding
ligands, such as fragments, that are subsequently elaborated and optimized across repeated rounds of
analoging to improve potency. The challenge, no matter what type of screening strategy taken, is that
most of these approaches are susceptible to high numbers of false positives which can confound not
only initial hit identification, but also follow-up validation studies by misleading interpretations of structure-
activity relationships. The result is that significant resources can often be invested on non-productive hit-
optimization pathways. In addition, most follow-up studies for initial hits involve orthogonal evaluation of
the hit potency or affinity, often followed by efforts to obtain a structure of the ligand bound to the target
in order to support or mount rational design efforts at the very early stages of a program. Applying these
criteria onto initial screening hits can be a significant problem given the aforementioned false positives
along with the fact that many of the initial hits from most biophysical screening campaigns are weak
binders, have poor solution behavior, or are identified under different solution conditions than what is

needed for biophysical follow-up characterization studies.

An alternative approach, which aims to circumvent the previously mentioned challenges, is to establish
early on a biophysics-based SAR cycle that closely monitors and tightly controls factors that contribute
to false positives, negatives, and common issues that arise in screening and hit-validation assays. This

is achieved by comprehensive monitoring of the ligand solution behavior, aqueous solubility, structure,
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and stability, whilst simultaneously evaluating target stability and conformation in presence of the ligand.
This platform aims to provide a rapid and robust framework from which to evaluate systematic
improvements in potency of the binders via simple, sensitive one-dimensional nuclear magnetic
resonance (NMR) experiments. We demonstrate our NMR for SAR biophysics strategy with an
‘undruggable” protein target, HRas, and show the ease with which high quality yM binders can be

developed from an initial ~7-10 mM fragment screening hit.

Harvey-RAS (HRas) belongs to the Ras family of small GTPases which activate the RAS—-RAF-MEK-
ERK pathway. HRas functions as molecular switch in signaling pathways involved in cell growth,
proliferation and differentiation.”? As an oncogene, HRas mutations predominate in bladder cancer and
neck squamous cell carcinoma with substitutions on residues G12, G13 and Q61 being the most
common.® Ras family proteins are notoriously difficult to drug with one of the challenges being few and
shallow binding pockets to target.* Currently no drugs that directly inhibit HRas have been approved. The
lead-optimizable protein-protein interaction (PPI) inhibitors we developed are shown to inhibit a key
interaction between Ras and a physiologically relevant binding-partner, SOS (Son-of-Sevenless). We
demonstrate this mechanism via a functional assay which monitors disruption of SOS-mediated

nucleotide exchange.

Our strategy is unlike previously described SAR by NMR approaches,® in that our method: i) is built upon
a core set of one-dimensional NMR experiments which afford vastly higher throughput, ii) focuses on
monitoring ligand solution behavior, structure, and solubility - key to the quality control process and
facilitate robust interpretations of SAR, iii) captures a much larger set of information that describe both
the ligand and target, and how they interact (all using the same sample), iv) is not limited by target size
given that it does not rely exclusively on multi-dimensional NMR methods, nor does it require labeled
protein, and finally v) requires far less material — one can perform robust experiments at volumes of only

200 pL and at target protein concentrations of 10-15 pM.

From ~200 compounds, our approach has delivered inhibitors that serve as suitable entry points for
subsequent lead-optimization (LO). Overall, the NMR for SAR strategy is an efficient means by which to
fast-track early stage drug discovery efforts for a wide variety of protein targets and has been vetted
within the context of contract research organization (CRO) services provided to >70 pharma/biotech

clients.
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RESULTS AND DISCUSSION
F Fragment Screen

The fluorine nucleus is extremely sensitive to chemical environment, making it ideal as a probe for ligand
binding interactions,®’ especially for difficult to drug targets such as Ras-family GTPases. The NMX
Classic Fluorine ('°F) library®® of 461 compounds was screened as cocktails of 11-15 compounds per
pool against GDP-HRas®'?V (hereafter “HRas”). The initial screen yielded a low hit rate, which was
expected given the shallowness of available surface pockets for this target, and the magnitude of the
binding effects were thus very subtle even for the best screening hit. The screen was therefore repeated
at a higher protein concentration of 50 M (instead of the initial 15 uM), highlighting one of the advantages
of fragment screening by '°F NMR: namely, that there is no interference from signal arising from the
protein in "®F NMR. In contrast, this high protein concentration would have affected the reliability of
screening by '"H NMR due to protein resonance overlap with the ligand. The fragment screens were
performed in a matter of ~5 hrs each and led to the identification of 14 hits by '°F differential line width
(DLW) (Figure 1). All 14 hits were submitted for subsequent testing as singletons and two of those hits
exhibited binding scores (magnitude of changes in line broadening (DLW) between compounds in the

absence and presence of protein) that justified more thorough follow-up.

{ J Series 1 hit
| ‘

-120.7 -120.8 -120.9 -121 -121.1 -121.2

Pool components

T T T T T T T T T
-116 -17 -118 -119 -120 -121 -122 -123 -124 -125 -126

°F (ppm)

Figure 1. Identification of initial hits from a '°F NMR fragment screen against GDP-HRas®'?". 1D '9F spectra
of a pool of fragments in the absence (blue) and the presence (red) of protein. Below is shown the spectrum of
each fragment present in the pool. A zoom is presented on the right for the series 1 hit.

Note that screening by '°F NMR was crucial to the success of this program as no binding was observed
by ligand-detected 'H NMR experiments for the initial hits (Figure S1). This phenomenon can be
attributed to the relative sensitivity of the fluorine nucleus, which is far more susceptible to subtle
differences in chemical environment and relaxation effects than proton. It should be noted, however, that

the NMR for SAR strategy is equally feasible using 'H ligand-detected NMR experiments when the
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sensitivity of the assay permits - the use of fluorine was necessitated here due to the shallowness of the

HRas binding pocket which resulted in very weak initial fragment hits under the conditions used.

Early Analoging

The best binding fragment was used as a template for subsequent analoging efforts. The first round of
analogs was procured from commercially available sources and one of the two identified binders (series
1 discussed here) was prioritized for further elaboration to explore SAR. Figure 2 summarizes some of
the results obtained using our strategy. Binding scores for both '°F DLW and '*F T2-CPMG ligand-
detected NMR methods were extracted and used to monitor improvements in binding affinity and guide
interpretations of SAR. Ranking of compounds by the magnitude of ligand-detected changes in this way
is valid as the scores are directly related to the fraction of bound ligand provided the fast-exchange
condition is satisfied'®'3, Ligand concentrations are directly measured by '"H NMR acquired on the same
samples using the ERETIC method'* (which provides an electronic concentration reference), in order to
control for variations between nominal and true ligand concentration in aqueous solution. Concentrations
were measured for both the free ligand samples and the samples containing ligand and protein where
appropriate. Compound aggregation is also monitored on each sample within this workflow using a

previously reported 'H T2-CPMG assay'®'6.
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Compound ID Measured conc. (uM) DLW score T2-CPMG score Aggregator
NMX-10001 172 0.6 0.7 No
NMX-10010 118 1.6 1.8 No
NMX-10009 145 1.3 2.3 No
NMX-10008 193 2.0 3.4 No
NMX-10007 162 2.2 5.3 No
Series 1 Hit 199 2.5 6.4 No
NMX-10011 152 1.7 6.4 No
NMX-10005 154 2.2 7.8 No
NMX-10003 193 6.6 15.6 No
NMX-10006 182 8.6 27.9 No
NMX-10004 149 14.6 31.0 No
NMX-10002 140 31.4 >LOQ No
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Figure 2. Systematic improvements in relative binding affinity. Top: Table reporting measured concentration,
aggregation status and binding scores extracted for each ligand. Protein concentration was 50 uM for early
analoging and subsequently reduced to 15 uM for later NMR binding assays. Note that the ligand:protein ratio is
key to accurate interpretations of rank order. The measured concentration was taken into consideration throughout
each round of analoging. Aggregator status was established using a previously reported NMR assay'4. The T2-
CPMG score is above the limit of quantitation for NMX-10002 (exceeds maximum binding score) at the
concentrations tested. Bottom: 1D °F NMR data obtained for a series of analogs showing sequential improvement

of relative binding affinity, with free ligand spectra (blue) and ligand with protein (red).
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Solution Behavior

Accurate affinity measurements are often confounded by, and are highly susceptible to, differences
between nominal and true solution concentrations of the ligand. The importance of this cannot be
overstated as the majority of dose-response assays performed in laboratories employ nominal ligand
concentrations which often do not accurately reflect the realities of compound solution behavior or true
stock solution concentrations™'7. By precisely measuring true aqueous ligand concentrations
throughout a titration (Figure S2), we can significantly reduce experimental error and correct dose-
response curves such that they accurately reflect the affinity of the ligand for the target of interest. Failure
to correct dose-response curves according to true aqueous concentrations can lead to large errors in
common biophysical affinity measurements and often mislead interpretations of relative affinities and
SAR.

Orthogonal Biophysical Methods for Kp

To validate our strategy, Ko values were also orthogonally obtained for select compounds using NMR,
microscale thermophoresis (MST), and SPR, demonstrating excellent agreement with the relative rank
order established by the ligand-detected NMR data (Figure 3A & S7).

H Ligand- and Protein-Detected NMR

Using the same NMR samples as for the '°F ligand-detected NMR experiments, we also recorded both
'H 1D ligand- and 'H 1D protein-detected NMR spectra to: i) accurately quantify ligand concentration in
solution, and ii) monitor changes in the protein conformation in the presence of ligand, respectively.
Compounds that induced larger magnitude changes in the protein spectrum were prioritized. Likewise,
by tracking systematic differences in the protein “fingerprint”, we were able to obtain dose-response

curves upon ligand titration (Figure S4).

The 1D protein-detected NMR experiments have the added advantage of providing exquisite insight into
protein stability, as protein precipitation, aggregation, or loss (significant sources of false positives or
negatives in binding assays) can be easily monitored and controlled for each sample. The protein
requirements are no different from our standard ligand-detected NMR experiments (~15 uM) and take 11

minutes to complete with usual one-dimensional proton NMR techniques, using unlabeled protein.
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A NMX ID DLW Score T2-CPMG Score NMR Kb (uM) Solubility (pM) Aggregation
Series 1 Hit 24 5.2 7305 23690 No
NMX-10040 3.0 12.7 6740 22865 No
NMX-10041 3.9 3.9 5454 22704 No
NMX-10018 4.5 11.9 3643 z3140 No
NMX-10086 10.4 28.8 2879 23343 No
NMX-10002 1.2 39.8 1957 23226 No
NMX-11006 8.9 242 486 22650 No
NMX-10097 16.8 38.5 159 21050 No
NMX-10095 186.9 33.4 16 2315 No
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Figure 3. The NMR for SAR Strategy (A) Rank ordering by ligand-detected NMR correlates with affinity constants
determined by NMR. Maximum solubility is also assessed by NMR on compounds selected for follow-up in order
to guide subsequent experiments. (B-G) Examples of '°F ligand-detected methods used to rank the compounds in
(A). (B, D, F) '"*F DLW and (C, E, G) "°F T2-CPMG spectra for series 1 hit, 10018 and 10095, respectively. DLW:
Differential line width; CPMG: Carr-Purcell-Meiboom-Gill. Protein concentration used was 15 yM. DLW scores
approaching 17 and T2-CPMG scores approaching 40 are near the limit at which subtle differences in relative
affinity can be discerned, under the conditions tested. This can be ameliorated by changing the ligand:protein ratio
to make the assay more or less sensitive, for resolution of weaker or stronger binders, respectively. Conditions
were optimized for evaluating binding across a wide range of relative affinities.

2D NMR for Monitoring Binding Site

Note that while the NMR for SAR workflow can be successfully employed to drive improvements in
potency in the absence of structural information, we opted to employ 2D NMR to confirm the binding site
for the most promising compounds from each round of analoging. This was not a requirement but did
offer orthogonal validation for the hits and ensured that the binding site was preserved throughout SAR
optimizations. Backbone amide chemical shift assignments were available for HRas®'?¥ and were readily
transferred to the 2D 'H,"’N HSQC™. Chemical shift perturbations (CSP) were then used to map the
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binding site of the compounds (Figure 4 (A)) which was found to be in agreement with a conserved Ras-

GTPase pocket, previously reported for KRas'®22,
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Figure 4. Assessment of binding site and affinity ranking by 2D NMR. (A) 2D ®*N,'"H HSQC spectra reveal the
binding site of the initial screening hit, as protein is tested against increasing concentrations of ligand. Three
backbone residues showing the largest CSPs, indicated by arrows, are highlighted in blue on the protein surface
(PDB:30IW). Measured ligand concentrations: 0, 760, 1470, 2620, and 3690 uM. The nucleotide binding pocket,
which can be observed at the top of the protein structure, is occluded and inaccessible to small molecule ligands
due to the presence of either GDP or GTP under physiological conditions. (B) Magnified regions of 2D 5N,'"H HSQC
spectra for analogs with the best binding scores from each round of analoging. Compounds were tested at the
same ligand-to-protein ratios (5:1 depicted here) to evaluate both ligand binding site and to prioritize based on
magnitude of target engagement.

Following each round of optimization, the solution properties of the best scoring analogs were further
evaluated across a range of concentrations to ensure that they would be amenable for titration studies
by 1D and 2D NMR, as well as other orthogonal biophysical experiments. Based on the results of these
experiments, the maximum concentration used for the compound in any of the subsequent assays was
set to maintain good compound behavior in solution; that is, concentrations were used at which there
was no evidence of aggregation by T2-CPMG (example application in Figure S3) and where linear

relationships between nominal and observed concentrations were maintained (Figure S2).

To prioritize compounds that would be tested by subsequent 2D NMR dose-response titrations (and for

orthogonal biophysical validation), H,"”N HSQC experiments were performed with a fixed compound
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concentration to achieve equivalent ligand-to-protein ratios (Figure 4B) across the analog series.
Compounds that exhibited the largest chemical shift perturbations (CSPs) in these comparative

experiments were then prioritized for Kp determination by NMR.
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Figure 5. Identification of a low micromolar binder. (A) 'H protein-detected NMR changes for a relatively potent
low uM binder to HRas. Apo protein spectrum in blue, protein + ligand spectrum in red, free ligand spectrum in
green. (B) "N,"H HSQC spectrum of apo HRas (blue) and protein with inhibitor at equimolar stoichiometry (red)
demonstrating significant conformational perturbation. Inlays show ligand-detected '°F 1D spectra of free ligand
(blue) vs ligand + protein (red) where significant broadening of the ligand signal is consistent with intermediate
chemical exchange. Leftmost inlay corresponds to a ligand:protein ratio of ~7:1 whereas the rightmost inlay
corresponds to a ligand:protein ratio of 1:1. At lower stoichiometry of ligand:protein, the broadening of the ligand
resonance is greater.
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Kb by 1D and 2D NMR

Kb measurements were obtained via both i) 1D NMR by monitoring changes in 'H upfield methyl protein

resonances (Figure S4), and ii) 2D NMR (where appropriate) (Figure S5).

The lower protein concentration requirements for '"H 1D protein-observed experiments reduces the
concentration of ligand needed to achieve sufficient saturation of the protein and can therefore be used
to measure Kp across a wide range of affinities (uM-mM). The use of lower protein concentrations also
permits Kp evaluation for more poorly soluble compounds. For low uM to pM binders, 'H 1D protein-
detected NMR can also be used as a way of validating productive binding to the target simply by
monitoring changes in the protein spectrum “fingerprint” relative to the apo-protein (Figure 5). These
experiments have the added advantage of not requiring isotopically-labeled protein and can therefore be
done using protein expressed from mammalian cells, yeast, bacteria, or any other expression system.
These 'H 1D protein-detected experiments were performed in parallel to the 1D NMR ligand-observed

binding assays (on the same samples).

Biochemical / Functional Assay

Systematic improvements in binding affinity were thus established and ultimately led to the development
of low uM-nM binders toward a key binding site that is important for a physiologically relevant binding
event between SOS and HRas. Ligands were tested according to a previously established functional
assay that monitors SOS-mediated exchange of fluorescently labeled (BODIPY) nucleotide?*?3. We
demonstrate that our binders are able to act as functional PPIs by impeding SOS-mediated nucleotide
exchange (Figure 6A). Compounds that were most active in the nucleotide release assay were tested in
cell proliferation assays. Figure 6B illustrates that NMX-10095 exhibits differential inhibition of cell
proliferation between T24 and 5637 bladder cancer cell lines and healthy bladder epithelial cells (BAEC).
These results suggest that this early lead compound possesses some selectivity against cancerous cells

over their healthy counterparts.
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Figure 6. Evaluation of the effect of compounds on biochemical and cellular activity. (A) SOS¢-catalyzed
nucleotide release assay showing potency of compounds. Experiments were performed in duplicate with 500 nM
SOScatand 1 yM HRas®12V-BODIPY-GDP gnd plots show the release rates normalized to that of the DMSO control. (B)
Anti-proliferative activity of NMX-10095 against T24 (bladder carcinoma), 5637 (bladder carcinoma), and BdEC
(healthy, primary bladder epithelial) cell lines. Inhibition curves are normalized to the DMSO control. Error bars:
SEM.
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Distinctive Features of the NMR for SAR Strategy

Our approach to compound screening and hit-validation satisfies a number of key criteria that are
often overlooked by more traditional strategies: i) By evaluating early SAR (mM to uM range), we
can establish clear systematic changes in binding affinity and build confidence in productive
ligand-target engagement, ii) By monitoring the solution behavior and structure of the ligand at all
stages of follow-up, we ensure that the binding event is not a false positive (i.e. aggregation
induced, or degraded compound), iii) The accuracy and reproducibility of affinity measurements
is significantly improved by correcting nominal concentrations for true aqueous solubilities, iv) By
building up from fragment-sized scaffolds, this approach affords a direct forward-driven approach
to improving potency. This is in contrast to HTS hits which are often potent (whether productive
binders or simply non-specific) but are usually non-optimized (poor ligand efficiency) and may
need to be de-constructed into the minimal binding scaffold, v) The target is monitored under truly
“label-free” conditions (unlike many other biophysical methods that require tethering of the target
or ligand or fluorophore labeling; which can alter the behavior of the protein target relative to its
non-immobilized / non-tagged state)?*, vi) The techniques employed here provide direct, atomic-
level insight into conformational changes in the target protein upon ligand binding and can be
simultaneously used to monitor target stability, even for unlabeled protein at low concentrations,
and vii) The approach is higher throughput (comparable to other biophysical methods), requiring
only a reference sample and a test sample per compound whilst providing a far greater wealth of
information on both the compound and target than is offered by orthogonal techniques - all within

<1 hr of experiment time per hit/analog.

CONCLUSIONS

Using the NMR for SAR strategy, we have been successful in guiding medicinal chemistry efforts
to improve binding affinity from an initial ~7-10 mM fragment screening hit to potent uM binders
showing PPI inhibition between HRas and SOS as well as selective inhibition of cancerous cell
proliferation. The compounds bind to an allosteric site in HRas and disrupt SOS-mediated
nucleotide release, which is critical for cycling of Ras between its inactive and active
conformations. Key to our approach is precise control and monitoring of compound solution

behavior, aqueous solubility, and target conformational changes; accurate relative affinity
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measurements; and robust high-throughput 1D NMR assays. Nearly all measurements are done
on single matched pair samples of free ligand and ligand with protein, affording clear insight into
true binding events and structure-activity-relationships. We demonstrate that the relative binding
affinities obtained by ligand-detected NMR binding assays agree exquisitely well with the affinity
rank order obtained using orthogonal biophysical measurements and, in combination with 1D
protein-detected NMR, provide much greater insight and control than traditional strategies for
ranking by affinity or potency. This strategy has been developed specifically to address many of
the challenges encountered in early stage drug discovery and screening, both for academic and
industrial clients alike. We believe this approach can significantly expedite hit-to-lead discovery
and can help mitigate attrition and waste expenditures for a wide range of drug discovery

programs.

EXPERIMENTAL SECTION

Fragment library

Fragment screening was performed using a library containing 461 fragments that had been
designed within Rule of Three constraints®®> and filtered to remove undesirable members,
including common pan-assay interference compound (PAINS) substructures.?® All fragments
have been curated by 'H and "®F NMR for structure verification, purity, solubility in phosphate
buffer and lack of apparent aggregation under these conditions. Fragments were pooled based
on chemical compatibility and sufficient separation of '°F NMR signals, resulting in 31 different
pools to increase screening throughput. The library was provided by NMX Research and Solutions
Inc. (https://www.nmxresearch.com/). Further information about this library is available through

Key Organics (https://www.keyorganics.net/bionet-products/fragment-libraries/) as the BIONET

Fluorine Fragment Library.

