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ABSTRACT: We used a structure-based drug discovery approach to
identify novel inhibitors of human dihydroorotate dehydrogenase
(DHODH), which is a therapeutic target for treating cancer and
autoimmune and inflammatory diseases. In the case of acute myeloid
leukemia, no previously discovered DHODH inhibitors have yet
succeeded in this clinical application. Thus, there remains a strong
need for new inhibitors that could be used as alternatives to the
current standard-of-care. Our goal was to identify novel inhibitors of
DHODH. We implemented prefiltering steps to omit PAINS and
Lipinski violators at the earliest stages of this project. This enriched

compounds in the data set that had a higher potential of favorable oral  Compoundt?
druggability. Guided by Glide SP docking scores, we found 20 Dihydroorotate Dehydrogenase (DHODH) s =23 200044
structurally unique compounds from the ChemBridge EXPRESS-pick ‘

library that inhibited DHODH with ICyy ppopy values between 91 nM and 2.7 uM. Ten of these compounds reduced MOLM-13
cell viability with ICsy, popa 13 Values between 2.3 and 50.6 uM. Compound 16 (ICsy, propy = 91 nM) inhibited DHODH more
potently than the known DHODH inhibitor, teriflunomide (ICsy, propy = 130 nM), during biochemical characterizations and
presented a promising scaffold for future hit-to-lead optimization efforts. Compound 17 (ICsy yor13 = 2.3 #M) was most
successful at reducing survival in MOLM-13 cell lines compared with our other hits. The discovered compounds represent excellent
starting points for the development and optimization of novel DHODH inhibitors.
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B INTRODUCTION target because small molecule inhibition of this enzyme can
overcome the differentiation blockade in AML.*” In humans,

Acute myeloid leukemia (AML) is a devastating cancer that
class 2 DHODH is a ubiquitous, flavin-dependent enzyme

can affect any age group, but the highest incidence occurs in

people over the age of 65. Despite prognostic improvements localized to the inner membrane of the mitochondria.”*
made over the past 30 years, more than half of young adult DHODH catalyzes the oxidation of L-dihydroorotate (DHO)
patients and approximately 90% of elderly patients still die to orotate (ORO), which is the rate-limiting step in de novo
from this disease." In healthy patients, myeloid cells transition biosynthesis of uridine monophosphate (UMP).” Pyrimidine
from self-renewing progenitor cells to terminally differentiated starvation induced through DHODH inhibition arrests the cell
cells with lower proliferation rates, to limit the lifespan of the cycle at the S-phase, where nucleotides must be readily
cell. A hallmark of AML is the disruption of this normal available for continued growth.'” DHODH inhibition also has
maturation process that causes leukemic cells to arrest at the a direct effect on mRNA translation by perturbing ribosome
proliferative undifferentiated stage.z This differentiation block- biogenesis_ Ribosynthesis, speciﬁcally, is one of the most
ade culminates in a variety of mutational events, making AML energetically demanding processes orchestrated within the cell
a highly heterogeneous disease.” A combination of treatment and relies on a steady source of nucleotides to successfully
paradigms is necessary in almost all of the AML cases. Even complete. Thus, ribosomal stress through pyrimidine starvation

with aggressive approaches that involve cytotoxic chemo-
therapy, achieving durable remissions is notoriously a
challenge.” The efficacy of existing treatments ranges depend-
ing on age; 35—40% cure is typically obtained for AML
patients younger than 60 years of age, but this falls to only 5—
15% in adults over the age of 60.° Thus, there is a need for new
therapeutic avenues with novel mechanisms of action from
what is currently used as the standard-of-care.

Previous work by Sykes and colleagues identified dihydroor-
otate dehydrogenase (DHODH) as an attractive therapeutic

causes cell cycle arrest and the inevitable apoptosis of tumor
cells. This is not a ubiquitous effect across different cell types,
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Figure 1. Cartoon illustration of human DHODH. (A) N-terminal domain responsible for transmembrane association is colored with blue ribbons.
The C-terminal domain is shown with red ribbons with the (af})s barrel colored yellow. A hydrophobic protrusion that pushes into the inner
mitochondrial membrane is shown with a green mesh, and the orange mesh illustrates positively charged residues on the periphery of this
protrusion that interact with the polar head groups of the phospholipid bilayer. The cyan surface illustrates the inhibitor binding site at the interface
between the N- and C-domains. (B) DHO (gray sticks) and FMN (magenta sticks) occupy a site above the (aff)s barrel and distal to the inhibitor
binding site. Residues within a 4.0 A radius of DHO are displayed, with the catalytic serine colored with yellow sticks.
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Figure 2. Structures of cocrystallized DHODH inhibitors used in self-docking simulations. Compounds 1—10 correspond to the bound inhibitors
in 1D3H, 1UUO, 6QU7, 6ET4, 2WV8, 40QV, 3ZWT, SMVC, SH2Z, and 60CO0, respectively.