NMR

NMR experiments were performed with the following hardware: 600 MHz Bruker Avance IIl NMR
spectrometer equipped with a QCI HFCN helium cryoprobe, SampleJet, and ATMA autotune
system. All samples were prepared in 3 mm Bruker SampleJet tubes to volumes of 180-200 uL
with assay buffer (25 mM sodium phosphate pH 7.4, 150 mM NaCl, 5 mM MgCl,, 1 mM TCEP-
ds, 10% D20). DMSO-ds content was kept constant at 3.6%.
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F screening was performed using the standard 'F 1D NMR pulse sequence zgfhiggn.2 (1D
sequence for F-19 observe with inverse gated H-1 decoupling). Protein concentration was 50 uM
and fragment pools were added such that each ligand (~11-15 per pool) was ~240 uM in solution.
F 1D Ligand-Detected NMR was performed using the zgfhiggn.2 sequence. Protein
concentration was 50 uM for the initial round of analoging but was subsequently reduced to 15
MM when the magnitude of ligand binding effects (line broadening) exceeded that observed for
compound 10002.

The '"F T2-CPMG sequence was a modified version of a 1D CPMG pulse sequence with

broadband excitation and refocusing shaped pulses.

The '°F excitation and refocusing pulses were generated using the gradient ascent pulse
engineering (GRAPE) framework for designing NMR shaped pulses.?” Specifically, we followed
the methodology that is outlined in Coote et al., 2017 for generating '°F T2-CPMG pulses tailored

to specific sets of NMR resonance frequencies.?

We optimized the two pulses to achieve high-fidelity excitation and refocusing, respectively, for
the populated spectral locations (NMR peak positions) present in our '°F fragment library. An
ensemble of resonance frequencies was selected based on our in-house library characterization
data. Each pulse was optimized for the desired point-to-point rotation (for excitation) or universal-
rotation (for refocusing) over the selected ensemble of resonance frequencies. These pulses are
not intended to function correctly for other resonance frequencies that are not populated in our

fragment library.

Pulse durations are 300 usec (excitation) and 600 usec (refocusing), with average RF amplitude
of 8.5 kHz and peak amplitude of 22.7 Khz. The peak amplitude is equivalent to an 11 psec hard

pulse excitation and within hardware specifications.

'H 1D Protein-Detected NMR was performed using the zgesgp pulse sequence.?® Since these
experiments were performed on the same sample used for the ligand detected experiment for
each compound, the protein concentration matched those (typically 15 uM, but 50 uM for early
analogs).

2D 'H,"N NMR experiments were performed using the fHSQC sequence.
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Software: Topspin 3.5pl7 was used to control the spectrometer, for data acquisition and
processing. Figures were prepared with one or more of the following software: MestreNova,
CCPNMR Analysis, Bruker Topspin, Pymol, Microsoft Excel, and NMX’s in-house software
packages. NMX’s custom software were employed in automated and semi-supervised analysis

of both fluorine screening and 'H/'°F ligand-binding data.

DLW Score

Each 'F peak is fit by least-squares to a series of common NMR multiplet peak shapes
corresponding to different coupling topologies (singlet Lorentzian, doublet, triplet, quartet,
doublet-of-doublets, triplet-of-doublets). The other peak shapes are superpositions of singlets that
are shifted left and right according to the couplings. The highest quality (lowest square-error) fit
is chosen, and the others are discarded. The fit yields measurements of NMR parameters such
as resonance frequency, linewidth, peak amplitude, and J-splitting(s). The '°F Differential Line
Width (DLW) score has units of Hz and is defined as the difference of fit linewidth, in the presence
vs absence of the protein. Normalization of scores can be done with respect to a known binder
(control compound) but is not obligatory when comparing scores obtained within the same

preparation (using identical sample conditions).

DLW Score = Wyps — Wrree

The score is directly related to the fraction of bound ligand via the following relationship':

Wobs — Weree

Xp =
Whound — Wfree

Where xp is the fraction of bound ligand, woss is the linewidth of the ligand in the presence of
protein, wiee is the linewidth of the free ligand, and weound is the linewidth of the ligand when bound
to the target protein.

Likewise, the fraction of ligand bound can be related to the measured T relaxation rate (and thus
the T.-CPMG score) given that the linewidth (w) at half height (FWHM) is inversely proportional
to T via:

1
- TxT,
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Where w is the linewidth at half height (“full width at half maximum”).
The fraction of bound ligand is equal to the ratio of bound vs total ligand, and this can be described

in terms of protein-ligand complex by:

—
o~
o~
—
—
o~
~
—

Where [L;] is the concentration of bound ligand, [L{] is the total concentration of ligand, and [PL]

is the concentration of protein-ligand complex.

Assuming the fast exchange condition whereby ligands exhibit fast off-rates (ko#), a reasonable
assumption for most yM to mM binders, and where ligand concentrations are in significant excess
relative to protein (such that L; = L;), we can then invoke a simplified 1:1 binding model to relate

the amount of protein-ligand complex (PL) to Kp:

_[PA[L] _ [PIL
CKp+Li o Kp+L

[PL]
Thus, we can relate the fraction of bound ligand to Kp by relation:

xp* [Le] = [PL] = }f;]fj

In cases where the amount of free ligand does not closely approximate the total ligand (Lr # L;), a

more complete solution is required:

[PI[Lf]  [P][L, — PL]

PL] = =
PLI Kp+L; Kp+[L - PL]

Solving for [PL] gives:

pry = et Kot P) = L Koy —#R L)
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In the same way, X, can be related to Kp via [PL] and is therefore a direct measure of relative

affinity. "3

The equation that correlates chemical shift changes to Kpis written as follows (for 1:1 binding

model):

For target-detected NMR3":

(Sobs - Sfree) — (Lt + KD + Pt) - \/(Pt + LL’ + KD)Z - 4’(PtLt)
(8bound - 5free) Z(Pt)

T2-CPMG Score
The CPMG score has units of seconds and is obtained by taking the difference between the
observed R; relaxation rate for the ligand in the presence of protein and the Ry of the free ligand.

As with the DLW score, normalization can be done with a known binder (control).

T2-CPMG Score =R, . — Ryfee

The score is determined using two samples, one with free ligand and one with ligand in the
presence of the target. For each sample, a series of NMR spectra are acquired with eight different
relaxation delays (1, 25, 50, 100, 200, 300, 500, and 800 ms). NMR regions of interest (ROIs)
containing peaks, multiplets or clusters of peaks are extracted. Within each ROI, the signal from
the first spectrum is projected onto each of the other seven spectra, to create a series of scalar
projection weights (Mx for k = 1-8). These are fit by least-squares to the theoretical relaxation

equation, i.e. a standard exponential decay curve:
M, = A x*exp(—R,t)

Where t is the CPMG relaxation delay for each of the eight spectra, and R, and A are free
parameters that are determined by the fitting routine.
This is calculated separately for each ROI, and then averaged to generate an overall score for

each ligand.
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2D 'H,"* N HSQC

"H,">N Fast HSQC experiments®® were recorded at a protein concentration of 50 or 100 uM.
Dissociation constants were obtained by monitoring changes in chemical shifts as a function of
ligand concentration. The weighted average changes in chemical shifts (d) were calculated

according to the following equation3":

d=\/%[6§+(a-6,v)2]

Where 3 are the changes in chemical shift in ppm for 'H and "*N and the correction factor (a) was
set at 0.15.

Biochemical Assay

Nucleotide release rates were measured using 1 yM BODIPY GDP loaded HRas®'?V in 25 mM
Tris, pH 7.4, 50 mM NaCl, 1 mM DTT, 10 mM MgCl,. The nucleotide release reaction was then
initiated by addition of either DMSO (control) or compounds in DMSO (across a range of
concentrations), SOScat and unlabeled GTP to final concentrations of 500 nM and 20 uM,
respectively. DMSO content was kept constant at 3% in all conditions.

Changes in fluorescence were measured by a fluorescence spectrometer (Tecan Infinite M1000
Pro) in a black 384 well plate (Greiner). Fluorescence excitation was carried out at A = 485 nm
and emission was measured at A = 510 nm every 30 s for 30 minutes at 28 °C. Release rates
were determined by fitting the decrease in fluorescence over time to a single exponential decay.
The derived rates were normalized to the DMSO treated sample and plotted against compound
concentration as mean + SEM. The ICso for each compound was calculated by fitting the

normalized rates to a four-parameter dose response curve.

Cloning, expression and purification of proteins

The codon optimized sequences for HRas®'?V (aa 1-166) and human SOS1 (SOS®, aa 564-
1049) were prepared and cloned into the pET-28a(+) plasmid at GenScript (https://www.
genscript.com). Proteins were expressed using E. coli BL21 (DE3) cells in Terrific Broth (TB)
media and induced with 0.5 mM IPTG at 25 °C overnight. Cells were harvested by centrifugation

(5,000 g for 20 minutes at 4°C) and cell pellets were extracted by sonication in 50 mM Tris, pH 8,
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500 mM NaCl, 5 mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP). Cell lysates were
centrifuged at 20,000 g for 30 minutes at 4 °C and supernatant was diluted in TCEP-free lysis
buffer to reduce TCEP concentration to 1 mM. The diluted solution was loaded onto a HisTrap
HP column (GE Healthcare). The column was washed with washing buffer (50 mM Tris, pH 8,
500 mM NaCl, 1 mM TCEP) and the bound proteins were eluted using a linear gradient of elution
buffer (50 mM Tris, pH 8, 500 mM NaCl, 1 mM TCEP, 300 mM imidazole). For HRas NMR studies,
HRas N-terminal His-tag was cleaved by incubation with tobacco etch virus protease (TEV)
overnight at 4 °C in a SnakeSkin Dialysis Tubing (Thermo Scientific) to remove excess imidazole.
TEV was removed using a nickel column and the proteins were further purified on a size-exclusion
(SEC) Superdex 75 column (GE Healthcare) in buffers containing 25 mM sodium phosphate, pH
7.4, 150 mM NacCl, 5 mM MgCl,, 1 mM TCEP; and 25 mM Tris, pH 7.4, 50 mM NaCl, 1 mM
dithiothreitol (DTT) for HRas and SOS, respectively. Fractions containing the respective proteins
were pooled, concentrated using Amicon centrifugal filters (Millipore), flash frozen in liquid
nitrogen and stored at -80 °C. The purity of HRas and SOS was greater than 95% by SDS-PAGE.
Uniformly '®N-labeled HRas was purified using the same steps as described above but was
expressed in M9 minimal media with "*NH,Cl as the sole nitrogen source.

For biophysical assessments, HRas was loaded with GDP before the size-exclusion
chromatography step by incubating the protein with 20 mM EDTA and 5 mM GDP at room
temperature for 30 minutes. The solution was then buffer-exchanged in EDTA- and nucleotide-
free buffer with 5 mM MgCI, before loading into the SEC column.

For the nucleotide release assay, HRas was buffer exchanged in MgCl.-free buffer and incubated
with 20 mM EDTA and 2 mM BODIPY FL GDP (Invitrogen) for 1.5 h at room temperature. The
reaction was then supplemented with 10 mM MgCl. and incubated for another 30 minutes at room
temperature. EDTA and the excess nucleotides were removed by desalting the protein into 25
mM Tris, pH 7.4, 50 mM NaCl, 1 mM DTT, 10 mM MgCl..

Cell lines and cell culture

Bladder cancers (T24 and 5637) and primary bladder epithelial/normal cells (BAEC) were
obtained from American Type Culture Collection (ATCC). T24 cells were cultured in McCoy’s
medium, and 5637 cells in RPMI-1640, supplemented with 10% FBS. BdEC cells were cultured
in healthy bladder epithelial basal medium supplemented with a growth kit as recommended by
the manufacturer. Cells were incubated in a humidified atmosphere of 5% CO- at 37 °C to ensure

growth and viability.
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Proliferation assay

Antiproliferative effects were evaluated by using an MTT (3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide) assay. When cells reached 80-90% confluency, they were
transferred and cultured overnight in 96 well plates, in a humidified atmosphere of 5% CO, at 37
°C. Cells were then starved with media without FBS for 4 hours. After starvation, cells were treated
with various concentrations of each compound diluted in fresh media without FBS for 72h. DMSO
was used as a vehicle control for each cell type for normalization of the data. After incubation, 20
Ml of MTT solution (prepared at 5 mg/mL) was then added to each well and incubated for 4 h in
the dark at 37 °C. The formazan crystals were then solubilized by removing the media and adding
DMSO. Cell viability was determined by measuring absorbance at 570 nm and subtracting the
650 nm background absorbance. Relative proliferation for each cancer/normal cell lines was

plotted using GraphPad Prism.

Compound Preparation and Characterization.

All commercially available reagents and anhydrous solvents were used without further
purification. Purity assessments for final compounds were determined by analytical HPLC: 4.6
mm x 50 mm Waters YMC Pro-C18, 5 um column, 120A. Mobile phases were as follows: A, H.O
with 0.2% formic acid; B, acetonitrile with 0.2% formic acid. Gradient: 10-90% B in 3 min with a
5 min run time. The flow rate was 1.5 mL/min. Unless specified otherwise, all compounds were
295% pure. Mass spectrometry samples were analyzed on a Micro Mass ZQ, ZMD, Quattro LC,
or Quattro Il mass spectrometer operated in a single MS mode with electrospray ionization.
Samples were introduced into the mass spectrometer using flow injection (FIA) or
chromatography. The mobile phase for all mass analysis consisted of acetonitrile—water mixtures
with either 0.2% formic acid or ammonium formate. '"H NMR spectra were recorded using either
a Bruker Avance 400 (400 MHz) or a Bruker Avance II- 300 (300 MHz) instrument. Column
chromatography was performed using Teledyne ISCO RediSep Normal Phase (35-70 pm) or
RediSep Gold Normal Phase (25-40 um) silica flash columns using a Teledyne ISCO Combiflash
Companion or Combiflash Rf purification system. Preparative reversed-phase chromatography
was carried out using a Gilson 215 liquid handler coupled to a UV-vis 156 Gilson detector and
an Agilent Zorbax SB-C18 column, 21.2 mm x 100 mm. A linear gradient from 10% to 90% CH3sCN
in H20 over 10 min (0.1% trifluoroacetic acid) was used; the flow rate was 20 mL/min.
High-resolution mass spectrometry data were collected on a Thermo Scientfic QExactive mass
spectrometer coupled to a Waters Acquity UPLC system. Samples were analyzed from a 100 uM

DMSO solution with a 3 pL injection volume. The chromatographic column was a Waters Acquity
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CSH C18, 2.1 x 50 mm, 1.7 ym particle size. Gradient elution was employed using 0.1% formic
acid in water as mobile phase A and 0.1% formic acid in CH3CN as mobile phase B. The gradient
began at 10% B and increased to 60% B over 0.8 min and to 100% B over the next 0.2 min,
followed by a 0.5 min re-equilibration at the initial conditions. The mass spectrometer was run in
full MS mode, positive polarity, with the resolution set to 35 000. A heated electrospray source
was used with settings of 3.5 kV and 400 °C.

All compounds shown in Figures 1 and 2, FS-1255 and NMX-10001 to NMX-10011 were

purchased from Key Organics Limited and Enamine Limited.
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Scheme 1. Synthesis of 2-(1H-Indol-3-yl)-N-methyl-acetamide series.

Cl ' O
I N

o Q

s}

0 o &

c N B

e (e 0
a H F N

H
1 5 NMX-10076

a) pyridine, PhMe, 60 °C, 1h
b) THF, DIPEA, rt, 16h

Scheme 2. Synthesis of 1-(1H-Indol-3-yl)-2-(amino) ethenone series.

Synthesis

Synthesis of indole amides such as NMX-10021 relied on the readily accessible 2-(6-fluoro-1H-
indol-3-yl) acetic acid 4. This intermediate was prepared on multigram scale by the two-step
cyanomethylation of 6-fluoro indole 1, followed by nitrile hydrolysis to the corresponding pivotal

acid intermediate 4, as outlined in Scheme 1.
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Compounds NMX- 10014, 10016, 10018, 10021, 10040, 10041, 10078, 10086, 10095 and 10097
were prepared via amide couplings under standard conditions using indole acid 4 and the
corresponding amines (ex. aniline) in the presence of HATU in dichloromethane as shown for
compound NMX-10021 (Scheme 1).

Indole ketone NMX-10076 was prepared according to Scheme 2. For the synthesis of NMX-
10076, 3-acylation of 6-fluoro indole 1 with 2-chloroacetyl chloride afforded the chloromethyl
ketone intermediate 5, which upon N alkylation with piperidine furnished the desired analog NMX-
10076.

1-(6-fluoro-1H-indol-3-yl)-N,N-dimethylmethanamine (2)

A solution of 40 percent ag. dimethylamine (9.1 g, 80.7 mmol) was cooled to 5°C, and glacial
acetic acid (6.1 mL) was added dropwise while maintaining the temperature at ~10°C. After
stirring for 20 minutes, 37 percent aqueous formaldehyde (6.1 mL, 80.7 mmol) was slowly added
to the above solution while keeping the temperature between 0~10°C, followed by the addition of
6-fluoroindole 1 (10 g, 74.0 mmol). The reaction was exothermic and reached a final temperature
of ~40°C, and it was then cooled down to ~20°C. The reaction solution was then slowly added to
160 mL of aqueous NaOH solution (3M). The suspension was stirred for about 30 minutes, and
then collected by filtration. The cake was rinsed with water (50mL X 2) and dried to afford a yellow
solid (12.1 g, > 99%).

"H NMR (400 MHz, CDCl3) 8 8.22 (br s, 1H), 7.63-7.59 (m, 1H), 7.08-7.07 (m, 1H), 7.03-7.00 (m,
1H), 6.91-6.86 (m, 1H), 3.60 (s, 2H), 2.28 (s, 6H).

2-(6-fluoro-1H-indol-3-yl)acetonitrile (3)

A solution of 1-(6-fluoro-1H-indol-3-yl)-N, N-dimethylmethanamine 2 (12 g, 62.4 mmol) and KCN
(6.7 g, 102.9 mmol) in DMF (36 mL) and water (19 mL) was heated to 105°C for 10 hours. The
reaction mixture was then cooled down to 25°C, and water (145 mL) and toluene (80 mL) were
added and stirred for 3 hours. The organic and aqueous layers were separated. The organic layer
was washed with aqueous sodium bicarbonate (80 mL) and brine (80 mL), and then dried over
sodium sulfate. After filtration, the filtrate was concentrated, and the residue was purified by flash
column chromatography on silica gel to get the desired product as a yellow oil (5.7 g, 52.4% yield).
"H NMR (400 MHz, CDCl3) 8 8.19 (s, 1H), 7.52-7.49 (m, 1H), 7.22-7.21 (m, 1H), 7.08 (dd, J = 9.4,
2.2 Hz, 1H), 6.98-6.93 (m, 1H), 3.82 (d, J = 1.1 Hz, 2H).

2-(6-fluoro-1H-indol-3-yl)acetic acid (4)
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A mixture of 2-(6-fluoro-1H-indol-3-yl)acetonitrile 3 (2 g, 11.5 mmol), sodium hydroxide (2.6 g,
65.0 mmol), methanol (15 mL) and water (45 mL) was stirred at 100 °C for 3 hours. The reaction
was then cooled to 0°C and acidified with 6 N aqueous HCI to pH~1. The solid formed was
collected by filtration, which was then washed twice with water and dried to give the title compound
4 as a yellow solid (1.7 g, 76.6% yield).

MS (ESI+) m/z 194 (M+H)".

"H NMR (400 MHz, DMSO-de) 8 12.18 (s, 1H), 10.97 (s, 1H), 7.50-7.46 (m, 1H), 7.23-7.22 (m,
1H), 7.12 (dd, J = 10.2, 2.3 Hz, 1H), 6.87-6.82 (m, 1H), 3.63 (s, 2H).

General procedures for amide compounds: (See Scheme 1)

2-(6-fluoro-1H-indol-3-yl)-N-phenylacetamide (NMX-10021)

A solution of 2-(6-fluoro-1H-indol-3-yl)acetic acid 4 (100 mg, 0.52 mmol), aniline (53.0 mg, 0.57
mmol), HATU (216.5 mg, 0.57 mmol) and Ets;N (68.1 mg, 0.67 mmol) in DCM (8 mL) was stirred
at room temperature for 16 hours. The mixture was diluted with dichloromethane (30 mL), washed
with HCI (15 mL, 1.0 N) and brine (20 mL), and dried over sodium sulfate. After filtration, the
filtrate was concentrated, and the residue was purified by flash column chromatography on silica
gel to obtain the desired product NMX-10021 as a colorless oil (80 mg, 57.6% yield).

MS (ESI+) m/z 269 (M+H)*.

"H NMR (400 MHz, DMSO-ds) 5 10.98 (s, 1H), 10.09 (s, 1H), 7.76-7.48 (m, 3H), 7.38-7.20 (m,
3H), 7.12 (dd, J = 10.2, 2.3 Hz, 1H), 7.08-6.96 (m, 1H), 6.88-6.83 (m, 1H), 3.71 (s, 2H).

Using the above procedures, the following compounds were prepared:
N-(3-acetamidophenyl)-2-(6-fluoro-1H-indol-3-yl)acetamide (NMX-10014)

MS (ESI+) m/z 326 (M+H)*.
"H NMR (400 MHz, DMSO-ds) 5 10.97 (s, 1H), 10.09 (s, 1H), 9.90 (s, 1H), 7.90 (s, 1H), 7.61-7.57
(m, 1H), 7.41-7.02 (m, 5H), 6.87-6.82 (m, 1H), 3.70 (s, 2H), 2.02 (s, 3H).

2-(6-fluoro-1H-indol-3-yl)-1-morpholino-ethanone (NMX-10016)

MS (ESI+) m/z 263 (M+H)".

1H NMR (400 MHz, CDCl3) & 8.14 (s, 1H), 7.53 (dd, J = 8.7, 5.3 Hz, 1H), 7.06-7.02 (m, 2H), 6.92-
6.87 (m, 1H), 3.82 (s, 2H), 3.65 (s, 4H), 3.49 (s, 4H).
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2-(6-fluoro-1H-indol-3-yl)-N-(1-isopropyl-4-piperidyl)acetamide (NMX-10018)

MS (ESI+) m/z 318 (M+H)*.

"H NMR (400 MHz, CDCls) 5 8.70 (s, 1H), 7.45-7.42 (m, 1H), 7.15-6.99 (m, 2H), 6.92-6.87 (m,
1H), 5.54 (d, J = 7.9 Hz, 1H), 3.80-3.75 (m, 1H), 3.68 (s, 2H), 2.68-2.65 (m, 3H), 2.22-2.16 (m,
2H), 1.85-1.81 (m, 2H), 1.26-1.16 (m, 2H), 0.96 (d, J = 6.6 Hz, 6H).

1-(4-acetylpiperazin-1-yl)-2-(6-fluoro-1H-indol-3-yl)ethanone (NMX-10040)

MS (ESI+) m/z 304 (M+H)*.

"H NMR (400 MHz, DMSO-ds) 8 10.97 (s, 1H), 7.54 (s, 1H), 7.29-7.06 (m, 2H), 6.95-6.74 (m, 1H),
3.79 (s, 2H), 3.65-3.43 (m, 8H), 1.98 (s, 3H).

N-[(3S)-1-[2-(6-fluoro-1H-indol-3-yl)acetyl]pyrrolidin-3-ylJacetamide (NMX-10041)

MS (ESI+) m/z 304 (M+H)*.

"H NMR (400 MHz, CDCl3) 6 8.46-8.31 (m, 1H), 7.60-7.51 (m, 1H), 7.10-6.99 (m, 2H), 6.92-6.85
(m, 1H), 5.85-5.81 (m, 0.5H), 5.76-5.69 (m, 0.5H), 4.48-4.36 (m, 1H), 3.79-3.65 (m, 3H), 3.64-
3.52 (m, 2H), 3.44-3.34 (m, 1H), 2.24-2.00 (m, 1H), 1.94-1.86 (m, 3H), 1.82-1.72 (m, 1H).

2-(6-fluoro-1H-indol-3-yl)-1-(4-hydroxy-1-piperidyl)ethanone (NMX-10086)

MS (ESI+) m/z 277 (M+H)*.

'H NMR (400 MHz, DMSO-ds) 8 10.95 (s, 1H), 7.58-7.49 (m, 1H), 7.22-7.16 (m, 1H), 7.15-7.05
(m, 1H), 6.89-6.75 (m, 1H), 4.66 (d, J = 4.1 Hz, 1H), 3.99-3.86 (m, 1H), 3.84-3.68 (m, 3H), 3.65-
3.55 (m, 1H), 3.21-3.09 (m, 1H), 3.01-2.89 (m, 1H), 1.69-1.49 (m, 2H), 1.23-1.02 (m, 2H).

N-(3-(2-(dimethylamino)ethoxy)phenyl)-2-(6-fluoro-1H-indol-3-yl)acetamide (NMX-10095)
MS (ESI+) m/z 356 (M+H)".

"H NMR (400 MHz, DMSO-ds) & 10.98 (s, 1H), 10.10-10.03 (m, 1H), 7.61-7.54 (m, 1H), 7.34-7.29
(m, 1H), 7.25 (d, J = 2.3 Hz, 1H), 7.20-7.07 (m, 3H), 6.89-6.81 (m, 1H), 6.63-6.57 (m, 1H), 3.98
(t, J=5.8 Hz, 2H), 3.70 (s, 2H), 2.59 (t, J = 5.8 Hz, 2H), 2.19 (s, 6H).

N-[3-[[2-(dimethylamino)acetyl]amino]phenyl]-2-(6-fluoro-1H-indol-3-yl)acetamide (NMX-

10097)
MS (ESI+) m/z 369 (M+H)".
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"H NMR (400 MHz, CDs0OD) & 10.97 (s, 1H), 10.10 (s, 1H), 9.66 (s, 1H), 8.00-7.93 (m, 1H), 7.63-
7.54 (m, 1H), 7.36-7.31 (m, 1H), 7.28-7.23 (m, 2H), 7.21-7.15 (m, 1H), 7.12 (dd, J = 10.2, 2.3 Hz,
1H), 6.89-6.80 (m, 1H), 3.70 (s, 2H), 3.04 (s, 2H), 2.26 (s, 6H).

Procedures for indole ketone NMX-10076: (See Scheme 2)

2-chloro-1-(6-fluoro-1H-indol-3-yl)ethan-1-one (5)

To a stirred solution of 6-fluoro-1H-indole 1 (1 g, 7.4 mmol) and pyridine (0.3 mL, 7.4 mmol) in
toluene (12 mL) at 60°C was added 2-chloroacetyl chloride (0.84 g, 7.4 mmol) dropwise. After the
addition was complete, the reaction mixture was stirred at 60°C for 1 hour. After cooling to room
temperature, H.O (18 mL) and MeOH (4 mL) were added. The mixture was stirred at room
temperature for an additional 1 hour. The precipitate was filtered through a sintered glass funnel

and washed with H2O to obtain compound 5 as a brown solid (300 mg, 19% vyield).

1-(6-fluoro-1H-indol-3-yl)-2-(1-piperidyl)ethanone (NMX-10076)

To a solution of 2-chloro-1-(6-fluoro-1H-indol-3-yl)ethan-1-one 5 (200 mg, 0.94 mmol) and
piperidine (120 mg, 1.42 mmol) in tetrahydrofuran (6 mL) was added DIPEA (0.3 mL, 1.9 mmol)
dropwise, and the resulting mixture was stirred at room temperature for 16 hours. The solvent
was removed under vacuum (<25°C) and the residue was treated with ethyl acetate (10 mL) to
produce a precipitate. The precipitate was collected by filtration and was further purified by flash
column chromatography to obtain the title product NMX-10076 as a white solid.

MS (ESI+) m/z 261 (M+H)*.

"H NMR (400 MHz, CDCls) 5 8.70 (s, 1H), 8.43-8.40 (m, 1H), 8.39-8.33 (m, 1H), 7.13-7.01 (m,
2H), 3.57 (s, 2H), 2.55 (s, 4H), 1.66-1.60 (m, 4H), 1.50-1.43 (m, 2H).
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Supplementary figures
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Figure S1. Comparison of Proton- vs Fluorine- Ligand Detected NMR for Series 1 hit FS-1255.
(A) 'H Ligand-detected NMR spectra showing the differential line broadening (DLB) spectra
followed by the stack of eight T2-CPMG spectra with different delay times (0, 25, 50, 100, 200,
300, 500, 800 msec). No binding is evident by 'H ligand-detected NMR. (B) '°F 1D Ligand-
detected NMR spectra demonstrating clear binding for compound FS-1255, highlighting the
advantage of "F NMR for elucidation of binding of weak fragments.
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Figure S2. Compound behavior assay for monitoring differences between nominal and true
solution concentrations of various ligands prior to dose-response assays (A). Compounds for
which the ratio between measured and nominal concentration remains constant across the
titration are typically well-behaved, whereas large changes in the ratio indicates potential solubility
issues (B). In cases where the ratio slightly deviates from 1.0, but remains constant across a
titration series (i.e. 10041, B), this is usually attributable to error in the nominal stock concentration

(usually prepared by dissolving powder directly with solvent). Discrepancy between molecular
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weight and formula weight, along with poor measurement accuracy and precision are common

sources of error in assumed nominal stock concentrations. Large initial (low concentration point)

discrepancy between nominal and measured concentrations is often simply due to limited

solubility of the compound. Dashed lines in (B) correspond to well-behaved compounds across

the entire titration. Note the difference between nominal and measured solubility for 10095 and

10097, illustrating the importance of working within the measured solubility limits to obtain

accurate binding and affinity data.
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Figure S3. (Top three panels) Monitoring aggregation properties of related compounds via a high-
throughput 1D NMR assay. Compounds were prepared to 300 yM in 50 mM sodium phosphate,
100 mM NacCl, pH 7.4 with 10% D-0O. Rapid signal decay is indicative of compound aggregation
whereas long relaxation times are characteristic of non-aggregating, well-behaved compounds.
(Bottom three panels) The initial fragment screening hit and related analogs are shown to be non-
aggregating at the concentrations tested (240 uM in 25 mM sodium phosphate, 150 mM NacCl, 5
mM MgClz, 1 mM TCEP-d1s, pH 7.4 with 10% D-O) and were evaluated in binding assays under

comparable conditions to mitigate false positives and false negatives.
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Figure S4. Apo HRas protein “fingerprint” spectrum (Top). Monitoring upfield protein methyl shifts
with increasing ligand concentration provides direct insight into ligand binding (Bottom). Protein
methyl shifts across a range of ligand concentrations provides Kp. While saturation could not be
achieved with either the initial screening hit or NMX-10002, fitted Kp estimates shown are
consistent with orthogonal biophysical data, and most importantly, accurately reflect the relative
affinity ranking of the compounds. Note that the ligand concentrations reported are measured
rather than assumed nominal concentrations.
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Figure S6. HRas stability by 1D protein-observed NMR over 96 hrs. Black, Oh; red, 48h; Blue,
72h; Green, 96h.

185



1.2 4 35 4
Ko ~1971 uM Kp ~618 uM
0314 -
1 L ° e T
- — .="0
% o ’,” gozs—: o _.-"
§ 058 4 o .- o = i
K -7 @ 02 .7
= Gt % P
w 06 ’ ’,
= ?’ & 015 o
g 7] /!
@ .4 H ’
5 A g or{ ¢
E £ 5
‘g 0 < 1'JI
024 » 0054 1
bs o 10086 ' 10002
e ]
o & 0 :
0 1000 2000 3000 4000 5000 0 500 1000 1500 2000 2500 3000 3500
Ligand Concentration (uM) Ligand Concentration (uM)
12 4 0.8 - o
Kp ~108 uM Kp ~218 uM
0.7 el o]
1 = o LT
o T £ 08 e
g - o £ .-
2 o84 (o) i ; s
(=3 - =
é . = = 0.5 - -
-
o
E 06 4 ,0” % 0.4 4 ff
E o’ kit :( o
@ 7 N 03 '
-% 0.4 4 ’ E ’
E 3% 5 024 )/
S @ 7 b2
= i o 0.1 C?
7 o 10097 ; 10097
0 8-0 0& T r ]
(] 50 100 150 200 250 300 350 400 0 200 400 600 800 1000 1200
Ligand Concentration (pM) Ligand Concentration (M)
12 4 0.5
27 Kp ~20 uM Kp ~19 uM
o _ae=-- 0.45 5
. o i
14 .- .O o o 6
o (o] - E
2 Vs £035{ 0 _eem=mm==-=c
8 08 )’ = T e
& ‘ 5 03 ety o
I:E -
'”uz") 0.6 - QP a 02 o4
I
-
B |/ g o2 ¥
= 044 % ™ 1
o £ 0.15 4
E E ]
E ! <] [
z L 1e = 014,
24 ;
b 10095 0.05 {1 10095
!
0 § 0& v v . . - . -
0 50 100 150 200 250 0 50 100 150 200 250 300 350
Ligand Concentration (pM) Ligand Concentration (pM)

Figure S7. Orthogonal biophysical data for selected HRas binders. Left-hand column depicts
MST data, whereas the right-hand column shows SPR data. Normalized data were fit in Excel
using the solver function (GRG Non-linear method) and simulating the data with a comparable

number of points to those measured in the titration.
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Figure S8. Binding site mapping based on backbone amide chemical shift perturbations between
the free protein (blue) and protein in the presence of compound 10097 (red). Only weighted
average chemical shift changes = 0.02 ppm are mapped onto the structure of HRasG12V (30I1W).
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Supplementary methods

MST

MST experiments were performed with a Monolith NT.115 Pico (NanoTemper Technologies,
Munich, Germany). Fluorescence labeling of GDP HRasG12V was achieved according to
Nanotemper’s protocol for use of the His Tag Labeling Kit RED tris NTA 2nd generation, or Kit
RED-NHS 2nd Generation Labeling Kit (NanoTemper Technologies, Munich, Germany). Final
protein concentrations were 20 nM fluorescently labeled GDP HRasG12V. Compounds were
prepared across a range of concentrations within the measured solubility ranges determined
previously by NMR, and loaded into monolith capillaries. Data were acquired and analyzed with
the NanoTemper MO.Control and MO. Affinity Analysis software. MST responses that passed the

automated QC criteria were exported and normalized before fitting to a 1:1 binding model.

SPR

SPR was performed using a P4SPR (Affinité Instruments, Montreal, Canada) using His-tagged
HRasG12V. Ni-NTA-coated Au SPR chips were first rinsed with DI water. Protein was then
immobilized by injecting ~300 pL of a 5 yM solution of protein in 1X PBS over the chip surface,
followed by a 20 min incubation period. Wells were then washed and equilibrated with 1X PBS
prior to dose-response experiments with small molecule analyte. Compounds were prepared in
DMSO at various concentrations (5 points, dictated by expected affinity ranges given prior
biophysical data). Compounds were then dried using a SpeedVac to obtain dry solid powders,
which were resolubilized in 1X PBS. Solubilities in 1X PBS were previously known according to
NMR data in nearly equivalent buffer conditions. Each ligand solution (~300 L) was injected
across the SPR chip surface and left to equilibrate for a minimum of 5 minutes before measuring
changes in SPR wavelength, or RU. Subsequent concentrations of the same ligand were likewise
tested in series starting from the lowest to highest concentration. Measured shifts in RU were then

plotted and fit to a 1:1 binding model.

188



8 ARTICLE 4 - PRACTICAL CONSIDERATIONS AND GUIDELINES
FOR SPECTRAL REFERENCING FOR FLUORINE NMR LIGAND
SCREENING

Practical Considerations and Guidelines for Spectral Referencing for
Fluorine NMR Ligand Screening
Yann Ayotte®®, Simon Woo?®, Steven R. LaPlante*®?

@ INRS — Centre Armand-Frappier Santé Biotechnologie, 531 boulevard des Prairies, Laval,
Québec, H7V 1B7, Canada.

b NMX Research and Solutions Inc., 500 boulevard Cartier Ouest, Suite 6000, Laval, Québec,
H7V 5B7, Canada

* Corresponding author

Published in : ACS Omega 2022, 7, 15, 13155-13163

DOI : 10.1021/acsomega.2c00613

Authors contributions :

Yann Ayotte came up with the idea for the project, designed the experiments, performed data
analysis, generated the figures, and wrote the manuscript under supervision from Steven
Laplante. Experiments were performed by Yann Ayotte with support from an undergraduate intern
under supervision from Yann Ayotte. Simon Woo assisted in the writing of the manuscript and

provided guidance and support throughout the project. Steven Laplante revised the manuscript.

189



Abstract

Fluorine ("°F) NMR strategies are increasingly being employed for evaluating ligand binding to
macromolecules, among many other uses. 'F NMR offers many advantages as a result of its
sensitive spin 1/2 nucleus, 100% natural abundance, and wide chemical shift range. Moreover,
because of its absence from biological samples, one can directly monitor ligand binding without
background interference from the macromolecule. Therefore, all these aforementioned features
make it an attractive approach for screening compounds. However, the detection of ligand
binding, especially those with weak affinities, can require interpretations of minor changes in
chemical shifts. Thus, chemical shift referencing is critical for accurate measurements and
interpretations. Unfortunately, one cannot rely on spectrometer indirect referencing alone, and
internal chemical references have sample-dependent issues. Here, we evaluated 10 potential
candidate compounds that could serve as '®F NMR chemical references. Multiple factors were
systematically evaluated for each candidate to monitor the suitability for ®F NMR screening
purposes. These factors include aqueous solubility, buffer compatibility, salt compatibility,
aqueous stability, tolerability to pH changes, temperature changes, and compound pooling. It was
concluded that there was no ideal candidate, but five compounds had properties that met the

screening requirements.

Introduction

Fragment-based lead discovery (FBLD) involves the screening of low-molecular-weight
compounds to identify binders to essential disease target proteins or nucleic acids. Nuclear
magnetic resonance (NMR) is a very useful tool for FBLD due to its ability to detect weak binding
events in a label- and immobilization-free environment. Traditional ligand-detected experiments
have mostly been performed using proton (*H) NMR, but fluorine ('°F) experiments have
increasingly gained in popularity in recent years. The large, background-free chemical shift
dispersion of the fluorine moiety, combined with its 100% natural abundance and high sensitivity

to molecular interactions, has made it an attractive tool in the field of drug discovery.'"

Binding events are usually detected by monitoring changes in chemical shifts, signal width, and/or
peak intensities. Variation in the chemical shift is expected to occur if a difference between the
bound and free states is experienced by the '°F nucleus.'® However, these observations can be

skewed, as minor but significant changes in chemical shifts are common due to the wide spectral
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dispersion of the "°F nucleus coupled with spectrometer instabilities and sample-dependent shift

changes. Thus, one cannot always rely on spectrometer indirect referencing alone.

In general, the IUPAC recommendations favor internal referencing or substitution methods,'® with
internal referencing being generally more practical for a drug screening context. The IUPAC also
recommends the use of CCIsF as a reference compound for 'F NMR, but this molecule presents
several practical limitations: it has limited aqueous solubility, is highly volatile at ambient
temperature, and possesses ozone-depleting properties, which restricts its commercial
availability.?® Analogously, currently recommended '°F quantitative NMR references are intended
to be used in organic solvents and are less optimal for screening, as their aqueous solubility is
also limited.?' Therefore, there are no definitive guidelines for '°F NMR screening, and the choice

of reference depends on lab-specific preferences or arbitrary reasons.’

Some essential characteristics should be considered in the choice of a '®F NMR shift reference,
keeping in mind that requirements can be project-dependent. These characteristics include
solubility and stability in aqueous media, compatibility with common buffer components, absence
of promiscuous binding to protein systems, chemical shift compatibility with standard NMR
experimental screening parameters, and minimal chemical shift changes from variations in
sample conditions (e.g., pH, temperature, dimethyl sulfoxide (DMSO) content, mixtures of
compounds). Other desirable (but not essential) features include the presence of a polyfluoro
moiety (e.g., CF3), allowing for a sufficient '°F NMR signal-to-noise ratio even at low
concentrations of the reference compound in the sample to limit potential artifacts, as well as
commercial availability, lack of safety concerns, and ease of handling. Furthermore, reference
compounds that lack or have minimal nonexchangeable aromatic hydrogens would allow

concurrent '"H NMR experiments to be acquired on the same sample.

Herein, we evaluated some of the most commonly used fluorine shift references for '°F NMR
under a variety of conditions and environments to assess their suitability for drug discovery
studies. We also provide some guidelines that may help users choose the most appropriate

reference for their project.

Results and Discussion

Example: Inconclusive Results in the Absence of an Internal Shift Reference
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As with routine 'TH NMR applications, spectrometer indirect referencing is often preferred for '°F
NMR shift calibration. However, inconsistencies can arise from one sample to the next due to the

reasons already described above.