particularly for healthy cells, which can engage in alternative
strategies to acquire nucleotides.'' On the one hand,
nonleukemia cells compensate for uridine deficiency b;r turning
to exogenous uridine to drive cellular proliferation.'” On the
other hand, cancer cells, including AML types, have altered
metabolic states and increased proliferation rates that makes
their capacity to self-renew sensitive to pyrimidine starvation.'®
The result is selection of differentiation over proliferation,
which has been demonstrated in multiple AML models.'>"*
The structure of class 2 DHODH is characterized by two
domains in higher order eukaryotes (Figure 1A). The N-
terminal domain contains two @-helices and a transmembrane
sequence that anchors DHODH to the inner mitochondrial
membrane by a hydrophobic protrusion and positively charged
periphery, and the C-terminal domain houses a large (aff),
barrel.>>'>'® The active site of DHODH is found above the
(ap)g barrel and displays a serine residue in close contact with
DHO as the catalytic base for the stereospecific oxidation to
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the ORO (Figure 1B). The binding site for the cofactors flavin
mononucleotide (FMN) and ubiquinone is located proximal to
the (af3)g barrel at the interface between the active site and the
N-terminal domain. Small molecule inhibitors competitively
abrogate DHODH activity by displacing DHO or ubiquinone
from their respective binding sites. This lowers the intracellular
pools of uracil, cytosine, and thymidine nucleotides, which
healthy cells can compensate for by turning to the salvage
pathway.”"*

Numerous DHODH inhibitors have been reported over the
years for the purposes of treating cancer, autoimmune, and
inflammatory diseases, but very few have actually progressed to
human trials.”'>'"~"" Leflunomide, teriflunomide (the active
metabolite of leflunomide; compound 1, Figure 2), and
brequinar (compound 2, Figure 2) are among the most well-
known DHODH inhibitors. Even though these drugs do
achieve pyrimidine depletion mediated by DHODH inhibition,
adverse side effects have remained persistent that limit their

https://doi.org/10.1021/acs.jcim.3c01358
J. Chem. Inf. Model. 2024, 64, 435—448


https://pubs.acs.org/doi/10.1021/acs.jcim.3c01358?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c01358?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c01358?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c01358?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c01358?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c01358?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c01358?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c01358?fig=fig2&ref=pdf
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.3c01358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Information and Modeling

pubs.acs.org/jcim

therapeutic applications. Compound 2 and its analogs are
immunosuppressants that have previously advanced to stage I
clinical studies in the 1990s with a focus on patients with solid
tumors, but not myeloid malignancies.3 Indeed, there was
some success when compound 2 and its analogs were
combined synergistically with cyclosporine or cisplatin, but
daily administration resulted in a toxic accumulation of the
drug that limited clinical use.'****" Leflunomide and its active
metabolite, compound 1, are FDA-approved drugs for treating
rheumatoid arthritis and multiple sclerosis, respectively. The
serendipitous utility of these drugs in regards to antitumor
efficacy was initially promising, but both drugs have been
linked to hepatotoxicity and interstitial lung disease.'>*”
Furthermore, leflunomide and compound 1 have exhibited
specificity for alternative targets, as well. This opens the
possibility that the antitumor effects of these drugs, at least to
some degree, are not facilitated through DHODH inhibition
alone.” More recently, BAY 2402234 (compound 3, Figure 2)
has emerged as a potent and highly specific inhibitor of
DHODH. Compound 3 has demonstrated promising ther-
apeutic potential both in vitro and in vivo. However,
compound 3 has also been noted to induce a downregulation
in genes that encode for critical components in adult
hematopoiesis and N-acetyl glycosylation metabolism.” In
summary, the astonishingly low number of efficacious
anticancer DHODH inhibitors warrants further investigation
and discovery of new small molecule leads.

The drug discovery timeline involves four general stages:
target characterization, lead optimization, bioavailability
studies, and clinical trials.”® Despite encouraging preclinical
data, previously identified DHODH inhibitors have not yet
demonstrated significant efficacy in cancer clinical trials.”*
Nonetheless, we remain optimistic about DHODH as a cancer
target and strive to discover novel inhibitors that will not
exhibit similar limitations. We selected compounds with
favorable properties for oral druggability by eliminating
PAINS and Lipinski violators at the earliest stages of this
study. Additionally, the ChemBridge EXPRESS-pick collection
has been curated to survey a broad chemical space
representative of drug-like and lead-like compounds that
could be further optimized at later stages in the drug discovery
pipeline. We used structure-based drug discovery (SBDD), a
well-established and successful technique to identify new leads
for a protein of interest. Screening large numbers of
compounds in a laboratory-based setting is an expensive,
time-consuming, and labor-intensive task. The use of virtual
screening methodologies to expedite the drug development
timeline have gained momentum over recent years by
substantially reducing the number of ligands that will need
to be validated through experimental assays.”® Previously, our
group and others have successfully implemented SBDD to
identify small molecule binders for infectious and neuro-
degenerative diseases, cancer, heart failure, and various other
acute conditions,'>'>**7°

In this work, we present an SBDD approach to computa-
tionally model ligand interactions with DHODH and identify
novel inhibitors of this enzyme. We effectively used a high-
throughput virtual screening approach to evaluate 461,106
small molecules from the ChemBridge EXPRESS-pick library.
This project was geared toward finding compounds that would
have favorable oral druggability and could be used as starting
points for further lead optimization. We identified the best
inhibitor candidates in silico based on docking score and ligand
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efficiency. We experimentally validated these compounds in
vitro, and 20 compounds demonstrated potential to act as
DHODH inhibitors judged by an enzymatic activity assay to
measure the biochemical IC,. We further characterized these
20 compounds with a cellular viability assay in MOLM-13 cells
to assess possible serum shift effects. From this, we identified
10 novel DHODH inhibitors with biochemical and cellular
ICy, values as low as 91 nM and 2.3 uM, respectively.