One ramification is that interpretations can become ambiguous. An example is illustrated in Figure
1, which shows a "°F NMR screen aimed at determining whether two compounds bind to a target
protein. In panel A, the differential line broadening/shifting (DLBS) method would suggest that
compound 1 could bind to the target protein given that the '°F spectrum of free compound 1 (blue
spectrum) experiences a distinct change in chemical shift upon the addition of target protein (red
spectrum). However, a confirmational T2-CPMG (Carr—Purcell-Meiboom—Gill) experiment shows
that compound 1 does not appear to bind the target protein.?> On the one hand, no significant
changes in relaxation rates (i.e., slopes as a function of delay periods) are observed between the
samples containing free 1 (blue) and 1 with added protein (red). On the other hand, in panel B
the changes in DLBS and T2-CPMG data (red vs blue spectra) support that compound 2 indeed
binds to the target protein. Thus, perhaps the chemical shift changes in panel A were due to either
spectrometer drift or local chemical environment changes rather than a binding event. The lack
of a significant difference in the T2-CPMG spectra in the presence of protein supports this
hypothesis; therefore, an analysis based on shift alone could result in the misinterpretation that
compound 1 bound to the target protein. Hence, it is crucial that a "°F chemical shift reference be

employed in such a context.
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Figure 1. °F NMR screen using DLBS and T2-CPMG methods. (A) Compound 1 exhibits changes in
chemical shift in the presence of protein (red spectrum), as compared to the free compound (blue
spectrum). Further evaluation of the binding using T2-CPMG suggests that this compound is not a binder
and that the chemical shift difference is likely explained by the sensitivity to small changes in conditions. In
comparison, (B) shows compound 2, which appears to be a real binder to the protein based on the
significant differences in line broadening and T2-CPMG decay rate observed

Selection of '°F Reference Compounds

A set of commonly used '°F references was chosen for this study. Their names and abbreviations
are as follows: BTF: benzotrifluoride; DFB: 1,2-difluorobenzene; HFB: hexafluorobenzene; KF:
potassium fluoride; NaBF4: sodium tetrafluoroborate; PhF: fluorobenzene; TFA: trifluoroacetic
acid; TFE:  trifluoroethanol; TFMBA:  2-(trifluoromethyl)benzoic  acid; Triflate:  sodium

trifluoromethanesulfonate.
Solubility Tests

A chemical shift reference should exhibit sufficient solubility under aqueous conditions to be
practical for NMR screening. The solubility of the 10 reference candidates was therefore assessed
at 200 uM nominal concentration in 100% D,O. Data were also acquired on samples at 200 uM
nominal concentration in 100% DMSO-ds for comparisons of signal intensities. Figure 2 illustrates
the respective signal intensities, as well as the overlaid spectra (far-right column), in DO and
DMSO-ds for each molecule. PhF was completely insoluble in D,O, while BTF, DFB, and HFB
exhibited poor signal-to-noise in aqueous solution. These four candidates were therefore
eliminated from further testing due to their insufficient solubility and, thus, incompatibility as a '°F
NMR screening reference. Even though it appeared to be insoluble in DMSO, KF showed
sufficient signal-to-noise under aqueous conditions and was therefore advanced to further
evaluations. Similarly, TFA showed a lower signal intensity in DMSO as well as a broader,
nonsymmetrical peak line shape, which could perhaps be due to an exchange phenomenon.
Given an acceptable intensity profile in D2O, TFA was also considered for additional studies.
Finally, NaBF4, TFE, TFMBA, and Triflate all showed adequate solubility profiles and were also

selected for the next rounds of testing.
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Figure 2. '9F spectra of the candidate molecules were acquired in both D20 (blue spectra) and DMSO-
de (red spectra) to evaluate their aqueous solubility. Overlaid spectra of both conditions (last column) allow
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for a better evaluation of the relative signal intensities. Compounds were tested at 200 yM nominal
concentration.

Buffer Compatibility Tests

Another important attribute for a fluorine reference compound should be compatibility with various
buffer conditions. The remaining six reference candidates were then evaluated for their
compatibility with four common buffer components: sodium phosphate, potassium phosphate, 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and
tris(hydroxymethyl)aminomethane (tris). An analysis of the 'F NMR spectra of the six candidates
in these buffers is shown in Figure 3. Given the reasonable peak intensities in all conditions, it is

apparent that all six are compatible with these buffers.
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Figure 3. Compatibility of six candidates with common buffer components. 1D '°F spectra are shown for
compounds in each condition. Buffers were prepared at 50 mM, pH 7.0 with 10% D20, and compounds
were tested at 200 uM nominal concentration.

Salt Compatibility Tests

For screening purposes, a fluorine reference should also be compatible with various salts. The
compatibility with four commonly used salts (sodium chloride, potassium chloride, magnesium
chloride, and calcium chloride) was then assessed as shown in Figure 4. With the exception of
KF, all compounds were compatible with the four salts investigated. However, KF exhibited
insolubility in the presence of magnesium chloride. This effect was further confirmed by titrating
KF against a lower concentration (1 mM) of MgCl, (Figure S1), and significant loss of signal
intensity and broad line widths could be observed, suggesting the formation of larger unknown
entities in the sample. In a similar fashion, reduced signal intensity with a wider line shape was
observed for KF in the presence of calcium chloride (Figure 4), which suggested limited
compatibility with this salt as well. This is in line with the relatively limited solubility expected for
MgF2 and CaF,.2*** KF was therefore eliminated as a potential reference candidate. The
remaining five molecules were then tested against a wide range of buffer components and
additives (Figures S2-S5), and no significant incompatibility could be observed in any of the

tested conditions.
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Figure 4. Compatibility of the six candidates with four common salts. 1D '°F spectra are shown for
compounds in each condition. Sodium and potassium chloride were tested at 200 mM, while magnesium
and calcium chloride were tested at 50 mM. Compounds were tested at a nominal concentration of 200 uM,
and solutions were prepared with 10% D20.

Given that some NMR screening studies can last for several days, the aqueous stability of each

remaining candidate was then assessed at three different time points: 0 h, 24 h, and one



week. Figure 5A shows that signal intensities remain relatively stable across all time points for
the five compounds. Similarly, minor variations in chemical shift of less than 1 Hz were noted for

periods up to a week (Figure 5B).

M NaBF, m NaBF,
1.5+ .
mTFA mTFA
>
[ W TFE 4 W TFE
g 104 B TFMBA B TFMBA
x W Triflate £ 3 M Triflate
g Doy
[1}) 42_
£ 0.5
&
4]
i 11
0.0 0_,_l_..._-_.,._-__l_l__
TPt TPt St St St B e P g
o S S S o ©LT 0T 0L e e\
Qo AN S0 O o
R R & x R
oo S SN o oo
,1(‘% q’b‘ rlP‘ (L'bt q(b&

Figure 5. Evaluation of compound stability under aqueous conditions. 1D '°F spectra were acquired at
three time points: 0 h, 24 h, and one week. Signal intensities were measured at each time point (A) as well
as variation in the '°F chemical shift between each time point (B). Signal intensities in (A) were normalized
to t = 0 h for each molecule. Samples were measured at 200 yM in 50 mM sodium phosphate pH 7.4, 100
mM NaCl, 10% D-O.

pH, %DMSO, Temperature, and Compound Pooling Tests

We then evaluated the “sensitivity” of the compounds’ chemical shifts given variations in pH,
amount of DMSO, temperature, and in the presence of pools of other compounds. Figure 6A
shows that the chemical shift of NaBF4 seems to be relatively sensitive to pH variations above pH
values of 6 but that all the other molecules were rather stable across the pH range tested.
Therefore, small variations in pH upon additions of various components, such as a protein or other
compound, would only be expected to potentially cause more significant variations in the chemical
shift of NaBF.
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Figure 6. Fluorine chemical shift variations of five compounds upon variation of pH (A), DMSO-ds content
(B), and temperature (C) and in the presence of pools of compounds (D). Samples for B and C were run in
50 mM sodium phosphate pH 7, 10% D20. For A, the same buffer was used as in B & C, at various pH
values (5, 6, 7, and 8). In D, each molecule was tested against 20 pools of fragments for an average of ~13
fragments/pool. Average change in chemical shift is plotted with the standard deviation. Samples in D were
run in 20 mM Tris-d11 pH 7.5, 150 mM NacCl, 10% D-20.

Similarly, because compounds are usually added into a buffer from DMSO solvent stocks, there
was concern that chemical shifts of the potential reference compounds could be sensitive to
different concentrations of DMSO (e.g., for drug titration purposes, from different stock
concentrations, or even variations in pipetting). Thus, we were interested in evaluating if the
reference candidates experienced changes in chemical shifts as the percentage of DMSO was
altered. Figure 6B shows the changes in chemical shifts upon addition of 1, 2, 3, or 5% (v/v)

DMSO-ds. NaBF4 was once again more influenced by variations in the amounts of DMSO.

Although temperature is usually well-controlled during NMR experiments, some NMR pulse
sequences can result in some sample heating. Moreover, insufficient equilibration of the sample
temperature before acquisition can also result in variation during the experiment. The influence
of temperature fluctuation on the reference’s chemical shifts was therefore probed by varying the

temperature from 25 to 40 °C by 5 °C increments (Figure 6C). Most of the compounds show
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comparable changes in chemical shifts with varying temperature, but, interestingly, the chemical

shift of NaBF4 was the least affected by changes in temperature.

Fragment-based NMR screens are often performed using mixtures of compounds (pools) in order
to increase throughput,*#1824-27 g0 an internal reference used in these screens should experience
minimal effects on its chemical shift in the presence of other compounds. Each reference
candidate was therefore tested in 20 different pools of small-molecule fragments containing 11—
15 fragments per pool. Figure 6D shows the average change in chemical shift for each reference
candidate when placed in the pools compared to the free compounds. It is noteworthy that
NaBF4’s chemical shift is, on average, more affected, while triflate’s is the least affected. TFE,
TFMA, and TFA exhibit comparable intermediate profiles. In light of the results observed in Figure
6A, the presence of multiple compounds in solution may induce slight changes in pH within the
samples, and these changes could explain some of the observed effects. These results suggest

that NaBF. would be a less-favorable option in the context of screening mixtures.

Ideally, an internal reference should not bind to the target macromolecule (usually a protein) that
is being screened. Therefore, we screened the five remaining candidates against four different
commercially available protein systems: bovine serum albumin (BSA), elastase, lysozyme, and
trypsin. Binding was assessed at three different ligand-to-protein ratios (L/P) by monitoring
changes in the '°F differential line broadening (DLB) of each reference’s signal upon addition of
protein. Figure 7A shows that the addition of elastase, lysozyme, or trypsin results in little to no
DLB effects under the various L/P tested. However, the addition of BSA results in relatively large
DLB effects for TFA, triflate, and especially TFMBA (illustrated in Figure 7B) as the ligand-to-
protein ratio approaches equimolar. Note that this is not unexpected considering that albumins
are known to bind a wide variety of molecules.?® However, this observation suggests that these
reference candidates may be more prone to binding target macromolecules. Interestingly,
NaBF4 exhibited minimal DLB across all the conditions tested, suggesting that it might be less

susceptible to protein binding.
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Figure 7. (A) Evaluation of binding to various proteins by fluorine DLB. Proteins were added at three
different concentrations to 200 yM compound. Samples were tested in 50 mM sodium phosphate pH 7.0,
100 mM NaCl, 10% D20. Broadening was measured as a ratio of fluorine peak line width in the
presence/absence of protein. A line broadening ratio of 1 represents the absence of any evidence of
binding. (B) Example for TFMBA binding in the presence of BSA at 4:1 L/P.

Summary of the Main Pros and Cons for the Five '°F NMR References

This study has shown that the evaluation of fluorine reference compounds for NMR screening
must consider multiple parameters (Figure 8) and as a result is challenging. Overall, five
reasonable candidate references emanated from this study. Table 1 summarizes the main pros

and cons for each of these five references. Interestingly, all five contained a polyfluoro moiety
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(either a CFz group or BF47) giving them sufficient signal-to-noise even if used at lower

concentrations for referencing in NMR screens. Moreover, all five are commercially available and

affordable.

TEE
pre N@BFs rviBa
Triflate

Initial candidates

TFE
e VBFa teviea
Triflate

Aqueous solubility

NaBF, TFMBA
TFA  Triflate

Buffer compatibility

NaBF, TFMBA

Salts compatibility
TFA  Triflate

TFE
TFMBA
Triflate

NaBF,
TFA

Other additives
compatibility

Aqueous stability
Sensitivity to pH variations
Sensitivity to DMSO variations
Sensitivity to temperature
Interaction with chemical libraries
Protein binding

Figure 8. Funnel-like view of the reference evaluation steps. Compounds eliminated at each step are
colored in red. KF was colored orange in the solubility assessment since it appeared soluble in aqueous

conditions but insoluble in DMSO.
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Table 1

Reference Compound

Advantages

Disadvantages

NaBF4

TFA

TFE

TFMBA

Triflate

Minimal chance of
resonance overlapping
with common fragments
Absence of 'H

Absence of 'H

Only aliphatic "H

Decent all-around
performance

Absence of 'H

Appears to be slightly less
sensitive to variations in
DMSO or pH than other
candidates

Chemical shift might fall
outside the spectral width
of some NMR sequences
2 species observed due to
natural abundance of
boron isotopes

Appears to be more
sensitive to variations in
DMSO or pH

Can already be a residual
from chemical synthesis

Volatile and flammable
Aliphatic "H

Known to promote protein
changes at higher
concentrations?®

Aromatic 'H

More fragment-like
molecule, could be more
prone to binding proteins

Appears to be slightly
more sensitive to
variations in temperature
than other candidates

Example Demonstration of the Utility of TFMBA for '°F Chemical Shift Referencing in a

Competition Study

Given the ensemble of data described herein, our laboratory frequently uses TFMBA as an

internal reference for "°F NMR screening studies. Figure 9 demonstrates an example of such a

study for which the aim was to evaluate two compounds to determine whether they bound to a

specific pocket (P-1) of the multipocketed target human rhinovirus polymerase (HRV). To do so,

we had access to a known P-1 binder ("°F probe—see Figure 9B,C) that could serve as a

displacement probe for other binders to pocket P-1. This probe also contained a CF3 group, which

increased the '°F NMR signal-to-noise while also exhibiting relatively sharp linewidths due to a

fast rotation along the CFs—phenyl bond. Given this, samples were prepared with the internal
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TFMBA '°F reference at a lower concentration of 5 uM. The low concentration of both the
reference and the probe ("°F probe at 22 uM) would minimize any potential intermolecular
association and interference. As a precaution, separate control experiments were run and showed
that the TFMBA reference did not bind to the probe, HRV protein, or to the two test compounds
(data not shown). Samples were then prepared with the three compounds present simultaneously
(TFMBA at 5 uM, '°F probe at 22 uM, test compound at 100 uM), both with and without HRV

protein.

A B C
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Non-competitor Example

Competitor Example
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Figure 9. Demonstration of the utility of '°F chemical shift referencing in a competition study. (A) ®F NMR
spectra of TFMBA (5 uM). (B) '°F NMR spectra of '°F probe at 22 uM, HRV at 22 yM, noncompetitor test
compound at 100 uM. (C) '°F NMR spectra of '°F probe at 22 uM, HRV at 22 uM, competitor test compound
at 100 uM.

Key to the proper analyses of the data shown in Figure 9 was that all '®F NMR spectra were
chemical shift referenced to the TFMBA peak as shown in Figure 9A, which then facilitated

accurate interpretations. Given that the '°F probe and the test compounds were relatively weak
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binders, resonance averaging was expected due to fast exchange between the free and bound
states (on the NMR time scale). Therefore, minor chemical shift changes would be expected upon
binding. Upon addition of the HRV protein, the ®F NMR resonance of the '°F probe would shift
downfield to that of the free °F probe, indicating a binding event. In the presence of a competitor
test compound, however, as shown in the upper spectrum of Figure 9C, the resonance of the '°F
probe returned to its free-state chemical shift, indicating that it was competed out of pocket P-1
by the competitor test compound. In contrast, in the presence of a noncompetitor test compound,
as shown in the upper spectrum of Figure 9B, the chemical shift of the '°F probe remained the
same as that of the sample without the noncompetitor compound. This result indicated that the '°F
probe remained bound, and the noncompetitor compound did not compete for pocket P-1. Without

the chemical shift referencing to TFMBA, these results would have been much less convincing.
Additional Considerations

Several factors make identification of a universal '°F internal reference very challenging. The main
one being the large chemical shift distribution of "®F compounds, which may require the use of a
reference with a chemical shift close to the compound(s) of interest. For example, different
references might be desired if mixtures are designed based on the presence of CF or CF3, since
they may require different carrier frequencies and spectral width depending on the experimental
setup used.* Alternatively, the use of broadband '°F pulse sequences can help circumvent this
difficulty.

If users also plan to include 'H NMR experiments for follow-up steps, then some 'H-containing
references will be less appropriate due to the potential for signal overlap with the compounds of
interest. For example, Figure S6 shows the one-dimensional (1D) 'H spectra of TFMBA and TFE.
On the one hand, because of the absence of any aromatic protons on TFE, this mitigates potential
problems of resonance overlap considering that aromatic protons are often favored during an
NMR binding analysis due to the simplicity and the usual lack of any signal overlap with common
buffer components. On the other hand, TFMBA possesses four aromatic protons, which is likely

to overlap various compounds of interest, as depicted in Figure S6B.

Conclusions

In summary, we have evaluated various fluorine reference candidates under various conditions
to assess their suitability for NMR drug discovery experiments. We also highlighted the complexity

of choosing an appropriate reference molecule and provided some recommendations to guide
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these choices. Evidently, there are likely other interesting reference candidates out there, and
therefore, a similar testing sequence could be extended to other compounds to identify additional
candidates. After a screen, a molecule defined as nonbinder can also be used as project-specific
internal reference for follow-up steps.! However, care must be taken when changing experimental

conditions to ensure compatibility.

Regardless of the references to be used, they should always be assessed against each screening
target to rule out binding of the reference to the target or even destabilization of the latter. To
streamline the process, a selected subset of references can be pooled together and tested against

the protein/nucleic acid of interest before launching screening efforts.

Materials and Methods
Compounds and Libraries

All compounds investigated in this work were ordered from external vendors. The suppliers and
catalog numbers are provided in the Supporting Information. The fragment library used to assess
pool effects was provided by NMX Research and Solutions Inc. (Fast-Screen '°F Fragment

Library).
NMR Sample Preparation

Each compound was prepared as a 30 mM stock solution from the purchased powder or liquid in
either dimethyl sulfoxide-ds or deuterium oxide (D.O). This solution was then diluted to give the
desired final compound concentrations. NMR samples were stored at 4 °C in a SampleJet sample

handler, and data were acquired at 25 °C unless otherwise specified.
NMR Experiments

All experiments were run on a 600 MHz Bruker Avance lll spectrometer equipped with a helium
HFCN cryoprobe. 1D "H-decoupled '"®F experiments were acquired using the standard Bruker
sequence zgfhiggn. Spectra were acquired with 32 scans and a relaxation delay of 10 s. 1D 'H
spectra were acquired using standard Bruker 1D 'H sequence with excitation sculpting (zgesgp)

and a relaxation delay of 10 s. Spectra were acquired with 16 scans.

To avoid potential interference with another internal reference, a deuterium lock on the magnet
was used for '°F referencing. To ensure sufficient robustness of this method, repeated

measurements were performed on three samples containing 200 uM trifluoroethanol over three
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time points (0, 12, and 24 h). Very good consistency was observed across time points, with

average variations in chemical shifts below 0.1 Hz (Table S1).
Data Interpretations

Data visualization and analysis were done in Bruker's TopSpin software

(https://www.bruker.com/en/products-and-solutions/mr/nmr-software/topspin.html).

Proteins

All proteins used in this report were purchased from external vendors. The suppliers and catalog

numbers are provided in the Supporting Information.

Supporting Information

The Supporting Information is available free of charge
at https://pubs.acs.org/doi/10.1021/acsomega.2c00613.

o Additional NMR figures; spectrometer stability of indirect referencing; information on

compounds and proteins used in this report.
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Supplementary figures
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Figure S1. Titration of potassium fluoride (KF) against 1 mM MgCl, results in broadening of the

KF "9F resonance.
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Figure S2. Evaluating the compatibility of five fluorine reference candidates with 0.5% 2-
Mercaptoethanol (2-ME), 10 mM Dithiothreitol (DTT), 10 mM tris(2-carboxyethyl)phosphine
(TCEP), and 0.1% sodium azide (NaNs).
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Figure S3. Evaluating the compatibility of five fluorine reference candidates with 100 mM
Ethylenediaminetetraacetic acid (EDTA), 5% glycerol, 0.5% Triton X-100, and 0.1 % Tween 80.
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Figure S4. Evaluating the compatibility of five fluorine reference candidates with 250 mM

ammonium sulfate, 100 mM imidazole, 1 M urea, and 5 mM glucose.
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Figure S6. Among the final candidates, TFMBA (green spectra) and TFE (blue spectra) exhibit
'H resonances (A). However, only TFMBA possesses aromatic 'H resonances which can hinder
analysis of traditional molecules which oftentimes contain aromatic 'H. An example of such
aromatic overlap is evident upon addition of a randomly chosen aromatic fragment molecule (B,

red spectrum).

Spectrometer stability

Table S1. Stability of the measurements using spectrometer indirect referencing was evaluated
by acquiring 1D "°F NMR spectra of 3 trifluoroethanol samples at three different time points. The
average variation in chemical shift between time points was calculated, along with the standard

deviation. The nominal concentration used was 200 uM.

Time points Average variation in chemical shift Standard deviation
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Ohto12h 0.0758553 Hz (0.0001343 ppm) 0.0369001 Hz (0.0000653 ppm)

12hto24 h 0.0948662 Hz (0.0001680 ppm) 0.0036885 Hz (0.0000065 ppm)

Compound information

Reference Supplier Catalog # CAS Formula
Hexafluorobenzene Sigma 326720 392-56-3 CsFe
Fluorobenzene TCI America F0034 462-06-6 CesHsF
2,2,2-Trifluoroethanol TCI America T0435 75-89-8 CF3sCH20H
Trifluoroacetic acid-d Sigma 152005 599-00-8 CF3CO2D
Senzotrifluoride TCI America T0439 98-08-8 CeHsCF3

(Trifluorotoluene)

1,2-Difluorobenzene TCIl America D1628 367-11-3 CeHaF2
Sodium tetrafluoroborate Sigma 202215 13755-29-8 NaBF4
2-(Trifluoromethyl)benzoic
) Sigma 196886 433-97-6 CsHsF302
acid
Potassium fluoride Sigma 221872 13455-21-5 KF
Sodium

Sigma 367907 2926-30-9 CF3SOsNa

trifluoromethanesulfonate

Protein information

Protein Supplier Catalog #

Bovine serum albumin Sigma A2153
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Elastase Sigma E7885
Lysozyme Sigma L6876
Trypsin Sigma T1426
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Abstract

A rapid and practical approach for the discovery of new chemical matter for targeting pathogens
and diseases is described. Fragment-based phenotypic lead discovery (FPLD) combines aspects
of traditional fragment-based lead discovery (FBLD), which involves the screening of small-
molecule fragment libraries to target specific proteins, with phenotypic lead discovery (PLD),
which typically involves the screening of drug-like compounds in cell-based assays. To enable
FPLD, a diverse library of fragments was first designed, assembled, and curated. This library of
soluble, low-molecular-weight compounds was then pooled to expedite screening. Axenic
cultures of Leishmania promastigotes were screened, and single hits were then tested for
leishmanicidal activity against intracellular amastigote forms in infected murine bone-marrow-
derived macrophages without evidence of toxicity toward mammalian cells. These studies
demonstrate that FPLD can be a rapid and effective means to discover hits that can serve as
leads for further medicinal chemistry purposes or as tool compounds for identifying known or

novel targets.

Introduction
Current lead discovery strategies

Currently there are only a handful of established strategies available for discovering new chemical
matter or leads that can then be developed into future medicaments to combat diseases. Of
course, each strategy has its pros and cons. Protein-based biologics are effective, specific, and
relatively straightforward to develop, but they generally must be injected for delivery purposes
and they are most appropriate for extracellular targets. Substrate-based mimics have been
successful as a quick start for designing drugs from peptides, nucleosides and sugars, but often
are difficult to make and have specificity issues, especially those that attach to the target via
covalent “warheads”. High-throughput screens (HTS) involving large collections of drug-like
molecules (>1 million) are widely used by large pharma, but design cycles are lengthy and
successes have been limited. Moreover, medium and small institutions simply cannot run such
screens due to high costs, and they do not have easy access to such large compound collections.
Phenotypic or cell-based screening can be a rapid method for discovering new chemical
inhibitors, as it usually relies on direct measurement of the effect on intact cells or organisms. This
approach has the advantage of not being biased toward a known target and therefore has the

potential to identify new molecular targets.! For example, phenotypic screening approaches have
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been applied to discover chemical starting material for neglected diseases,? and successes have
been reported by Medicine for Malaria Venture for the advancement of compounds to preclinical
and clinical studies.® However, phenotype screens have historically implicated the use of large
collections of drug-like molecules which is impractical for medium to small institutions.
Furthermore, subsequent identification of the exact target of hits can be arduous, but innovative
elucidation methods have been developed, for example, those using mass spectrometry and

covalent labeling strategies.

Fragment-based lead discovery (FBLD) was introduced a couple of decades ago as a means to
screen small collections of low-molecular-weight compounds (fragments) to identify binders to
target proteins from which larger drug-like compounds can be designed. Drugs designed via this
method have entered the clinic and market, and many more are in the pipeline. FBLD only
requires small libraries (1000—2000 compounds),* which makes it amenable for a wide range of
institutions to target many diseases.® However, there are difficulties in initiating FBLD programs,
in that milligram quantities of target protein must be expressed in order to use biophysical methods
such as NMR spectroscopy.® Also, molecular artifacts are widespread, medicinal chemistry efforts
are difficult at the initial stage, and appropriate technologies need to be developed. Nonetheless,
FBLD is an excellent and promising strategy especially given the current environment where
biotech companies and universities are increasingly bearing the responsibility for discovering the

leads for drugs.
Hybrid phenotypic and fragment screening

Here, we describe how we developed a hybrid strategy called fragment-based phenotypic lead
discovery (FPLD) that borrows concepts from phenotypic-based lead discovery (PLD) and from
target-based FBLD. The overall idea is to fast-track lead discovery by exploiting the advantages
of FBLD where a small library collection is rapidly screened, with the advantage of PLD where
many potential targets can be inhibited.” Moreover, PLD projects tend to have stronger chains of
translatability in the area of infectious diseases® and small fragment molecules may cross cell
membranes more easily. However, due to the small size of these compounds, there was a
concern about the potential impact of promiscuous inhibition, which would translate to a large
number of hits in primary screens. Fortunately, this was not the case in this exercise. A recent
report used a similar approach to identify small-molecule protein interactions using photoaffinity
probes containing fragments common to several drug structures to globally map small-molecule
fragment—protein interactions in human cells. They found clear evidence of structure—activity

relationships (SARs) for most interactions, which supports the fact that these interactions reflect
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real recognition events, even at such low binding affinity.® However, such compounds are not
readily available commercially and must be synthesized, which can limit the size of a library. This
work therefore focuses on the use of a curated fragment library with PLD which is should be
practical and accessible. This hybrid strategy was applied and tested to identify fragment
compounds that target the parasite Leishmania. The remaining section of this Introduction

provides a brief overview of leishmaniasis.
Leishmaniasis

Parasites of the genus Leishmania are responsible for a spectrum of pathologies in humans
collectively termed leishmaniasis. These parasites are the second highest cause of death by
parasitic infections, right behind malaria, and figure among the 17 most important neglected
tropical diseases listed by the World Health Organization. According to their estimation, 12 million
people are currently affected and a tenth of the world population could be at risk of contracting
the disease.'® Even though leishmaniasis is still considered as a disease affecting mainly the
poorest countries, it has been detected in the United States among soldiers coming back from
the Middle East, as well as in dogs and cats. It is also considered as a threat in southwestern
Europe and it is expected that climate change will promote propagation in Europe in the near

future.1?

Leishmaniasis is a vector-borne disease caused by at least 20 different species of the intracellular
parasite Leishmania transmitted by more than 30 species of sandflies. Leishmania exists under
two developmental forms: an extracellular flagellated promastigote form that replicates in the
sandfly midgut where the parasite undergoes differentiation from a noninfectious to an infectious
form and an intracellular amastigote form that strives within the endolysosomal compartment of
mammalian host macrophages.'® ' There are four major possible clinical manifestations of the
disease (cutaneous, mucocutaneous, visceral, and post kala-azar dermal leishmaniasis)
depending on the Leishmania species involved and most importantly, the host immune

response.’
Current treatments and need for new alternatives

Considering the lack of an effective vaccine, control of leishmaniasis relies mainly on
chemotherapy and vector control.' For more than half a century, antimonies like sodium
stibogluconate have been the first line of treatment for the disease. However, these drugs can
cause severe side effects and treatment failure is increasingly high, mostly due to emergence of

resistance. Since then, some other drugs like miltefosine, amphotericin B, and paromomycin have
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been developed, but all those treatments have different flaws such as toxicity, high cost, need for

hospitalization, teratogenicity, or resistance.? 120 14

Clearly, there is an urgent need to discover other treatment options, especially in light of the
emergence of resistance worldwide. ldeally, these new treatments should be effective, orally
administered, nontoxic and affordable. Here, we explore the potential of FPLD to discover new

chemical matter that may satisfy such stringent requirements.

Results and Discussion
Overview

One of the main challenges of leishmaniasis drug development relies on the fact that protozoan
parasites like Leishmania are eukaryotic cells which means that they share common
characteristics with the host cells, making the development of effective and selective treatment a
more difficult task. Thus, cell-based phenotypic screening can have advantages given that hit
compounds can easily be counterscreened against other types of cells or in the case of parasitic

infection, screened against the parasite within host cells.?

In this study, we applied FPLD to screen a library of 1604 fragments on Leishmania promastigotes
and counterscreened against bone marrow-derived macrophages (BMM) to eliminate any
compound that would be cytotoxic for the macrophages. The positive hits were then tested on L.
amazonensis-infected macrophages to select for the molecules that remain active against
intracellular parasites. These fragments of interest were next tested to determine their dose-
response curves and quantitatively estimate their activities via ECso values. SARs were then
evaluated by testing fragments analogues with similar chemical scaffolds as the active

compounds.
Fragment library design

A collection of over 8000 low-molecular-weight compounds were evaluated and triaged using
cheminformatics, then curated by NMR spectroscopy to select a final library of 1604 compounds
with the desired characteristics (Figure 1). The cheminformatics strategy employed stringent
filtering methods to remove undesirable compounds based on published rules (PAINS, BMS
filters, FAFDrugs, Kazius and Bursi toxicophores, Lilly MedChem Rules).'® Fragments were
systematically prioritized based on desired calculated physicochemical properties, substructure

matching, and counts based on 2D and 3D molecule structure. This resulted in an enriched subset
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of compounds that had desirable substructures found in current drugs and natural products,
functional group diversity, three-dimensionality, and span of distinct chemical space from existing
commercial collections. Experimental curation then followed by preparing compound samples at
300 um nominal concentration and recording of '"H NMR spectra of individual compounds. The
NMR-based experimental profiling allowed the careful selection of highly soluble and well-
behaved fragments with desirable physicochemical (such as high water solubility) and stability
characteristics. NMR triaging therefore resulted in the removal of compounds exhibiting
undesirable characteristics such as insufficient solubility, degradation, potential structural
liabilities, poor resolution of NMR resonances, or signs of aggregation. It was expected that this
experimental curation would minimize sources of false positive hits (due to aggregation) and
attrition for fragment screening. To expedite screening, compounds were pooled based on the
distribution of NMR chemical shifts to minimize overlap of compounds resonances and therefore
facilitate deconvolution steps for target-based screening. This resulted in 7-12 compatible
compounds per pool; chemically incompatible compounds were not pooled together. As a result,
the 1604 compounds were divided into 169 pools which was a manageable size for low-
throughput screening purposes by NMR. A more detailed report about the library design and
attributes will be published elsewhere. This library was kindly provided by NMX Research and
Solutions Inc. (https://www.nmxresearch.com/), and a subset of this library is available as Key
Organics’ BIONET library (https://lwww.keyorganics.net/services/bionet-products/fragment-

libraries/).
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Figure 1. Overview of library curation. A)Undesirable compounds were removed using
cheminformatics (PAINS, BMS, FAFDrugs, Lilly MedChem Rules) and NMR filters. The library
was enriched by adding B) privileged scaffold and C) BioCores. D) Diversity was then maximized.

Testing the activities of the fragment pools

To expedite testing, 169 pools were screened against two different Leishmania species (L.

amazonensis and L. donovani) promastigotes at a concentration of 166 uym in axenic cultures.
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Since a leishmanicidal drug needs to inhibit the parasites without harming the macrophages, the
same pools were also counterscreened on macrophages to test for cytotoxicity. The samples
were visualized by microscopy at 2, 24, 48 and 72 h post-treatment, and then attributed a value
ranging from O (complete cellular death) to 5 (equivalent to control) (see Supporting Information).
The reference time for macrophage viability was set at 48 h due to the fact that after 72 h, even
the controls were starting to decay due to saturation of the culture. Among the pools, 50 showed
a high leishmanicidal effect (score of 0) on both parasite species. However, only 16 of these had
litle or no cytotoxic effect on macrophages. Figure 2 is an example of a pool that showed
inhibitory effect on promastigotes while having no notable effect on macrophages. Figure 2 A
shows control parasites for L. amazonensis only because there was no discernable difference
between the controls for L. amazonensis and L. donovani, whereas Figure2B is the
counterscreen on macrophages. On Figure 2 C and Figure 2 D, the compound pool is tested of L.

donovani and L. amazonensis, respectively and both samples show very high parasite death.

Figure 2. Example of a leishmanicidal pool (P1F9) at a concentration of 166 um (=48 h) A)
Control L. amazonensis promastigotes. Green arrow: high parasitic density. Red arrow: rosettes
(clusters) of parasites which are a sign of growth. B) Macrophages toxicity counterscreen. C) L.
donovani. D) L. amazonensis. Visual inspection of the samples shows that the P1F9 pool
possesses a leishmanicidal effect on two Leishmania species (C—D) without any clear cytotoxic
effect on the macrophages (B).
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Testing and verifying the activities of singleton fragments in promastigotes and

macrophages

Most pools (with an exception of two) displaying medium to high inhibitory effecton L.
amazonensis promastigotes (54 pools) were also effective against L. donovani promastigotes (86
pools), but not all the pools effective against L. donovani were effective against L. amazonensis.
Due to the low throughput of the assays, we therefore assumed that the latter was more resistant
to the compounds and that focus could be put on L. amazonensis in the following experiments
under the working assumption that an efficient compound on L. amazonensis will likely also be
efficient on L. donovani. A deconvolution of the five most active nontoxic pools, along with an
intermediary active and an inactive resulted in 65 individual compounds. These singletons were
then screened once again at 166 uym against L. amazonensis promastigotes and
counterscreened on macrophages. Of the 65 initial singletons, only 1 (MAGAN-1719)
and 2 (MAGAN-2421) had an inhibitory effect on the parasites without killing the macrophages.
Such effect is likely due to some pool effect caused by the interaction of multiple molecules. A
higher-throughput assay could allow for the study of the effect of various combination of
compounds, as there is growing evidence for polypharmacology where a clinical effect is the result

of interaction between one or multiple drugs against different targets.'®
Testing singleton compounds in infected macrophages

For a leishmanicidal drug to be clinically relevant, it should selectively kill the amastigote forms
that replicate within host macrophages. Therefore, compounds 1 and 2 were tested at 166
Mm on L. amazonensis-infected macrophages (Figure 3). The two compounds caused a decrease
in infection index and were therefore tested at eight different concentrations ranging from 0.1 to
500 um to determine if the effect was dose-dependent (Figure 4). Because the chemical scaffolds
of compounds 1 and 2 were very similar, two other related compounds 3 (MAGAN-2242)
and 4 (MAGAN-1107) that showed no leishmanicidal effect on promastigotes were used as
negative controls. Interestingly, compound 3 turned out to have an inhibitory effect on the parasite
in infected macrophages. The fact that 3 did not show up on primary screens can be explained
by the fact that although screening on axenic promastigotes is a lot more efficient and cheap,
there is only a modest confirmation rate of promastigote active compounds in intracellular assays
that could results from the difference between the assays or parasite stage-specific

characteristics.'” Previous works have shown that around 50 % of hits found to be active against
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intracellular amastigote assays were not active against promastigotes.® In fact, having a higher-

throughput assay could allow primary screens to be done directly on intracellular amastigotes.

Figure 3. Macrophages infected with L. amazonensis parasites at 48 h post-treatment. Some
cells have been zoomed and put at the bottom left in order to better observe the parasites inside
the macrophages. The red arrows indicate the presence or absence of parasites inside the host
cells. A) DMSO vehicle control. B) Compound 2 at a concentration of 166 um.
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Figure 4. Infection index (number of parasites per 100 macrophages) for the three hits and an
inactive compound (=48 h). Each sample was tested in triplicate, experiments were repeated
twice, and the data are presented as means £SD.

Effect on TNF and nitric oxide secretion

Because TNF and nitric oxide (NO) secretion by the macrophage are closely linked to the capacity
of the host cell to control the parasite infection,® their secretion were measured in the previous
screens to determine if the compounds could have an indirect inhibitory effect on the parasite by
stimulating microbicidal activity of the macrophages. Some compounds were found to induce the
production of TNF or NO in non-infected macrophages (see Supporting Information) but were
ineffective on Leishmania-infected macrophages, which can be expected considering
that Leishmania impairs host cell signaling pathways.?° These results combined with the fact that
compounds 1 and 2 had an effect on axenic promastigotes alone support the hypothesis that the

inhibitory effect likely comes from a direct interaction of the compounds with the parasite.
Establishing early structure—activity relationships

To get some idea of the structure—activity relationship (SAR) of these compounds, readily
accessible fragments with similar scaffolds were also tested against infected macrophages at
multiple concentrations for 96 h to maximize the effect of the sodium stibogluconate control, as
trivalent antimony has been shown to take up to 96 h to reach full leishmanicidal potential.?' To
increase macrophage viability during this period, medium was renewed after 48 h. Tables

1 and 2 show the ECs values for two compound series.

The first series of indole fragments illustrated in Table 1 shows that moving the hydroxy group
from R6 (2) to R7 (12) resulted in a modest 2.8-fold increase in potency whereas putting the OH
group on R5 (11) resulted in a complete loss of activity. Combining a hydroxy group on R2 with a
methyl on R1 also ensued into an inactive compound in the case of 4. Replacing the R6 hydroxy

(2) for an amine (10) did not produce any significant change in potency.
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Table 1. SAR for series 1 fragments.

R7

R1
\N R6
R2
N\
R5
R3 R4
Compound Groups ECsp (UM)
2 R6 = OH 309
4 R1=Me > 500
R2=0H
10 R6 = NH, 289
1" R5=0OH > 500
12 R7 = OH 11.2

Unless defined otherwise, R=H. Each sample was tested in triplicate, experiments were repeated twice.

For the indazole compounds in Table 2, moving the hydroxy group from R4 (3) to R6 (8)
decreased the potency by 8.7-fold. Switching the hydroxy for a hydroxymethyl on R6 led to an
inactive compound 7. Changing R6 for a nitrile also induced a loss of activity for 6. Adding a
methyl group on R1 (5) had no significant effect relative to 3, but moving this methyl to R3 led to

a gain of 3.7-fold activity (1). Putting a methoxy on R5 led to an inactive compound (9).
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Table 2. SAR for series 2 fragments.

Compound Groups ECs (M)

1 R3 =Me 4
R4 = OH

3 R4=OH 14.8

5 R1=Me 134
R4 = OH

6 R6=CN > 500

7 R6 = CH,OH > 500

8 R6 = OH 128.9

9 R5 = O-Me > 500

Unless defined otherwise, R=H. Each sample was tested in triplicate, experiments were repeated twice.

The fact that such important variations of activity is observed means that one could do systematic
SAR and  Dbetter understand the contribution of chemical groups. Moreover,
compounds 1, 3, 5 and 12 showed leishmanicidal activity similar to the reference drug sodium
stibogluconate (Supporting Information), and such activities in the low micromolar range meet
one of the hit and lead criteria from the Global Health Innovative Technology (GHIT) postulating
that a lead should demonstrate an ECso below 10 uym for leishmaniasis,?? which is further

discussed below.

Cytotoxicity of the compounds against BMMs was measured by MTT assay (Figure 5).
Interestingly, at the concentrations tested, none of those fragments had a negative effect on
macrophages viability and the only compound that had a negative impact was the reference drug
miltefosine (Milt). The fact that most compounds had a tendency toward an increase survival could

be explained by the fact that primary macrophage cells have a propensity to undergo apoptosis
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when left in culture unstimulated. Therefore, compound 1 would possess a selectivity index (Sl)
(CCs0/ECsp) higher than 125 for BMMs which is above the minimum 100-fold selectivity window

previously suggested for drugs against leishmaniasis.??
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Figure 5. Macrophage cytotoxicity assay using MTT (t=48 h). Data are reported as survival
percentage of DMSO-treated cells. The reference drug miltefosine (Milt) is the only compound
having a negative effect on macrophage viability. At the concentrations tested, the fragments as
well as the second reference drug sodium stibogluconate (Sb) had no negative effect on the
BMMs. Each sample was tested in triplicate, experiments were repeated two times, and the data

are presented as the means xSD.

However, more optimization must be done to further determine SAR; in vivo experiments in
models such as BALB/c mice or hamsters? will need to be done when satisfying leads will be
obtained. Furthermore, we are in the process of generating drug-resistant parasites for the most

promising compounds to: 1) determine if the parasites easily develop resistance to these
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compounds, and 2)identify the target(s) of those compounds through whole genome

sequencing.?*
Ruling out compound aggregation as a potential mechanism

A compound's physical properties in aqueous media can influence its behavior and compound
self-aggregation has been associated with promiscuous hits in drug screens,?® even though in the
case of cell-based assays, aggregation tend to have the opposite effect and generally results in
false negatives due to lower membrane diffusion.?® Considering the fact that some dose-response
curves had fairly high Hill coefficient, it was important to determine if slope steepness could be
related to a compound aggregation phenomenon. NMR spectra of aggregating compounds are
expected to exhibit a rapid loss of peak intensity in a T, variation of Carr—Purcell-Meiboom-Gill
sequence?” (T.-CPMG) NMR experiments due to their slower tumbling rate, while soluble
compounds that behave as fast-tumbling single molecules show slow signal decay (the use of T»-

CPMG NMR to monitor aggregation will be addressed in an upcoming publication).