B METHODS

DHODH Structure Collation and Selection. We
conducted a search within the RCSB Protein Data Bank
(PDB)*" for deposited structures of human class 2 DHODH.
From this search, we selected accession codes 1UUQO, 2WVS,
3ZWT, 40QV, SH2Z, 1D3H, SMVC, 6ET4, 60C0, and
6QU7 based on a crystallographic resolution of approximately
2.0 A or better and the presence of a cocrystallized inhibitor
(Figure 2). 1UUO is a structure for rat DHODH, but this
remained in our initial selection because it is representative of
human class 2 DHODH structures and contains well-
established compound 2. All of the selected DHODH
structures were derived using X-ray crystallography.

Protein and Ligand Preparation. All DHODH struc-
tures selected for this study were imported into Maestro by
Schrodinger and prepared using the Protein Preparation
Wizard.”> EPIK was used to assign protonation states of all
ionizable residues within a pH range of 7.4 + 1.0.° All
nonprotein atoms were removed from each prepared structure,
with the exception of FMN and the natural ligand, ORO. FMN
and the ORO provide a structural role in the active site of
DHODH, so keeping those in the structure was more
representative of benchtop conditions. We used the LigPrep
module of the Schrodinger suite to prepare each ligand for
docking. This also used EPIK to assign ligand protonation
states at a pH value of 7.4 + 1.0.>® LigPrep was configured to
exhaustively generate all Eossible tautomers and stereoisomers
for every input molecule.”* The coordinates of each cocrystal-
lized inhibitor were extracted from their respective PDBs. All
other possible inhibitors that were evaluated in this study came
from existing SDF files that provided three-dimensional
structural information for each molecule.

Molecular Docking Methodology. The cocrystallized
inhibitors from PDB IDs 1UUO, 2WVS8, 3ZWT, 40QYV,
SH2Z, 1D3H, SMVC, 6ET4, 60CO0, and 6QU7 were extracted
and docked back into their respective receptor conformations
using Schrodinger’s Glide>® standard precision (SP) scoring
function. We used this self-docking approach to determine
which DHODH conformations performed best at reproducing
experimentally determined inhibitor poses during docking.
Performance was assessed by the calculation of the in-place
root-mean-square deviation (rmsd) of the lowest scoring
docked pose to the experimental position. The lower the in-
place rmsd, the higher we considered the predictive accuracy
to be for a model. Following previously established protocols,*®
we used an in-place rmsd cutoff of 2.0 A or lower to define
success in our self-docking simulations.

We chose to use Glide SP to perform molecular docking in
this study. Glide SP uses a series of hierarchical filters to
exhaustively sample the conformational, orientational, and
positional landscape for each ligand.”*” The docked pose was
deterministically returned after a final geometry optimization
was performed using the OPLS3e force field. We defined the
search space as a receptor grid in each DHODH structure

https://doi.org/10.1021/acs.jcim.3c01358
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where Glide SP would determine the final docking poses.
Receptor grids were generated by selecting the cocrystallized
inhibitor in the Maestro workspace for each protein structure.
We used the center of the molecule to define the center of the
receptor grid box. This allowed the centroids of any docked
molecules to sample a 10 X 10 X 10 A inner search space,
while the ?eriphery of each molecule could extend 20 A in any
direction.”® Any residues that could freely rotate within the
receptor grid were allowed to do so. We opted to use flexible
ligand sampling to consider the effects of stereoisomers,
alternative ring conformers, or pyramidal nitrogen inversions
when these options were possible. In-place rmsds were
calculated by comparing the positions of all heavy atoms in
the docked pose to the input coordinates without super-
imposition.

Virtual Screening and Prefiltering. We used the
EXPRESS-Pick Collection from ChemBridge Corporation
(San Diego, CA, USA) for virtual screening. The EXPRESS
stock contains 502,530 diverse small molecules that represent
drug- and lead-like compounds. Since our goal was to identify
new chemotypes for therapeutic application through DHODH
inhibition, we implemented prescreening steps to augment the
efficiency of our virtual screening efforts. These prescreening
steps excluded any compounds with functional groups
implicated as pan-assay interference compounds (PAINS)
and those which contained more than one violation of
Lipinski’s Rule of Five.””®” We executed these prescreening
steps using the 2021.09.5 release of the RDKit package in
Python 3.9.°" The prefiltering steps were carried out by
converting every ligand in the EXPRESS library from the SDF
format to an RDKit molecule object. This process removed
40,036 molecules that qualified as either PAINS compounds or
Lipinski violators. A total of 462,494 ligands remained after
prefiltering. A final check was done to remove any duplicate
entries that resulted in an additional 1388 molecules being
removed.