Consequently, NMR spectra of all indoles and indazoles analogues were analyzed in potassium
phosphate buffer; NMR data acquisition for compounds in cell culture media is unfeasible. Figure
6 shows some examples of spectra for compounds 1, 2 and 4 and To-CPMG NMR data shows
no substantial loss of peak intensity as delays increase. A known small-molecule fragment
aggregator is also included as a comparison. Therefore, none of these compounds exhibit any
evidence of aggregating behavior in aqueous buffer conditions, which provides a certain degree

of confidence that the effect observed is unlikely due to this phenomenon.
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Figure 6. Representative '"H NMR T»-CPMG spectra of compounds 1, 2 (active compounds)
and 4 (inactive compound) compared with a known small-molecule aggregator control.
Concentration of compounds was 300 um in 20 mm potassium phosphate, pH 7, and 10 % D.O
for water suppression. Samples were run at 300 K in a 600 MHz magnet.

Published compounds with indole/indazole-like scaffolds

Several drugs on the market are indoles and indazoles derivatives. Some of their very diverse
applications include anti-inflammatory, antipsychotic, antiproliferative and anti-infectious effects.
Indole derivatives are frequently found in plant species and are produced by various bacteria. Its
occurrence is most likely due to its presence in the amino acid tryptophan and electrophilicity of
indole nucleus is well amenable to synthetic manipulation by medicinal chemists. Indazoles on
the other hand are less frequently found in nature, which may explain why they received more
limited chemistry research efforts even though they both hold interesting biological
properties.? The literature on leishmanicidal lead compounds reveals that such nitrogen-
containing heterocycles hold promising potential as drug building blocks. Figure 7 shows some
compounds that have been reported to be active against Leishmania parasite: A pentamidine-
aplysinopsin hybrid was effective against L. donovani promastigotes with an ECso of 2 ym and a
selectivity index of 53.22 A combination of low doses of miltefosine and pyrazolopyridine
derivatives were reported to decrease liver and spleen parasite burden by more than 89 % in
rodent model, with ECs values of 7 um and 4 ym against promastigotes and amastigotes,

respectively.*® Further immunological and molecular studies showed that their lead compound
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exhibited a dual effect by acting as an immunostimulant and by directly killing the parasites.*° Di-
indolylmethane has been reported to be an inhibitor of L. donovani topoisomerase | with an
ECso of 1.2 um,*" while paullone derivatives have shown ECs,values <1 pumon axenic
amastigotes, and high inhibition of L. donovaniin infected macrophages at 5
um.""¢ Pyrazolopyridine derivatives had ECso values <1umon L.
amazonensis promastigotes®? and indazole N-oxide derivative induced high parasite lysis
against L. amazonensis, L. infantum and L. braziliensis promastigotes at 100 ugmL™", possibly
by inducing damages into parasite cells due to the nucleophilic properties of the compounds.® 8-
Hydroxymanzamine had an ECso <3 mg mL™" for L. donovani promastigotes,* whereas a lansine
derivative exhibited ECso values of 13 umand 7 pm against L. donovani promastigotes and
amastigotes, respectively,® possibly due to intercalation of the compound into DNA,3¢ while
having Sls of 21 and 4 for LU-1 and J-774 cells. A duocarmycin analogue had ECsy values of 340
nm and 119 nm against L. donovani and L. mexicana, probably due a DNA sequence specificity
of the compound.®” C5-Nitroindazole derivative showed ECso values between 12 and 17
Mm against L. infantum and braziliensis promastigotes as well as intracellular amastigotes, with
Sls ranging between 10-15 and reports observed damage at the glycosomal and mitochondrial
level.® Therefore, some of our compounds are already within activity ranges similar to these
molecules. Moreover, many of these reports lack any explanation as to the mechanisms of action
but one issue that emerges from the few that do have some idea about the processes involved is
that such scaffold does not seem to be limited to a single mechanism. Indeed, it seems that one

could create different specificities by applying various systematic chemical substitutions.
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Figure 7. Scaffold comparison of both fragment series with published leishmanicidal
compounds.

Therefore, it is very conceivable that the two series tested in this study could be optimized into
effective leads due to their promising scaffold properties that can be amenable to various chemical
modifications. One only has to look at the closely related benzimidazole scaffold that has been
associated with several antiparasitic compounds such as albendazole and mebendazole which
are already on the market for the treatment of various worm infections. The effect of some
benzimidazoles have been attributed to inhibition of tubulin (particularly the B subunit) and
therefore disruption of the microtubule structure and function in the parasite.*® However, some
derivatives showed no inhibition of tubulin polymerization*® which again shows the potential of
such scaffold to be designed with different mechanisms of action in mind. Another possible
avenue would be to target the parasite proteasome activity. A previous report has even targeted
kinetoplastid proteasome using azabenzoxazole derivatives resulting in low nanomolar range

inhibition of parasite growth, while maintaining a high selectivity relative to mammalian cell lines.*'
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Criteria for hits and leads against leishmaniasis

Previous report by Slingsby defines some guidelines convened by the GHIT regarding
characteristics for hit and lead discovery in the case of infectious diseases of the developing
world.?? In regard to the choice of assay for primary screens, phenotypic screening involving intact
pathogens like the method used in this work is a suggested approach as it has been more
productive in the case of infectious diseases. This work satisfies several other general hit
selection criteria listed in this report such as: most hits have Hill coefficients between 0.5 and 1.8,
some basic SAR knowledge is available, because of the library curation, compounds have no
highly reactive or unstable moieties in the pharmacophore and pass basic drug-like filters, the
compounds are amenable to chemical modification and no major synthesis or formulation issues
are anticipated, there are no known intellectual property conflicts and the most potent compound
has a selectivity index higher than the suggested 100-fold (as there were no measurable negative
effects at the highest dose of 500 um, it is very likely that other compounds would show >100 Sl

if they were to be tested at much higher concentration).

Some general criteria that would need to be fulfilled in the future include: obtaining good oral
bioavailability and efficacy in animal models, determining the pharmacokinetic profiles and further
early safety assessment. Other criteria specific to leishmaniasis that would need to be addressed
include: 1)to obtain an ECso<10 pym against intracellular L. donovani (current efforts are in
obtaining parasites expressing luciferase in order to test interspecies selectivity) since this work
has focused on L. amazonensis following the primary screens, and 2) to obtain a >70 % decrease
in liver parasite burden using a maximum of five oral doses of 50 mg kg™' once or twice a day in

a rodent model.
Conclusions

In this study, we screened Leishmania parasites with a fragment library and obtained hits from
indole and indazole families with activities similar to sodium stibogluconate while having no
observable cytotoxicity on macrophages at concentrations up to 500 ym. Moreover, no evidence
of compound aggregation was observed. This study therefore serves as a proof of concept
demonstrating that FPLD is a rapid and practical strategy. Although this method does not allow
target identification, metabolomics analysis of the cells treated with the compounds could address
such aspect. This approach can enable institutions of all sizes and types to launch new drug
discovery projects where FPLD can identify new chemical matter that can serve as new seeds to
targets diseases that include neglected diseases. These compounds could now serve as leads

for more advanced medicinal chemistry or as tool compounds to identify known or novel targets.
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Experimental Section

Ethics statement: Experiments involving mice were done as prescribed by protocols approved
by the Comité Institutionel de Protection des Animaux of the INRS—Institut Armand-Frappier
(1302-03). These protocols respect procedures on good animal practices provided by the

Canadian Council on Animal Care.

Cell culture: Bone marrow-derived macrophages (BMM) were differentiated from the bone
marrow of 6- to 8-week-old female 129B6 (Charles River Laboratories) as described.20a Cells
were cultured for seven days in complete medium (DMEM [Life Technologies] supplemented
with |-glutamine [Life Technologies]), 10% heat-inactivated FBS [PAA Laboratories], 10
mm HEPES at pH 7.4, and antibiotics) containing 15 % v/v L929 cell-conditioned medium as a
source for M-CSF. Macrophages were kept at 37 °C in a humidified incubator with 5% CO.. To
render BMM quiescent prior to experiments, cells were transferred to 24- or 96-well tissue culture
microplates (TrueLine) and kept for 16 h in complete DMEM without L929 cell-conditioned
medium. Promastigotes of L. amazonensis LV79 and L. donovani LV9 were grown at 26 °C
in Leishmania medium (Medium 199 supplemented with 10 % heat-inactivated FBS, 40
mm HEPES pH 7.4, 100 um hypoxanthine, 5 um hemin, 3 um biopterin, 1 pm biotin, and

antibiotics).

Infections: BMM were seeded in 24-well plates (1.6x10° per well) containing microscope
coverslips (Fisher Scientific) and were incubated with serum-opsonized L. amazonensis LV79
promastigotes for 2 h at 34 °C in a humidified incubator with 5 % CO-. Non-internalized parasites
were removed by several washes with PBS and were further incubated. Compounds were
prepared from 8.3 mm stock solutions in [Ds]DMSO for pool screens and from 100 mm stocks for
subsequent experiments. Compounds were added 24 h post-infection and data acquisition was

done at several time-points.

Microscopy: 96-well plates containing Leishmania promastigotes or BMM were photographed
using the 15x objective of a Nikon Eclipse TE2000-U microscope. Coverslips were fixed with
methanol and stained by Giemsa staining (Protocols). Fluoromount-G (Southern Biotechnology
Associates) was used to mount coverslips on glass slides (Fisher), and coverslips were sealed
with nail polish (Sally Hansen). Pictures were taken using the 40x objective of a Nikon Eclipse

E800 microscope.
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Quantification of nitric oxide and TNF: The amounts of TNF in cell supernatants were
determined by enzyme-linked immunosorbent assays, as previously described.*? The amounts of

nitrite released in cell supernatants were determined with the Griess reagent as described.*?

MTT cytotoxicity assay: Culture medium was replaced in each well by 100 pL of fresh culture
medium containing MTT (Thermo Fisher Scientific) prepared as per retailer's recommendations
and incubated for 3 h at 37 °C. Half of the medium was then removed and 200 uL of 1:1 DMSO
and isopropanol solution was added to solubilize the formazan crystals. Cell viability was then
determined by measuring optical density at 570 nm and subtracting the 650 nm background
absorbance. Cell survival was reported as percentage of the highest concentration of vehicle
control ([Ds]DMSO), which was 2% in primary screens and 0.5% in compound titration

experiments.

NMR experiments: The NMR curation method employed the acquisition of '"H NMR data for each
compound in aqueous buffer to allow the rapid evaluation of structural integrity, purity, solubility,
stability, aggregation tendencies and chemical shift encoding positions. Each sample consisted
of 300 yum nominal compound concentration which was prepared from 100 mm stock solutions in
[Ds]DMSO and diluted in buffer (50 mm sodium phosphate pH 7.4, 100 mm NaCl) containing
10 % D20. 'H NMR spectra were acquired on a 600 MHz NMR spectrometer equipped with a
helium cryoprobe which significantly increases signal to noise. Simple 1D 'H NMR spectra were
acquired along with 1D '"H T.-CPMG for size-filtering aggregation analyses. Samples for the
CPMG experiments were run in 50 mm potassium phosphate, 100 mm NaCl, 10 % D20, pH 7.4,
and were stored and measured at 300 K. CPMG experiments employed a sweep width
(SW)=20.0263 ppm, recycle delay (D1)=3 s, number of points (TD)=32 000, and four scans for
each spectrum. Water suppression was applied using excitation sculpting with gradients.** Data
were visualized using Bruker's TopSpin software and peak alignment was done using DMSO

peak set at 2.49 ppm.

Statistical analysis: Initial scoring system for primary screens consisted of visual examination
under microscope and ECsg values were obtained by nonlinear regression and curves were
produced using GraphPad Prism 5.03 (GraphPad, San Diego). Infection indexes for infected BMM
were obtained by calculating the average number of parasites per macrophages.?' At least 100

macrophages were counted per triplicate coverslip.
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BMM CTRL 1

Figure S1. Representative bone marrow-derived macrophages controls with 2% DMSO.

Figure S2. Representative L. donovani control with 2% DMSO after 72 h.
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Figure S3. Representative L. amazonensis control with 2% DMSO after 72 h.

Figure S4. Example of an inactive pool against L. amazonensis at 166 uM which would be
attributed a value of 5 (similar to control, see excel files). Pool P1A4: plate 1, well A4.
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Figure S5. Example of a moderately active pool against L. amazonensis at 166 yM which would
be attributed a value of 3 (moderate health, see excel files). Pool P1C2: plate 1, well C2.
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Figure S6. Example of highly effective pool against L. amazonensis at 166 yM which would be
attributed a value of 0 (dead, see excel files). Pool P1A1: plate 1, well A1.
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Figure S7. Nitric oxide secretion in infected and noninfected BMMs at compounds concentration
of 166 uM. Levels of NO are almost immeasurable in infected BMM media. Absence of bars for
1 and MAGAN-1568 are due to values of 0. Control condition represents 0.5% DMSO. Samples
were prepared in triplicate.
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Figure S8. Nitric oxide secretion of the three hits in infected macrophages condition at multiple
concentrations. Three compounds with similar molecular structures were added in as controls.
No significant difference is observed between compounds or with vehicle control.NO secretion
does not show any concentration-dependent effect. Control was the highest DMSO concentration
used (0.5%). Samples were prepared in triplicate.
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Figure S9. Nitric oxide secretion in infected macrophages of compounds that showed elevated
inducement in primary screens. No significant difference is observed between most compounds
and the control. Most effect variability is due to MAGAN-2071 and -2216 which were randomly
selected singleton controls that did not show elevated NO secretion at 166 uM during primary
screens. NO secretion does not show any concentration-dependent effect. Control was the
highest DMSO concentration used (0.5%). Samples were prepared in triplicate.
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Figure S10. TNFa secretion of three initial hits and structurally similar inactive controls for L.
amazonensis infected macrophages. No significant difference is observed between compounds
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or with vehicle control. TNF secretion does not show any concentration-dependent effect. Vehicle
control was the highest DMSO concentration used (0.5%). Samples were prepared in triplicate.
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Figure S$11. TNFa secretion of noninfected macrophages with compounds that showed elevated
inducement in primary screens in noninfected macrophages. MAGAN-2071 and -2216 which were
randomly selected singleton controls that did not show elevated NO secretion at 166 uM during
primary screens. No significant difference is observed between compounds or with vehicle

control. Vehicle control was the highest DMSO concentration used (0.5%). Samples were
prepared in triplicate.
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Figure S12. Chemical structure of the known fragment aggregator (MAGAN-1376) in Fig. 6.
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Figure $13. ECsos of reference drugs.

250



12 ARTICLE 6 - EXPANSION OF THE FRAGMENT-BASED
PHENOTYPIC APPROACH TO OTHER DISEASE SYSTEMS

Fragment-Based Phenotypic Lead Discovery To Identify New Drug
Seeds That Target Infectious Diseases

Yann Ayotte!, Eve Bernet?, Frangois Bilodeau®, Mena Cimino*, Dominic Gagnon®, Marthe
Lebughe?, Maxime Mistretta*, Paul Ogadinma?, Sarah-Lisa Ouali', Aissatou Aicha Sow", Laurent
Chatel-Chaix', Albert Descoteaux', Giulia Manina*, Dave Richard®, Frédéric Veyrier? & Steven R.
LaPlante™

'Institut national de la recherche scientifique - Armand-Frappier Santé Biotechnologie Research
Centre, 531 Boulevard des Prairies, Laval, Quebec, H7V 1B7, Canada

2Bacterial Symbionts Evolution, Institut national de la recherche scientifique, Armand-Frappier
Santé Biotechnologie Research Centre, 531 Boulevard des Prairies, Laval, Quebec, H7V 1B7,
Canada

SNMX Research and Solutions, Inc., 500 Boulevard Cartier Ouest, Laval, Quebec, H7V 5B7,
Canada

“Microbial Individuality and Infection Group, Cell Biology and Infection Department, Institut
Pasteur, 25-28 Rue du Docteur Roux 75015, Paris, France

°Centre de recherche du CHU de Québec-Université Laval, Département de Microbiologie-
Infectiologie et d'Immunologie, Université Laval, Quebec, Quebec, G1V 0A6, Canada

Published in : ACS Chemical Biology 2021, 16(11), 2158-2163

DOI : 10.1021/acschembio.1c00657

Authors contributions :

Yann Ayotte generated the figures, wrote the manuscript, and managed the various collaborative
projects from the side of Steven Laplante’s lab, under his supervision. Yann Ayotte performed the
experiments for the Leishmania project under the supervision of Frangois Bilodeau, Albert
Descoteaux and Steven Laplante. Experiments for the plasmodium project were performed by
Dominic Gagnon under supervision from Dave Richard. Experiments for the Neisseria project
were performed by Eve Bernet and Marthe Lebughe under the supervision of Frédéric Veyrier.
Chemical synthesis for the Neisseria project was performed by Sarah-Lisa Ouali under the
supervision of Paul Ogadinma and Frangois Bilodeau. Experiments for the mycobacterium project

were performed by Maxime Mistretta and Mena Cimino under supervision from Giulia Manina.

251



Experiments for the flavivirus project were performed by Aissatou Aicha Sow under supervision

from Laurent Chatel-Chaix.

252



Abstract

Fragment-based lead discovery has emerged over the last decades as one of the most powerful
techniques for identifying starting chemical matter to target specific proteins or nucleic acids in
vitro. However, the use of such low-molecular-weight fragment molecules in cell-based
phenotypic assays has been historically avoided because of concerns that bioassays would be
insufficiently sensitive to detect the limited potency expected for such small molecules and that
the high concentrations required would likely implicate undesirable artifacts. Herein, we applied
phenotype cell-based screens using a curated fragment library to identify inhibitors against a
range of pathogens including Leishmania, Plasmodium falciparum, Neisseria, Mycobacterium,
and flaviviruses. This proof-of-concept shows that fragment-based phenotypic lead discovery
(FPLD) can serve as a promising complementary approach for tackling infectious diseases and

other drug-discovery programs.

Fragment-based lead discovery has gained increased interest in the last decades as a tool to
identify new chemical matter for disease targets. Because of their small size and low complexity,
fragment compounds can be used to probe broad swaths of chemical space (fragment space)
without the need for large chemical libraries—libraries of a hundred to a few thousand are typically
sufficient to identify fragment binders.'? However, it has long been assumed that the limited
binding affinities of fragments would make them incompatible with cell-based screening.® From a
more traditional screening viewpoint, the inherent weak affinities would be poorly detectable
because of insufficient sensitivity of the assays, and the high concentrations required for

measurements would certainly result in overwhelming artifacts.

On the other hand, compared with traditional high-throughput libraries, the small molecular size
of fragments might also present advantages such as higher cell-membrane
permeability.* Although small fragment-like compounds are certainly present in large library
collections for high-throughput screens, examples of focused fragment screens involving cell-
based assays are only lately emerging. Recent reports have used libraries of fragment-based
chemical probes in combination with chemical proteomics to map interactions directly in human
cells.>® Although some hybrid approaches have been used to screen fragments in more
biologically relevant conditions,”® only a very few have screened fragments without any prior
assumptions about the molecular mechanism of action. For example, FPLD was applied to

screen Mycobacterium tuberculosis to identify compounds that exhibited favorable efficacy and
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pharmacokinetic properties in mouse models.' In parallel, we successfully applied FPLD to

inhibit Leishmania parasites'" and other systems (vide infra).

Here, we report our findings from screens of a curated fragment library against a variety of
infectious disease models that include parasites, bacteria, and viruses. Our approach was similar
to the one that was successfully used to identify Leishmania parasite inhibitors." To expedite the
screening process of 1604 compounds, we first screened pools of compounds (169 pools
containing 7-12 compounds per pool) and then deconvoluted those pools that were hits (referred
to here as “hit pools”) via singleton assays. Figure 1A shows a comparison of the hit pools from
various screening campaigns. One of our first observations was that, similarly to classical
screens, optimal screening concentrations are system-dependent and might require optimization
depending on the experimental setup. This system-dependent optimization may be explained by
factors such as differences in membrane permeation, differential solubility of the compounds in
the screening culture medium, or simply the intrinsic sensitivity of the system. For example, for
replication screens against Zika and dengue viruses at 150 yM compound concentration, it was
obvious that the hit rates were relatively high, and some of the effects observed could be due to
compound toxicity against the Huh7.5 host cells (Figure 1B). Reducing the screening
concentration to 15 pM resulted in a much more reasonable number of hits (Figure 1A) with
minimal toxicity (Figure 1B). It is also noteworthy that although some pools showed activity/toxicity
across several or even all conditions, most showed distinct activity profiles across the various

systems.
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Figure 1. Heatmap representations for the screens involving 169 pools screens (vertical axis). Results were
normalized on a log1o scale based on activity/toxicity where a value of 2 represents 100% viability or
replication of either pathogens or mammalian cells and where a 0 represents complete cell death. Pool
concentrations used for each system are indicated in parentheses. (A) Screens against multiple pathogens
(horizontal axis). The most active pools are depicted in blue. (B) Toxicity counter-screen results against
macrophages and Huh7.5 cells. The most cytotoxic pools are depicted in red.