The remaining 461,106 ligands were docked into 6ET4
using Glide SP with the default settings. The same receptor
grid that was employed during self-docking with 6ET4 was also
used for virtual screening purposes. As a basis for comparison,
known active DHODH inhibitors were queried from the
ChEMBL database and also docked into the 6ET4 receptor
grid following the removal of PAINS and Lipinski violators.
Ligands docked from the EXPRESS library were ranked by
docking score and ligand efficiency to obtain two distinct lists
of compounds that were considered for experimental
validation. Only the top scoring pose of each conformer was
retained in these lists to avoid duplicate entries. We refined the
top in silico hits in these lists based on our chemical intuition.
Some entries contained in the ligand efficiency list were
exceptionally small or existed as a salt. At this early stage of the
drug discovery process, we deliberately excluded salts to better
investigate the exact chemical species responsible for any
observations during the experimental validation steps. Addi-
tionally, this change also added uniformity in solubility,
considering that salts have different solubility properties
compared to their neutral forms. This was addressed by
excluding molecules with a MW less than 130 g/mol or those
that would need to be ordered as a salt. This condition was
also applied to the list ranked by docking score, but it did not
result in the removal of any additional molecules.

The results of virtual screening and additional refinement by
our chemical intuition were two lists ranked by docking score
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(EXPRESS Library “group 1”) and ligand efficiency (EX-
PRESS Library “group 2”) and consisted of 79 and 97
compounds each, respectively. Ligand efficiency is the quotient
of the docking score and the number of heavy atoms in the
ligand, which allows for a quantitative comparison of hits that
is dependent on the molecular weight. We verified that the
ligands contained within these lists were structurally unique
from one another by calculating pairwise Tanimoto indices. In
addition, we also calculated Tanimoto indices between these
compounds and compounds 1—10 to assess similarity to some
known DHODH inhibitors. We used a cutoff value of >0.65 to
mark compounds that should be considered structurally
similar.

Expression and Purification. Recombinant human
DHODH (residues 31—395; Uniprot Q02127) was prepared
by Reaction Biology Corp. (Malvern, PA, USA). The protein
was expressed with an N-terminal Hisg-SUMO tag and a C-
terminal Strepll tag in Escherichia coli. Rosetta 2 cells were
induced with 0.25 mM IPTG and incubated in TB at 18 °C
overnight. Transformed cells were lysed in a buffer containing
50 mM HEPES (pH 8.0), 500 mM NaCl, 10% glycerol, S mM
MgCl,, 0.25 mM TCEP, 0.25 mM ORO, 0.1 mM FMN, and a
benzamidine protease inhibitor cocktail. Protein purification
involved Strep-Tactin Superflow Agarose (IBA) resin with on-
column ULP protease cleavage to remove the SUMO tag prior
to elution in buffer containing 2.5 mM desthiobiotin. The
protein was further purified using Superdex 75 (GE Health-
care) size exclusion chromatography. The final formulation
buffer consisted of SO mM HEPES (pH 8.0), 400 mM NaCl,
5% glycerol, 0.25 mM ORO, 1 mM EDTA, and 0.25 mM
TCEP.

Enzyme Activity Assay. 176 ligands were obtained from
ChemBridge in total, 79 and 97 from the lists ranked by either
docking score (EXPRESS Library “group 1”) or ligand
efficiency (EXPRESS Library “group 2”), respectively, in 10
mM DMSO. Compound purity was confirmed by quantitative
H' NMR and LCMS. All compounds were tested against
human DHODH by Reaction Biology Corporation (Malvern,
PA, USA). A fluorescence-based enzymatic activity assay was
conducted in aqueous buffer at pH 7.0 containing reaction
buffer (100 mM HEPES, 150 mM NaCl, 0.3% CHAPS, 0.5
mg/mL BSA, 0.1 M FMN, and 1% DMSO), S nM DHODH,
25 uM DHO, and 60 uM resazurin. The assay involved two
steps: (i) an enzymatic step over the course of 1 h at 25 °C to
allow the DHODH-catalyzed oxidation of DHO to ORO and
the conversion of resazurin to resorufin and (ii) the addition of
5 mM of stop mixture (100 mM HEPES and 10 mM ORO)
and detection of the fluorescent signal emitted by resorufin. A
DMSO-only (no inhibitor) control was used to establish 100%
DHODH activity. Compound 3 was used as a positive control
for DHODH inhibition at 1 M. Percent DHODH activity
was measured in duplicate for all ChemBridge compounds at
three different concentrations depending on the ranking group
from which the compound originated (see Supporting
Information). DHODH activity for all 79 compounds in
group 1 was evaluated at 1, 10, and 50 uM compound
concentration. DHODH activity for the other 97 compounds
in group 2 was evaluated at 10, 50, and 100 M compound
concentration. Biochemical ICs, was measured for compound
3 (ICso, propn = 1.06 nM) only during this initial character-
ization starting at 1 M using a 3-fold serial dilution to a final
concentration of 0.05 nM, yielding 10 data points.

https://doi.org/10.1021/acs.jcim.3c01358
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Biochemical 1C;, Characterization. We characterized
biochemical ICyy (ICso, propn) for compounds that reduced
the enzyme activity to less than 65% at the highest
concentration evaluated during the initial enzyme activity
assay. A fluorescence-based activity assay was repeated for 116
compounds that met this criterion. Compounds were tested in
duplicate 10-dose ICs, mode using 3-fold serial dilutions
starting at 10, 30, 50, or 100 M against human DHODH by
Reaction Biology Corporation (Malvern, PA, USA). Starting
concentrations for IC, measurements were based on the initial
enzyme activity measurements for the selected compounds.
For IC, characterization, a fluorescence-based enzymatic
activity assay was conducted under the same conditions as
described above. Compound 3 was again used as a positive
control for DHODH inhibition and was evaluated in a
duplicate 10-dose ICs, mode using 3-fold serial dilutions
starting at 1 uM (ICsy propu = 1.17 nM). Additionally, two
negative controls were used in these experiments: (i) a no-
inhibitor control to establish a baseline for 100% DHODH
activity and (ii) compound 3 with no enzyme. It was possible
to fit the sigmoidal dose response curves to the Hill equation
for 20 of the 116 compounds, for which a 10-dose regime was
measured.

MOLM-13 Cell Viability Assay. Cellular ICq,
(ICso, morm.13) was evaluated for the 20 compounds that
showed a sigmoidal response during biochemical ICg,
measurements. The purpose of the cellular characterization
was to gain early insights into the serum shift effects for these
compounds to aid in further lead optimization efforts. A cell
viability MTS assay was conducted by Reaction Biology
Corporation (Malvern, PA, USA). Staurosporine was pur-
chased from Sigma-Aldrich (St. Louis, MI, USA) as a positive
control reference. Cell viability was measured relative to that of
a DMSO-only control. CellTiter 96 Aqueous One Solution
Reagent was obtained from Promega (Madison, W1, USA) and
was used as the MTS assay reagent. MOLM-13 cells were
purchased from AddexBio (Pittsburgh, PA, USA) and were
cultured in RPMI-1640 media supplemented with 10% fetal
bovine serum (FBS), 10 ug/mL penicillin, and 100 pug/mL
streptomycin. Cell cultures were maintained at 37 °C under a
humidified atmosphere of 5% CO,. The compounds were
tested in a duplicate 10-dose ICs, mode starting at a
concentration of 30 uM, except compound 16 for which we
used a starting concentration of 10 uM due to the potent
response observed for this compound during biochemical ICs,
characterization. A starting concentration of 1 yM was used for
the staurosporine control. 25 uL of culture medium containing
5000 MOLM-13 cells were delivered to each well of a 384-well
plate. Approximately 20 min after cells were added, 5 uL of
each compound was added to the wells. The plate was allowed
to incubate at 37 °C for 96 h before 6 uL of the MTS reagent
was added. Cells were incubated for an additional 2.5 h at 37
°C following the addition of the MTS reagent, and then
absorbance at 492 nm was read using an Envision 2104
Multilabel Reader. The presence of viable cells in each well was
determined qualitatively by observing a colored formazan
product. ICs, was calculated by fitting data to the Hill
equation. If a fit to the Hill equation was not possible, we
attempted to extrapolate ICg, from a fit to a sigmoid function.

Computational ADMET Predictions. We used the
QikProp program in Schrodinger to obtain a preliminary
estimate of ADME data for our successfully identified
DHODH inhibitors. The normal evaluation option was
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selected instead of the fast option. If more than one prediction
was returned for a single compound, then the option with the
least amount of ADME outliers was selected based on the
“#stars” descriptor. If duplicate predictions had the same value
for the “#stars” descriptor, then the prediction with the lowest
SASA was used. We focused specifically on descriptors that
pertain to solubility, lipophilicity, and cell permeability for this
preliminary assessment. As a secondary assessment, with a
stronger focus on toxicology, we also evaluated these
properties using the admetSAR Web server for compounds
11-30.

B RESULTS

AML is a complex and prevalent disease with limited treatment
options. AML becomes exponentially more difficult to treat in
elderly populations, who frequently cannot tolerate aggressive
cytotoxic chemotherapies, which are currently used as the
standard-of-care. The discovery of DHODH as a target for
differentiation therapy in AML cases has been encouraging, but
few drugs have proven to be efficacious in treating this disease.
Unexpected side effects perturb therapeutic applications for
even the most promising DHODH inhibitors. The need to
identify novel inhibitors remains critical, with the ultimate goal
being the discovery of a lead that can be successfully
administered in a clinical setting. In this work, we conducted
a high-throughput virtual screening of the ChemBridge
EXPRESS-pick library to rapidly identify new compounds
with potential to act as DHODH inhibitors. We selected
molecules with favorable drug-like features in the earliest stages
of the drug discovery pipeline to promote future lead
optimization efforts. Remarkably, our results were obtained
without conducting enhanced sampling of the 6ET4 crystal
structure. Two distinctly different groups of compounds were
derived from virtual screening: one with the most promising
compounds by docking score (EXPRESS Library “group 17; 79
compounds total) and another with compounds selected based
on predicted ligand efficiency (EXPRESS Library “group 2”; 97
compounds total). In general, entries selected by the docking
score tended to be much larger and more nonpolar than those
ranked by ligand efficiency. Guided by in silico predictions, we
initially characterized 176 compounds with an enzyme activity
assay, followed by IC;, measurement in vitro. This isolated 20
novel DHODH inhibitors with biochemical ICy, values that
ranged from 91 nM to 54 uM. We were able to determine
cellular ICy, values for 10 of these 20 inhibitors that ranged
from 2.3 to 50.6 uM in MOLM-13 cells. A discussion is
presented for the most promising compounds identified in this
work: compounds 16 and 17.