Leishmania

We previously reported a proof-of-concept study where Leishmania
donovani and amazonensis parasites were screened against the NMX 'H Classic fragment library
and yielded chemically similar hits."" Early medicinal chemistry explorations found tractable
structure—activity relationships (SAR), where distinct single-atom changes resulted in a range of
responses in activities. This, along with the observation that the compound series was nontoxic
to bone-marrow-derived macrophage host cells, suggested that the hits and analogues were not

promiscuous and likely hit a specific target.

Plasmodium falciparum

The screen against P. falciparum resulted in five pools that showed >95% inhibition of parasite

growth. Deconvolution of these hit pools to identify the active singletons led to five compounds
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that exhibited more than 80% inhibition of growth and ECs activities in the low micromolar range.
One of the best molecules (1) showed good selectivity indexes for 3D7 and Dd2 P.
falciparum strains versus HEK293T and Hela cell lines (Figure S1). During our study, we noted
a publication from AstraZeneca where a high-throughput screen (HTS) identified a hit that was
extremely close to our FPLD hit 1. AstraZeneca discovered their hit (2) by screening their
corporate library of ~500 000 compounds (Table 1). Interestingly, that study demonstrated that
their hit could be optimized, giving compounds with increased potency in the low nanomolar range

(compound 3) that also exhibited good bioavailability and efficacy in the P. falciparum humanized
mouse model."?

Table 1. Comparison of the best hit from our small fragment library and a previously reported hit from a
large high-throughput screening library against P. falciparum.

o Q. A

/ )\ N HZ
< NH,
N N
OH OH OH
Structure
cl cl Cl
cl CF;

Cl

2 (Ramachandran et al., 3 (Ramachandran et al., 2014);
Compound 1 2014); Hit Optimized molecule
ivi PfIC_:9.8 uM PfIC_:0.38 uM Pf|C5°: 0.04 uM
Activity 50- 9O M 50- U-90 M EDgo: 28.6 mg/kg
. . 1,604 (NMX 'H .
Library size Classic library) 500,000 (AstraZeneca corporate library)

These findings are also consistent with the concept that screening small fragment libraries can
be a fast and effective way to phenotype screen for starting chemical matter for a drug discovery
program.”™ Our FPLD campaign screened a small library of only 1604 compounds, and we
identified virtually the same hit as that discovered by the AstraZeneca HTS campaign that used

~500 000 compounds. Furthermore, the fact that they could optimize their hit to 40 nM shows that
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our hits were viable and exhibited specificity. Thus, this proof-of-concept suggests that phenotypic
screens employing fragment libraries can identify real hits that can be followed up to achieve
drug-like potency; thus, it can represent a convenient alternative approach for identifying new

chemical matter for jump-starting drug discovery projects.

Neisseria

Neisseria meningitidis was also screened with the same pools of fragments (Figures S2 and S3),
from which deconvolution efforts found that the most active hit was 4 (expected structure of 4a)
(Figure S4). Furthermore, counter-screening of all the hits against E. coli showed that
compound 4 did not exhibit any significant effect on cell growth after 24 h (results not shown),
suggesting a favorable degree of specificity of the effects observed. However, we were surprised
to find that a freshly made stock solution of 4 showed a loss in activity beyond the detection limit
of the assay (ECso > 300 uM, Figure S4 and Table 2). Thus, it was clear that hit 4 no longer had
the same structure as compound 4a. One hypothesis proposed possible sample degradation such
that 4a slowly oxidized in solution to form compound 4b (Figure S4). Oxidation of 4a was
performed experimentally, and the resulting product 4b did indeed exhibit similar bactericidal
activity as hit 4. Surprisingly, despite the fact that core 4a exhibited poor activity (ECso> 300 uM),
addition of substituents at the R1 position (Table 2 and Figure S5) led to a number of active
compounds 5-11, which show distinct improvements in activity. The demonstration of structure—
activity relationships (SAR) for this series of compounds is consistent with a specific interaction

and binding mode. This series therefore warrants further optimization efforts.

Table 2. ECso data for thetrahydro-y-carboline
compounds against N. meningitidis.

H
N
L/
F
N
\
Ry
Compound R ECso (UM)
4a H > 300

257



10

11

43

1.7

26.3

0.8

541

4.2

Mycobacterium

A phenotypic screen was also run against M. smegmatis using the same fragment pools. The six
best pools also proved to be active against the highly related M. tuberculosis (>71 uM).
Deconvolution of the best pools resulted in six individual fragments with micromolar minimum
inhibitory concentrations (MICs) values 125 < MIC < 417 uM against M. tuberculosis (Figure 2A).
In these cases, no “stand out” hits were observed, which demonstrates, just as with conventional
HTS screens, that not all fragment screens will identify outstanding hits. Interestingly, however,
the four most effective compounds are able to inhibit both the fast-growing model organism and

the slow-growing pathogenic strain. The weak hits still serve as starting points and are currently

under investigation to identify more active analogues.
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Figure 2. (A) Singleton deconvolution of the most interesting pools against M. smegmatis and M.
tuberculosis results in several molecules with minimum inhibitory concentration (MIC) in the micromolar
range. Some molecules are active against both Mycobacterium strains. (B—C) Results of the screens of
fragment pools against Zika (B) and dengue (C) viruses at 15 uyM concentration (per compound). Singleton
compounds of 10 pools were then tested at 50 uM against Zika (D) and dengue (E) viruses. X axes
represent the viability of Huh7.5 cells normalized to the DMSO vehicle control. Y axes represent the viral
replication normalized to the DMSO vehicle.

Flaviviruses

Viral replication screens were performed with Huh7.5 liver cells infected with Renilla luciferase-
expressing reporter Zika virus (ZIKV) or dengue virus (DENV) using the same fragment library
(Figure 2B—C).""® Pools that resulted in a reduction of replication in the assay are shown in the
heatmap of Figure 1A, which reveals some overlap of hits between both species—about 17 out of
25 active pools at 15 yM are hits in both species. The panflaviviral activity of these pools is not
surprising since DENV and ZIKV are closely genetically related and share many molecular
mechanisms in their life cycle. However, eight pools were found to have effects only on DENV,
suggesting that they might affect distinct targets reflecting their differences in their respective
pathogenesis (e.g., neurovirulent vs hemorrhagic). Ten pools were selected for deconvolution
secondary screening against the individual fragments. It was noteworthy that treatment with
selected compounds conferred minimal toxicity in Huh7.5 cells and had a wide range of activity
on the viruses. Four of the most interesting compounds (highlighted in red and orange in Figure
2D,E) are currently under investigation to identify more active analogues and investigate their

mechanism of action.

In conclusion, we phenotypically screened a variety of microbial targets using 169 pools
consisting of 1604 small-molecule fragment compounds. Rather than observe a flood of
nonspecific inhibition and toxicity, as we anticipated could potentially occur, we found that these
phenotypic assays resulted in limited (and hence manageable) numbers of hits. However, we
noted that the hit rate needed to be “tuned” or lowered for some assays by reducing the compound
concentrations. Moreover, the observed hits were for the most part distinct from one screen to
the other, which was consistent with inhibition via a specific target. Also, counter screens showed
no significant toxicity. Most importantly, follow up medicinal chemistry on some confirmed hits
resulted in the observation of SAR and potency improvements. Thus, the proof-of-concept
demonstrated here suggests that phenotypic screens employing fragment libraries can be a

powerful way for identifying new chemical matter for jump-starting drug discovery projects.
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One can envision some distinct opportunities when employing FPLD. The smaller size of
fragments may inherently enable them to more easily cross cell membranes and inhibit new
targets, rather than being largely limited to cell surface targets as with large drug-like compounds.
Given that fragments are amenable for phenotypic screens, they could be practical for identifying
new and essential targets without having to undergo exhaustive target characterization at the
atomic level. Furthermore, this FPLD approach is not limited to microbes but can also prove to be
relevant for a wide range of diseases such as cancer, neurological diseases, and cardiopathy
drug discovery, which often lack well-defined clinical targets.'®?* Finally, these and other
pragmatic advantages promise to empower fragment-based screening efforts outside of pharma,

such as in academia and smaller biotech companies.

Associated content
The Supporting Information is available free of charge via the Internet.

Supplementary figures and experimental details

Methods

Details of experimental materials and methods are provided in the Supporting Information.
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Additional figures
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Figure S1. Dose-response curves for compound 1 against Pf3D7 (A), PfDd2 (B), HEK293T (C),

and HelLa (D) cell lines. The x-axis is on a log1o scale.
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Figure S2. Library screening for the identification of compounds with the ability to inhibit the 24 h
growth of N. meningitidis. Pools were tested at 83 uM using a luciferase-based assay. None: no
DMSO/compounds added; DMSO: 1% DMSO vehicle; Erythromycin: 4 uM.
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assay. None: no DMSO/compounds added; DMSO: 1% DMSO vehicle; Erythromycin: 4 yM.
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Figure S4. The most active inhibitor hit (4) of N. meningitidis growth was comprised of a mixture

of inactive 4a and active 4b. Oxidation was experimentally reproduced and yielded the active

molecule.
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Figure S5. N. meningitidis growth inhibition curves after 16h. Data was normalized to DMSO

vehicle control.

Experimental information

General screening conditions

All fragment screens described in this report were performed as described in reference (1) using
the NMX Research and Solutions Inc. Classic 'H Library (https://www.nmxresearch.com/). A
subset of the NMX library is available as Key Organics’s BIONET library
(https://www.keyorganics.net/services/bionet-products/fragment-libraries/). The library consists
of 1604 fragments combined in 169 mixtures (pools) of 7-12 compounds per pool. Each fragment

in these pools was each at 8.3 mM concentration in DMSO-ds. Singleton deconvolution was done
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by testing all the individual fragments from the active pools. Singletons stock solutions were at
100 mM concentration in DMSO-de.

Leishmania screens

Experiments performed on Leishmania were previously described.’

Plasmodium screens

General

Screens were performed using SYBR Gold assays on the asexual stage of P. falciparum 3D7 in
infected red blood cells. Primary screen was done at 10 yM. Active pools were then deconvoluted
and singleton compounds were re-tested at 10 uM. The most interesting fragments were then
tested in dose-response curve to determine their ECs. Counter-screens were performed on
HEK293T and HelLa cell lines to assess compound cytotoxicity. Best compounds were also tested
against multidrug-resistant strain Dd2. Each condition was tested in triplicates and DMSO levels

were kept below 0.5% (v/v) in the assays.

Parasite culture

Plasmodium falciparum 3D7 and Dd2 strains were obtained through BEI Resources, NIAID, NIH,
contributed by Daniel J. Carucci and David Walliker (# MRA-102 and # MRA-150 respectively).
Asexual stage P. falciparum parasites were cultured in vitro under standard conditions in RPMI-
1640 (Gibco)-HEPES-buffered medium supplemented with 0.5% (w/v) Albumax (Invitrogen) at
4% hematocrit (human red blood cells (RBC) of O+ group). Parasites were kept at 37°C in a gas
mixture composed of 5% oxygen, 5% carbon dioxide and 90% nitrogen. Parasites synchronization

was done using D-sorbitol treatment as previously described.?

In vitro 72 hours susceptibility assays

Parasite susceptibility was measured as previously described with minor modifications.? Briefly,
sorbitol synchronized 4-to-12 hours post-invasion ring stage parasites were exposed to a 16-point
serial dilution of each molecule in a 96-well plate at 1% hematocrit and 0.5% starting parasitaemia

in 100 yl final volume. Cells were incubated for 72 hours before being disrupted and the released

270



DNA stained by adding 25 pl of 5X lysis buffer containing 0.16% saponin, 20mM Tris-HCI pH 7.5,
5mM EDTA, 1.6% Triton X-100, 5X SYBR™ Gold (Invitrogen). Each assay was done in triplicate.
Plates were sealed and allowed to rest at room temperature for 24 hours. Relative fluorescence
units (RFU) were measured with a VICTOR plate reader (PerkinElmer) at an excitation of 494 nm
and emission of 530 nm. RFU were compared to untreated parasites and data plotted using
GraphPad PRISM® software (GraphPad Software, San Diego, California USA,

www.graphpad.com) and ICso determined using with the curve-fitting algorithm /log(inhibitor)

versus response—Variable slope.

Neisseria screens

Screen and deconvolution were performed as previously described.?

Mycobacterium screens

For the initial screen of the library, the amount of light produced after 24h and 48h of growth for M.
smegmatis luminescent strain (harboring pLX-HSP60) was measured as previously described
using decanal as a substrate.® The emitted light was measured using a 96-well plate luminometer
(PerkinElmer Wallac 1420 Victor®) and results are expressed in relative light unit per second
(RLU/s). All these assays were minimally performed in triplicates. Pool deconvolution was done
against both wild-type M. smegmatis mc2155 and M. tuberculosis Erdman by a resazurin assay
using serial dilution from 2000 uyM to 0.031 uM. Ciprofloxacin and moxifloxacin were used as
control drugs. In detail, exponentially growing cultures were diluted to ODgeponm 0.005 using
Middlebrook 7H9 broth, enriched with 0.5% (w/v) glycerol, 0.05% bovine serum albumin, 0.02%
dextrose, 0.081% NaCl, in the absence or presence of 0.1% Tyloxapol. Diluted cultures were
dispensed into a 96-well plate (100 ul per well). The highest concentration of a given compound
was dispensed into the first well of a column, containing 200 pl of cell suspension. Drug was
mixed and serially diluted through the whole column, except the last well, which was used as a
control for cell viability. M. smegmatis plates were incubated at 37°C for 24 h, and M. tuberculosis
plates were incubated at 37°C for 1 week. At the end of the incubation period, 5 pl of 0.01%
resazurin were added per well, mixed and plates were incubated at 37°C for 24 h. Colorimetric
assay was interpreted as drug cidality (blue) or cell viability (pink). MIC was scored as the lowest
drug concentration causing cidality. Experiments were repeated twice in M. smegmatis and four

times in M. tuberculosis.
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Flavivirus screens

Cell culture

Hepatocarcinoma Huh 7.5 cells were cultured in DMEM media containing 10% fetal-bovine
serum, 1% non-essential amino acids and 1% penicillin-streptomycin. Cells were kept at 37°C
with 5% CO..

Cell viability assay

Huh7.5 cells were cultured overnight in 10cm petri dishes. The following day, they were
trypsinized, plated in 96 wells plate (15,000 cells/well) and treated with compounds at 150 uM
and 15 yM. DMSO was used as negative control. Cell viability was assessed two days later by
Cell-Titer Glo. Briefly, 50 uL Cell-Titer Glo reagent (1:1 PBS) were added to each well.

Luminescence was evaluated using Spark® microplate reader (Tecan).

Anti-flaviviral activity

Viral replication was assessed using reporter viruses ZIKV-R2A and DENV-R2A. Viral stocks
were produced as previously described.® 7 Huh7.5 were cultured overnight and infected with
ZIKV-R2A or DENV-R2A at a multiplicity of infection (MOI) of 0.005. Cells were trypsinized 4
hours post-infection and plated in 96 wells plate (15,000 cells/well). Compounds were then added
at indicated concentrations. At 48 hours post-infection, luciferase assay was performed, as
previously described.® Briefly, cells were resuspended in 100 uL lysis buffer (0.1% Triton X-100,
25 mM glycylglycine [pH 7.8], 15 mM MgSO4, 4 mM EGTA (pH 8), and 1 mM DTT). 150 uL of
assay buffer (25 mM glycylglycine [pH=7.8], 15 mM MgSO4, 4 mM EGTA [pH=8], 15 mM K;PO4
[pH=7.8]) and coelenterazine (1.43 uM) was added to 30 uL lysate. Luminescence was measured

using Spark® microplate reader (Tecan).

Svynthetic procedures

General
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All chemicals were obtained from commercial suppliers and used as received. NMR spectra were
recorded on a 400 MHz Varian spectrometer and referenced to residual solvent (DMSO-ds: &
2.50). TLCs were performed on 20 um thick Silica Plate. HPLC analysis was performed on a
Hewlett-Packard 1100 system using a Phenetex C18 column equipped with a variable wavelength
detector. Acetonitrile water mixture was used as eluent in a 70/30 ratio. LC-MS analysis was
performed using an Agilent 1100 HPLC with Waters ZQ. The HPLC separation was carried out
on an Agilent Zorbrax XDB-C18 column with dimension 4.6 x 30 mm, i.d., 3 ym particle size. Initial
solvent mixture for the elution was 95% water and 5% MeOH with 0.1% TFA in each, over 4 min

at a flow rate of 2 mL/min.

Synthesis of 8-Fluoro-5H-pyridyl[4,3-blindole (4b)
H
N

/ 5% Pd/C
160°C, 24h

4a

The amine R2NH 4a (50 mg, 0.26 mmol) and Pd/C (50 mg) were mixed and stirred overnight at
160°C. The reaction mixture was cooled to room temperature and MeOH (10 mL) was added.
The mixture was sonicated for 5 min. and then centrifuged. The MeOH supernatant was
decanted and evaporated to obtain a pale-yellow solid. The crude product was purified on silica
(R= 0.12 in EtOAc/MeOH 9:1) to afford the desired product 4b (8 mg, 16% yield) as a pale-

yellow solid.

"H NMR (400 MHz, DMSO-ds) & 11.77 (br s, 1H), 9.32-9.38 (m, 1H), 8.42 (d, J=5.86 Hz, 1H), 8.09
(dd, J = 2.34, 9.38 Hz, 1H), 7.56 (dd, J = 4.49, 8.79 Hz, 1H), 7.47 (dd, J = 0.98, 5.67 Hz, 1H),
7.32 (dt, J=2.34, 9.18 Hz, 1H). LCMS (ES*) m/z found 187.2 [M+H]; retention time 1.26 s, 100%
pure. HPLC, retention time 2.75 s.

General procedure for the amide formation
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1) RCO,H (1.5 eq), HATU (1.2 eq),

anh. DMF, RT, 5 min H
2)4ainanh. DMF, DIPEA (5 eq),

/ RT, 10 min | /

ZTI

N

>/7R1

o

Iz

The appropriate carboxylic acid (1.5 eq.) and HATU (1.2eq.) were dissolved in DMF (1 mL). The
colorless solution was allowed to stir for 5 minutes at RT. The amine (0.26 mmol, 1 eq.) in DMF
(1 mL) was added followed by the addition of DIPEA (0.2 mL). After 10 min., the resultant yellow
solution was transferred to saturated brine (15mL). EtOAc (15mL) was added and the organic
phase washed thrice with brine. The EtOAc phase was further washed twice with saturated
Na.COs and NH4CI. It was then passed over Na;SO4 and then evaporated to dryness. After
column chromatography on silica, the desired products were obtained as two isomeric mixture (A

and B) in varying proportions.

(8-Fluoro-1,3,4,5-tetrahydropyrido[4,3-b]indol-2-yl)-phenyl-methanone (5)

N

0>/ < >
Yield: 40 mg, 52% as a yellow solid; R=0.23 (1:1 hexane/EtOAc); '"H NMR (400 MHz, DMSO-ds):
Isomer A (major 62%) & 11.07 (br s, 1H), 7.54-6.8 (m, 8H), 4.75 (br s, 2H), 3.64 (bs, 2H), 2.86 (m,
2H). Isomer B (minor 38%) & 11.07 (bs, 1H), 7.54-6.8 (m, 8H), 4.55 (br s, 2H), 4.01 (bs, 2H), 2.86

(m, 2H). LCMS (ES*) m/z found 295.2 [M+H]; retention time 1.79 s, 100% pure. HPLC, retention
time 5.03 s

Cyclohexyl-(8-fluoro-1,3,4,5-tetrahydropyrido[4,3-b]lindol-2-yl)methanone (6)
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N

0>/ < >
Yield: 26 mg, 33% as a pale yellow oil; R=0.35 (9:1 EtOAc/MeOH); 'H NMR (400 MHz, DMSO-
ds) Isomer A (minor 47%) & 11.03 (br s, 1H), 6.83-7.30 (m, 3H), 4.67 (s, 2H), 3.82 (t, J = 5.86 Hz,
2H), 2.85 (br s, 1H), 2.71-2.73 (m, 2H), 1.33-1.36 (m, 10H). Isomer B (major 53%) & 11.03 (br s,
1H), 6.83-7.30 (m, 3H), 4.57 (s, 2H), 3.82 (t, J = 5.86 Hz, 2H), 2.85 (br s, 1H), 2.71-2.73 (m, 2H),

1.63-1.72 (m, 10H). LCMS (ES*) m/z found 301.3 [M+H]; retention time 1.98 s, 96% pure. HPLC,
retention time 5.31 s.