Self-Docking Assessments. We selected a DHODH
conformation to use for molecular docking based on in-place
rmsd comparisons from a self-docking procedure. We
hypothesized that if Glide SP could accurately reproduce
experimentally determined binding poses for a cocrystallized
ligand, then this would likely increase its chances to reliably
predict binding poses for novel DHODH inhibitors. We
performed self-docking on PDB IDs 1UUO, 2WV8, 3ZWT,
40QV, SH2Z, 1D3H, SMVC, 6ET4, 60C0, 6QU7, 2BXV,
2FPT, 2FPV, 2FPY, and 3U20 and calculated in-place rmsds
for each respective cocrystallized inhibitor to evaluate
predictive accuracy for each model (Figure S1). 2BXV,
2FPT, 2FPV, 2FPY, and 3U20 were evaluated retroactively
after docking was performed. All but three DHODH models
(SH2Z, 60C0, and 2BXV) met our in-place rmsd cutoff of 2.0
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Figure 3. (A) Superimposition of the best (6ET4, green) and worst (60CO0, cyan) performing DHODH structures from self-docking assessments.
FMN and DHO are represented by orange and red spheres, respectively. An inhibitor bound to the ubiquinone binding site is shown with gray
spheres. The all-atom rmsd between these two structures is 0.7 A. Other panels illustrate a superimposition of the cocrystallized inhibitors (gray)

with the Glide SP predicted pose in (B) 6ET4 and (C) 60CO.
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Figure 4. Summary of Glide SP virtual screening results. Data are shown for approximately 800 docked known DHODH inhibitors (“ChEMBL
DHODH Actives”), the top 79 ChemBridge EXPRESS-pick compounds when ranked by docking score (“EXPRESS Library group 1”), and the top
97 ChemBridge EXPRESS-pick compounds when ranked by ligand efficiency (“Express Library group 2”).

A. Out of all of the models evaluated, the lowest and highest
in-place rmsds were observed for 3U20 and 60CO,
respectively. However, 3U20 was one of the structures that
was evaluated with self-docking after our initial round of in
silico screening was complete. The second best in-place rmsd
was for 6ET4, which is what we used for docking. While 3U20
does perform slightly better than 6ET4 by approximately 0.1 A
by in-place rmsd, 6ET4 was resolved at a higher resolution
than 3U20 (1.7 vs 2.2 A, respectively). Both are likely very
suitable candidates to use for docking, but we used 6ET4 for all
further data acquisition. Despite a large difference between the
in-place rmsds calculated for the cocrystallized inhibitors in
6ET4 versus 60CO0, both structures were resolved in very
similar conformations with a mutual rmsd of 0.7 (Figure 3A).
Glide SP closely reproduced the crystal inhibitor conformation
for 6ET4 (Figure 3B), but not that for 60CO (Figure 3C).
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Based on these results, we chose to use 6ET4 for all virtual
screening experiments reported here.

Virtual Screening Results. We used Glide SP to dock a
total of 461,106 LigPrepped small molecules from the
ChemBridge EXPRESS-Pick library into 6ET4. We selected
these compounds by prefiltering the EXPRESS library to
remove any PAINS and Lipinski violators as well as any
possible duplicate entries. A number of molecules evaluated in
the EXPRESS library returned multiple predicted binding
poses, but we considered only the lowest-scoring conformer.
We hypothesized that the docking score and/or ligand
efficiency would be reliable indicators of DHODH binding.
We obtained two distinctly different lists of DHODH inhibitor
candidates by extracting the molecules with either lowest
docking score (EXPRESS Library “group 1”) or lowest ligand
efficiency (EXPRESS Library “group 2”) (Figure 4). As a basis
for comparison, we docked approximately 800 previously
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reported DHODH inhibitors of similar sizes, including
compounds 1—-10, from the ChEMBL database. The docking
scores for the known actives ranged from —3.78 to —12.74
kcal/mol, with a mean docking score of —9.53 + 1.12 kcal/
mol. Almost all of the compounds in group 1, but not group 2,
had better docking scores when compared against scores for
known inhibitors. The docking scores for the most potently
predicted compounds in group 2 were comparable to the mean
docking score for known inhibitors. However, the vast majority
of group 2 performed poorly when judged by the docking
score. Ligand efficiency was also evaluated to standardize
docking scores against the size of each docked compound by
penalizing molecules with a higher number of heavy atoms.
The ligand efficiencies for the known actives and group 1 were
highly comparable, but the entirety of group 2 had better
ligand efficiencies than any of the known inhibitors or
compounds from group 1. In general, the docking score
tended to favor larger, nonpolar compounds (average MW =
434 g/mol; average log P = 4.83) that had a higher proclivity
to form interactions with various residues in the DHODH
binding pocket. We postulate that this observation was
attributed to the presence of aromatic rings in these molecules
that could form favorable 7—x stacking interactions within the
binding pocket. On the contrary, ligand efficiency tended to
favor smaller, hydrophilic compounds (average MW = 163 g/
mol; average log P = 1.07) by selecting against compounds
with more heavy atoms that may have attributed to a seemingly
favorable docking score. We elected to advance groups 1 and 2
for experimental validation to attain a better understanding of
which metric is a more reliable indicator of novel inhibitor
candidates.

We refined our selection of novel inhibitor candidates after
our initial evaluations of groups 1 and 2 with Glide SP were
complete. Exceptionally small molecules with a MW less than
130 g/mol were eliminated, and this condition exclusively
affected compounds in group 2. Five compounds in group 1
(ChemBridge IDs 5431088, 5423221, 5428235, 5429054, and
5425727) contained phenylpiperazinyl methyl (PPM) with a
terminal pyrene. Although we considered the PPM component
of these structures an attractive structural feature, we were
concerned about the large, bulky pyrene group because this
may increase the likelihood for nonspecific binding. To address
this, we substituted pyrene in these structures with
naphthalene and biphenyl groups and obtained docking scores
for these modifications. Not all naphthyl and biphenyl analogs
evaluated were part of the EXPRESS library, but all were
readily available through ChemBridge. Docking scores were
less favorable for all biphenyl and naphthyl substitutions
compared with the original pyrene structures. However, an
improvement in ligand efficiency was observed for the 2-
naphthyl substitutions (Table S1), which is what we ultimately
replaced these five compounds with. We visually inspected the
docked poses of all 176 compounds selected based on either
the docking score or ligand efficiency to confirm docking into
the active site of DHODH. All 176 compounds were
subsequently ordered from ChemBridge for in vitro character-
ization (Table S2). We retrospectively repeated docking of the
EXPRESS library by removing ORO from the 6ET4 structure
to evaluate how ORO influenced our original docking
assessment. Docking score and ligand efficiency increased
and became less favorable for essentially every molecule when
ORO was excluded (Figure S7). ORO likely benefited docking

as

by providing additional interactions for the docked ligand in
the ubiquinone tunnel.

Experimental Validation. We experimentally validated
the inhibition potential for the 176 compounds that performed
best in silico by first measuring the DHODH activity in a
fluorescence-based assay across three concentrations. A
baseline for 100% DHODH activity was established using a
negative control where reaction buffer was titrated in place of
an inhibitor. Additionally, a “no enzyme” negative control was
also conducted in parallel with the “no inhibitor” negative
control. 116 of these 176 compounds reduced DHODH
activity to less than 65% at the highest concentration evaluated
in the initial activity assessment and advanced to further
characterization in vitro. A sigmoidal response was observed
for 20 of the 116 compounds that met the 65% activity cutoff,
which allowed for the determination of biochemical ICj,.
Compound 3 was used as a positive control during the
biochemical IC, determinations. Another “no enzyme” trial
was used during biochemical IC;, measurements as a negative
control. Five of the 20 compounds originated from group 2
(Figure 5) and 15 compounds originated from group 1 (Figure

(¢]
NH, /@[CS\ s NH,
S
HoN N @:/O
11 12 13
N=NH
NH O>=o
s, A X
QO %
14 15

Figure 5. 2D structures of ChemBridge compounds selected by ligand
efficiency that exhibited some degree of DHODH inhibition in vitro.

6). Finally, we assessed possible serum protein shift effects for
these 20 compounds by measuring the cellular ICy, in a
viability assay with MOLM-13 cells. Compound 3 was again
used as a positive control in the cellular assays. Additionally,
staurosporine was used as a separate positive control in the
cellular experiments. A cellular ICg, could be detected for only
10 of these 20 compounds. Compounds 16 and 17 exhibited
the strongest biochemical and cellular IC5, measurements,
respectively.

60 of the compounds evaluated during the initial activity
assay failed to reduce DHODH activity to below 65% at the
highest concentration tested. 51 of these compounds
originated from group 2 and 9 compounds were from group
1. We conducted experiments to determine the biochemical
ICs, on 70 compounds from group 1 and 46 compounds from
group 2 that did perturb DHODH activity during our initial
assessment. However, biochemical ICg, could only be
determined for five compounds from group 2, with values
that ranged between 10.9 and 53.8 uM (Table 1). A cellular
ICy, value >10,000 M was measured for all compounds in
group 2. We hypothesize that the lack of inhibition observed
for the group 2 compounds can be attributed to the small size
of these molecules. All five group 2 compounds that we did
measure a biochemical ICg, for contained conjugated aromatic
rings, which could increase the likelihood of forming favorable
interactions within the binding site of DHODH. However, all
five compounds also contained hydrogen bond acceptors that
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Figure 6. 2D structures of ChemBridge compounds selected by the docking score that inhibited DHODH activity in vitro.

Table 1. Computational and Experimental Measurements for Compounds 11—15 from Group 2, which was Ranked Based on
Ligand Efficiency

compound no.

ChemBridge ID

docking score (kcal/mol)

ligand efficiency (kcal/mol)

ICs0, propn (#M)

ICs, morm-13 (M)

11 9139246 —7.854 —0.654 109 + 1.2 >10,000
12 4031207 —6.587 —0.659 13.6 + 2.0
13 4100819 —7.226 —0.657 172 + 1.8
14 4034945 —6.799 —0.680 179 £ 2.5
15 9292094 —8.108 —0.676 53.8 + 84

Table 2. Computational and Experimental Measurements for Compounds 16—30 from Group 1, which was Ranked Based on

Docking Score”

compound no.