(4-Chlorophenyl)-(8-fluoro-1,3,4,5-tetrahydropyrido[4,3-b]indol-2-yl)methanone (7)

Yield: 42 mg, 48% as a yellow solid; R=0.32 (1:1 hexane/EtOAc); 'H NMR (400 MHz, DMSO-ds)
Isomer A (major 63%) & 11.07 (br s, 1H), 6.86-7.53 (m, 7H), 4.75 (m, 2H), (m, 1H), 3.56 (br s,
2H), 2.86 (br s, 2H). Isomer B (minor 37%) & 11.07 (br s, 1H), 6.86-7.53 (m, 7H), 4.46 (m, 2H),
3.99 (br s, 2H), 2.86 (br s, 2H). LCMS (ES*) m/z found 329.2 [M+H]; retention time 1.97 s. HPLC,
retention time 4.51 s.

(4-Cyanophenyl)-(8-fluoro-1,3,4,5-tetrahydropyrido[4,3-b]indol-2-yl)methanone (8)
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Yield: 51 mg, 61% as a yellow oil; R=0.32 (2:8 hexane/EtOAc); '"H NMR (400 MHz, DMSO-ds):
Isomer A (major 62%) & 11.09 (br s, 1H), 6.88-7.97 (m, 7H), 4.78 (br s, 2H), 3.58 (br t, J=5.28 Hz,
2H), 2.84-289 (m, 2H). Isomer B (minor 38%) & 11.09 (br s, 1H), 6.88-7.97 (m, 7H), 4.48 (br s,
2H), 4.02 (br t, J=5.28 Hz, 2H), 2.84-289 (m, 2H). LCMS (ES*) m/z found 320.2 [M+H]; retention
time 1.80 s, 100% pure. HPLC, retention time 3.88 s.

(4-Trifluoromethylphenyl)-(8-fluoro-1,3,4,5-tetrahydropyrido[4,3-b]indol-2-yl)methanone
(9)

Yield: 58 mg, 61% as a pale yellow solid; R=0.40 (1:1 hexane/EtOAc); '"H NMR (400 MHz, DMSO-
de) Isomer A (major 63%) & 11.08 (br s, 1H), 6.77-7.86 (m, 7H), 4.79 (br s, 2H), 3.60 (br s, 2H),
2.85 (br s, 2H). Isomer B (major 37%) & 11.08 (br s, 1H), 6.77-7.86 (m, 7H), 4.52 (br s, 2H), 4.03
(br s, 2H), 2.91 (br s, 2H). LCMS (ES*) m/z found 363.2 [M+H]; retention time 2.00 s. HPLC,
retention time 2.24 s.
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(4-Methoxyphenyl)-(8-fluoro-1,3,4,5-tetrahydropyrido[4,3-b]indol-2-yl)methanone (10)
H
N

Y

-n

o>/—©70Me

Yield: 45 mg, 53% as a yellow oil; R=0.22 (1:1 hexane/EtOAc); '"H NMR (400 MHz, DMSO-d¢) &
11.05 (br s, 1H), 6.78-7.93 (m, 7H), 4.65 (br s, 2H), 3.77-3.80 (br s, 2H), 3.79 (s, 3H), 2.84 (m,
2H). LCMS (ES*) m/z found 325.3 [M+H]; retention time 1.83 s, 100% pure. HPLC, retention time
2.66 s.

(4-Methylphenyl)-(8-fluoro-1,3,4,5-tetrahydropyrido[4,3-b]indol-2-yl)methanone (11)

H
N

Y

Yield: 32 mg, 40% as a yellow solid; R=0.26 (1:1 hexane/EtOAc); '"H NMR (400 MHz, DMSO-ds)
Isomer A (major 61%) & 11.07 (br s, 1H), 6.81-7.42 (m, 7H), 4.72 (br s, 2H), 3.65 (br s, 2H), 2.86
(br's, 2H), 2.26 (s, 3H). Isomer B (minor 39%) & 11.07 (br s, 1H), 6.81-7.42 (m, 7H), 4.57 (br s,
2H), 3.98 (br s, 2H), 2.86 (br s, 2H), 2.36 (s, 3H). LCMS (ES*) m/z found 309.2 [M+H]; retention
time 1.91 s, 98% pure. HPLC, retention time 3.76s.
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14 GENERAL DISCUSSION AND CONCLUSION

14.1 Compound Aggregation

We have reported the implementation of an T2-CPMG NMR assay to detect compound self-
aggregation. The assay has various advantages such as high sensitivity to intermolecular
interactions, while being quick to perform. This makes it an advantageous method to be used in
a screening context or for library curation. Despite all this, there are some limitations to the
experiment. Firstly, intrinsic exchange phenomena (e.g. rotamers, tautomers, etc.) can result in
faster relaxation and may result in falsely flagging a compound as an aggregator. However, if
such molecules possess multiple protons, it is often possible to determine if intrinsic exchange is
occurring, as not all protons would experience comparable decay rates (i.e. protons involved in
the exchange may exhibit very fast decay rates, while other protons may decay at the same rate
as what can be expected for a “well-behaved” compound). Similarly, resonances close to the
water suppression area can also have their relaxation profile impacted, resulting in potential false-
positive flags for aggregation. Therefore, looking at the overall profile of the molecule is important

and additional experiments should be performed to confirm aggregation

The published T2-CPMG assay is based on the use of aromatic protons to monitor aggregation
since their analysis is more straightforward in large part due to the lack of overlap with common
buffer components. However, as some compounds do not possess any aromatic 'H, similar
guidelines would be required to expand the method to aliphatic 'H. Several challenges would be
expected with the use of aliphatic 'H to monitor aggregation, such as the overlap with signals from
the buffer or solvent. Also, it is conceivable that different guidelines could be needed based on
the type of aliphatic protons evaluated (i.e. CH, CH», CHs) do to differences in intrinsic relaxation
rates. A similar assay could be also implemented using '*F NMR. However, given the large
contribution of chemical shift anisotropy (CSA) on the relaxation of the '*F spin, developing
guidelines would likely prove challenging and may require the use of computational prediction to
correct for these CSA effects in order to obtain '°F T2 values that are more representative of

tumbling rates and exchange phenomena.

In addition to the T2-CPMG assay, we also reported the implementation of an NMR-focused
protocol to monitor aggregation of small molecules. This protocol is designed to be a practical
workflow which provides guidelines as to which experiments can be performed, in which order,
and what are the possible conclusions based on the data that emanates from these various

assays.
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Despite being fairly comprehensive, this protocol could be further expanded in the future by
integrating additional assays. For example, by adding an enzyme-inhibition assay such as a
AmpC B-lactamase assay to determine if an aggregate exhibits evidence of non-specific inhibition
of enzymatic activity °. Similarly, non-functionalized gold sensors such as the ones used in
surface plasmon resonance could be used to detect non-specific interaction of these aggregates
with the sensor chip ¢’. The described detergent assay could also be expanded to include multiple
detergent concentrations as some aggregate molecules can be more resistant to detergent, while

others could even be stabilized by the presence of detergent via surface passivation 7173,

Data generated by the aforementioned aggregation assays could be also fed to artificial
intelligence (Al) models to improve predictive models. In the past decades, various tools have
been published that try to predict misbehaved compounds based on computational models and
machine learning '"4'7%. However, one major challenge pertains to the fact that aggregators do
not appear to be limited to specific scaffold and are likely highly diverse in structure. Indeed, a
report has analyzed the chemical scaffolds of 319 aggregators and found that almost 75% of
scaffolds were unique (i.e. found in only one aggregator) 7. The fact that aggregation is
condition-dependent also increases the challenge associated with predicting the phenomenon as
it is not simply a binary event likely explains and likely partly explains why the successes have so
far been limited. Moreover, a lot of the experimental data fed into Al originated from DLS, which
suggests that the current published models may be overlooking some types of aggregates that

are not detected by this technique, such as small aggregates.

Despite all the problems associated with this phenomenon, aggregation is also observed for
several approved drugs which means that at a later stage in drug development, evidence of
aggregation does not necessarily result in a “death sentence” for a molecule, particularly if the
concentration at which the molecule aggregates is significantly higher than the concentration at
which it exerts its therapeutic effects 7178180 There have also been some published examples
where the aggregation properties of some molecules appeared to be advantageous. For example,
some aggregates of non-nucleoside reverse transcriptase inhibitors, a class of anti-AIDS drug,
have been found to exhibit improved solubility under certain conditions. Indeed, aggregates with
sizes ranging from 30-100 nm were associated with favorable absorption, while larger aggregates

of >250 nm were associated with poor absorption %81,

These kinds of observations have resulted in some efforts in trying to leverage the properties of
aggregating molecules to improve drug delivery 82, In a similar fashion, it was reported that some

aggregates could be optimized to be used as stabilizing agents to increase protein stability 183184,
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Another example comes from a team at Janssen that reported a cocrystal structure obtained
between TNFa and a compound aggregate where the aggregate induced a quaternary change in
TNFa, leading to inhibition of the interaction of TNFa with its TNFR1 and TNFR2 receptors 8.
Similarly, some aggregators were also reported to inhibit amyloid fiber formation, likely via protein
sequestration mechanism '8 which opens up the questions of whether this mechanism could be
exploited for the treatment of diseases such as Alzheimer, although recent controversies are

casting some doubts over the link between amyloid fibers and the disease '%".

Albeit interesting, translating aggregation phenomena into a positive clinical outlook represents a
daunting and risky task as it is very difficult to predict the potential adverse effects that such
molecules could induce. Optimizing aggregates to improve activity or pharmacological properties
would also be very challenging and may only be possible through a lot of trial-and-error.
Nevertheless, as stated in the published reports, at the early stage of drug discovery, it is probably
safer to exclude aggregating molecules and prioritize well-behaved compounds as aggregation
at this stage is likely to occur in a similar concentration range as the compounds’ binding

affinities/activities and could result in artifactual data.

14.2 “NMR for SAR” platform

We have implemented an NMR-centric platform coined “NMR for SAR” which takes advantages
of ligand-observed NMR techniques, effectively circumventing several of the limitations of the
traditional “SAR by NMR” approach that focuses on protein-observed 2D screening. This platform
presents several advantages: There are no theoretical limit on the size of the protein being
screened, the protein does not need to be isotopically labeled (even though availability of labeled
protein can be useful for additional downstream investigation), the quantities of protein required
for a screen are significantly reduced, compounds of weaker binding affinities can be detected.
Most importantly, binding scores are extracted from the data which provide information as to the
binding affinities of the molecules. The scoring is calculated based on single-concentration data,
effectively increasing the throughput of the platform. Moreover, since this scoring system relies
on the aforementioned concept of protein-bound ligand, this reduces the compound solubility
requirements which would limit binding assessment or affinity determination of relatively weaker
compounds using other biophysical techniques or protein-detected NMR due to the necessity in

sufficiently saturating the protein with ligand.
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Since NMR provides direct atomic information of the sample, the platform also allows robust
monitoring of ligand concentration, purity and integrity. Similarly, the protein integrity (folding,
signal intensity, purity) is also evaluated in parallel on the same samples. Moreover, most
biophysical techniques used for drug screening require labeling or immobilization of the protein
target. In contrast, NMR is a label- and immobilization-free method (although both are also
possible by NMR) which allows the study of a more native form of the protein and would be

expected to result in better translatability of the results.

We applied this platform on HRas®'? and identified a ~7-10 mM fragment hit which was then
optimized using the aforementioned binding scores to guide synthetic chemistry efforts. By testing
less than 200 analogs we obtained uM-nM affinity compounds which also exhibit activity in a
nucleotide release functional assay, as well as preferential inhibition of cancerous cell lines. The
binding affinity of key compounds were also orthogonally validated using other biophysical
techniques and correlated very well with the NMR binding scores. X-ray efforts have also been
deployed, however, despite being successful at elucidating a crystallographic structure of the apo
HRas®'?V-6PP protein, attempts in obtaining cocrystals with ligands have not been fruitful so far.
This highlights the challenges of obtaining cocrystal structures to guide structure-based drug
design. Nevertheless, the platform could successfully be applied, even in the absence of X-ray

data and further evaluation of these compounds will be needed to better understand their activity.

Nevertheless, just like any technique, this platform presents some limitations. Firstly, the scoring
system assumes that the compounds being investigated are in a fast-exchange binding regime
with the target protein. As the binding affinities improve (usually around the lower uM affinity
range), the validity of ligand-observed scoring is expected to diminish and other methods or
conditions should be used to assess the binding affinities of these tighter binders. Another
limitation pertains to the fact that in comparison with protein-observed experiments, ligand-
detected methods can be more skewed by contribution from non-specific or multi-site binding
which can therefore impact the binding scores. As such, the use of such a platform on more
complex systems requires more caution and the binding stoichiometry should be regularly
assessed using other methods. Moreover, whereas there is no theoretical limit on the size of the
protein that can be targeted using ligand-detected NMR approaches, 1D and particularly 2D
protein-observed experiment will become more difficult to perform with increasing protein size.
Similarly, such protein-observed experiment may not be possible on protein systems that are very

challenging to produce,
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14.3 Fluorine NMR referencing

In the published report, we tested ten fluorine reference candidates to assess their suitability for
NMR screening uses. Four of these molecules were deprioritized due to limited aqueous solubility
and another one due to incompatibility with magnesium chloride and calcium chloride salts.
Among the remaining five candidates, none could be considered as an ideal reference since they
all possessed their own disadvantages. We highlighted these limitations, as well as the
advantages of each of these candidates so that users can better decide which reference molecule

may sulit their specific needs.

We also described a workflow that could be used to screen other reference candidates in the
hopes of finding even better performing molecules. Also, given that none of the resulting five
candidates in our study possess a monofluoride moiety such as a CF, it could be pertinent to
expand the search for monofluorinated references, especially if screening using narrower
bandwidths which may not allow for concomitant detection of CF and CF3 for example. However,
with the ever-expanding adoption of broadband excitation pulses, this should become less and

less of an issue.

14.4 Fragment-based phenotypic screening

We have described several proof-of-concept studies where a curated fragment library was used
to perform phenotypic screens against various pathogens: Leishmania and Plasmodium
parasites, Neisseria and Mycobacterium bacteria, as well as Zika and dengue viruses. Overall,
all these screening efforts resulted in the identification of interesting hits which could serve as
starting points for further chemical optimization. Early SAR evaluation was performed for some
chemical series and some SAR trends seemed to emerge, suggesting that the compounds were
exerting their activity via productive interactions and that the effects were not simply due to
unspecific binding. Therefore, combining the use of fragment-based libraries to phenotypic
approaches appears to be a viable option to probe unexplored molecular targets, while mitigating

the usually lower throughput of phenotypic approaches.

Interestingly, one of the best hits in the Plasmodium falciparum screen was very closely related
to a hit previously identified through the high-content screening of an AstraZeneca library of half
a million molecules that was not fragment-oriented. Despite being fragment-sized, this

“AstraZeneca” hit was then optimized into a molecule exhibiting good bioavailability and efficacy
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in a mouse model '8, This further supported our claim that fragment molecules can yield

productive hits, even in phenotypic assays.

Another noteworthy observation is that several of the molecules identified in our screening and
analoging efforts exhibited relatively potent cell activity, which would not necessarily have been
expected for such small-molecular weight molecules. However, the ICsq values observed here are
in comparable ranges with previously reported fragment hits identified in target screens and
directly tested in various antiparasitic assays against Trypanosoma brucei and cruzi, Leishmania

infantum, as well as Plasmodium falciparum 8.

One limitation of phenotypic approaches pertains to the challenge of optimizing a molecule in the
absence of detailed knowledge about its mechanism of action '2°. Therefore, in absence of known
target, X-ray crystallography or modeling efforts cannot be initiated to help medicinal chemists
grow the molecules based on structural information. Despite such challenges, it is still possible to
perform SAR in absence of structural data. Indeed, many drugs were discovered decades before
the advent of X-ray crystallography of proteins and similarly, there has been significant efforts

invested in drugging some GPCRs before any 3D structure of these proteins became available
190-192

The frequent preference toward target-based approaches is understandable from a scientific and
intellectual standpoint as they tend to be more hypothesis-based in comparison with phenotypic
approaches which are often more of a “black box” and can involve a significant amount of
serendipity. This likely is one of the main reasons why, from the perspective of financial
investments, a lot of decision-makers in pharmaceutical companies will consider target
identification a prerequisite before being ready to invest significant amounts of resources into a

chemical series 19,

Therefore, there will usually be efforts to identify the molecular target(s) of compounds arising
from phenotypic screens. Indeed, target identification represents a very active field and there
have been significant advances in techniques for target identification and these technologies will
continue improving, which should further help advance compounds identified via phenotypic
methods in the future '°3'%7. However, this can be a quite challenging tasks, especially in the case
of relatively lower potency compounds/hits '®8. Ever improving artificial intelligence applications

may provide opportunities to shed some light on the potential mechanism of action (MoA).

Nonetheless, there are a lot of debates and discussions around the concept of “target

identification” considering that knowledge of MoA is not a purely binary concept. As such, Figure
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8.1 depicts an alternative view which was proposed where target identification efforts actually
represent a continuum where knowledge is accumulated up to a point where enough information
is known to provide confidence that a compound can be pushed forward to the clinic . This
alternative thinking is supported by the fact that identification of the drug target does not
necessarily translate directly to the understanding of the mechanism of action as there can be a
disconnect between the observed effects and the identified target(s). One example of this was
noted for daclatasvir, an drug against the hepatitis C virus, where the identification of NS5A as a

target did not fully explain the high potency and efficacy observed for the compound 2%,

a Legacy thinking

We do not know the target We know the target

b Emerging thinking

Does not act Modulates key Efficacious in Biomarker
through known, signalling mechanistic suitable for
undesirable MoA  pathway in cells in vivo model clinical trials
| |
Screening . T . Clinical
hit Continuum of mechanistic information candidate
| \
Non-cytotoxic No broad In vivo safety results  Broad understanding
in relevant cell transcriptional  support adequate of safety implications
type effects therapeutic index of key signalling pathway
Figure 14.1 Target identification — Legacy versus emerging thinking.

Target identification used to be viewed particularly as a binary concept (a), but a continuum of information
would be a better representation (b). Reproduced from https://doi.org/10.1038/s41573-022-00472-w with

permission.

These kinds of observations are the reason why the idea of a drug being specific to only a specific
molecular target is increasingly being questioned. Indeed, it was reported by the mining of public
databases that FDA-approved drugs were known to interact with an average of six molecular
targets 2°'. These polypharmalogical effects can obviously be associated with adverse effects,
but they can also explain the mechanism of action of certain drugs. Increasing examples of the

latter scenario are being reported, such as the example of statins which were mostly discovered

285



due to their inhibition of HMG-CoA reductase, but which cannot completely explain their biological

efficacy 22,

However, it must be highlighted that knowledge of the mechanism of action is not a prerequisite
for drug approval and an analysis of NMEs drugs approved by the FDA between 2000 and 2012
estimated that about 8% of molecules did not have known MoA %3, Some recent examples include
lacosamide 2°42%5 and lenalidomide 2% which have been approved in 2008 and 2005 respectively,
but for which the MoA is either yet to be identified, or has been identified several years after

approval.

This partly explains why PDD tends to have better translatability for more complex diseases such
as for central nervous system (CNS) diseases where multiple targets modulation may be required
for proper disease modulation, as evidenced by the fact that the majority of marketed CNS drugs
act on multiple targets '**2°7. Moreover, due to the challenges associated with crossing the blood-
brain barrier, smaller-sized molecules such as fragments would be expected to improve activity
in more biologically complex models. Smaller molecules such as fragments therefore hold the
potential to probe multiple targets in more biologically relevant models, which would have been
considered a problem in the past due to concerns for off-targets effects, but in recent years there
has been a gradual recognition of the potential for such polypharmalogical modulation 2%, Indeed,
there has even been a recent report from Lipinski (who coined the aforementioned “Lipinski’s Rule
of 5”) highlighting the untapped potential of low molecular weight compounds such as fragments

in phenotypic assays 2%°.

In conclusion, target- and phenotypic-based approaches both have advantages and have both
been successful in bringing chemical matters into the clinic. These approaches should therefore
not be considered as being in opposition to one another, but rather as complementary. For
example, PDD has the potential to yield tool compounds or probes that can result in the
identification of new protein targets involved in diseases 2'%2'", which can then be tackled using
target-based approaches. In addition, there are also emerging hybrid approaches and an ever-
increasing portion of drug discovery efforts fall into an intermediate category between pure
phenotypic and target-based approaches which has been coined by Moffat et al. as “mechanism-

informed phenotypic drug discovery” ',
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