ChemBridge ID

docking score (kcal/mol)

ligand efficiency (kcal/mol/N)

ICso, propn (nM)

ICso, moLm-13 (HM)

16 5538705 —11.644 —0.388 91.0 £ 9.5 >10,000

17 7907504 —11.652 —0.388 3919 + 554 2.3 + 0.004
18 7689962 —11.672 —0.402 448.8 £ 155.2 >10,000

19 7870764 —12.768 —0.355 596.6 + 88.5 17.5 + 8.3
20 6094366 —11.960 —-0.386 607.7 + 62.6 >10,000

21 7628744 —11.676 —0.334 665.7 + 78.8 1.5 £ 1.3
22 6327207 —11.963 —0.352 888.3 + 147.1 292 + 0.2
23 6314397 —11.599 —0.305 1001 + 134.2 21.8 £ 17.3
24 7417142 —11.663 —0.389 1014 + 7.8 50.6 + 214
25 9322249 —11.840 —0.382 1513 + 80.6 52 +02
26 7511661 —-11.733 —0.335 1698 + 164.0 144 £ 0.5
27 5261206 —10.888 -0.436 1946 + 342.9 13.8 £ 3.5
28 7132801 —11.662 —0.353 2197 + 232.6 >10,000

29 7595599 —11.805 —0.358 2612 + 1242 >10,000

30 7925560 —11.70S —0.468 2742 + 2524 12.6 + 2.3

“A curve fit could not be established for blank cells.

could make these more likely to interact nonspecifically.
Despite this presence of hydrogen bond acceptors, none of
these compounds violated more than one of Lipinski’s Rule of

Five or contained PAINS functional groups. It is possible that

raising the MW cutoff to a value greater than 130 g/mol or

allowing zero Lipinski violations may improve the success of
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identifying potential DHODH inhibitors by ligand efficiency
alone. Since ligand efficiency penalizes larger compounds with

a higher number of heavy atoms, we were not surprised that

group 2 did contain several low-MW compounds. We used

ligand efficiency in this work as a secondary metric to the

docking score in identifying potent ligand precursors. As such,
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Figure 7. Pairwise Tanimoto indices between the cocrystallized DHODH inhibitors used for self-docking (compounds 1—10), which do not
encompass an exhaustive list of DHODH inhibitors, and the compounds that an ICy, value was determined for during experimental validation

(compounds 11-30).

ligand efficiency serves as a better indicator of which
compounds could be further optimized and is best for making
comparisons between similarly sized structures.

Small molecules originating from group 1 were much more
successful at inhibiting DHODH than those in group 2.
Biochemical ICy, values were measured between 91 nM and
2.7 uM for 15 of the compounds originating from group 1
(Table 2). All 1S of these compounds reduced DHODH
activity to 65% or lower at a concentration of 1 yuM during the
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initial activity assessment, which far exceeded our described
cutoff criterion based on the activity at the highest evaluated
concentration of 50 yM for these compounds. Cellular IC,
values were measured between 2.3 and 50.6 yM for 10 of these
15 compounds (Table 2). Compound 17 had the best cellular
ICs, of 2.3 uM and the second best biochemical ICy, of 392
nM, which we claim makes this molecule the most promising
DHODH inhibitor presented in this work. Compound 16 had
the most potent biochemical IC;, of 91 nM but had
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J. Chem. Inf. Model. 2024, 64, 435—448


https://pubs.acs.org/doi/10.1021/acs.jcim.3c01358?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c01358?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c01358?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c01358?fig=fig7&ref=pdf
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.3c01358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Information and Modeling

pubs.acs.org/jcim

inconclusive results during the cell viability assay. The lack of
cellular activity for compound 16 could be attributed to the
symmetrical structure of this compound as well as the presence
of Schiff bases. Notably, Schiff bases in particular are
chemically reactive, which could have led to the formation of
an unexpected byproduct that could not allow for DHODH
inhibition. Alternatively, Schiff bases can also modify protein
structures by reacting with amino acids. These effects may have
culminated in unexpected promiscuous activity of compound
16 during the cellular characterization. Both compounds 17
and 16 reduced DHODH activity to approximately 15.6 and
8.8%, respectively, at 1 M, and originated from group 1.
These findings suggest that the docking score is a stronger
indicator of possible DHODH inhibitors over ligand efficiency
alone.

During our self-docking assessments, we used compounds $
and 6. Experimental validation revealed that compound 16 had
a better biochemical ICg, than compound 5 (ICsy propu =
0.21 uM") and compound 6 (ICsy propy = 1.6 ﬂMéz) by 2.3-
and 17.6-fold, respectively. Compound $ has been reported as
a brequinar-like inhibitor that occupies the same position in
the ubiquinone binding site, but, unlike compound 2, is not
sterically hindered by a methyl group at the ortho position of
its aromatic ring.'” Indeed, compound § is structurally unique
from compound 2. We calculated a Tanimoto index of 0.31
between compounds 2 and S. Fritzson and colleagues
proposed that this extra rotational freedom facilitates more
optimal interactions between compound S5 and conserved
DHODH residue R136. Based on the docked pose, it is
possible that compound 16 is an improvement over compound
S in terms of biochemical ICy, and structural similarity to
compound 2 (Figure 7). It is worth noting here that
compounds 1—10 are not an exhaustive list of DHODH
inhibitors, but included in this subset are several highly potent
and selective compounds for DHODH inhibition. It is
reasonable to hypothesize that the central alkane bond in
compound 16 would allow for significant conformational
flexibility that may have contributed to these improvements
over compound 5. Compound 6 has also been reported to
occupy the same binding site as compound 2 in multiple
DHODH isoforms facilitated by H-bond interactions with
R136.”” However, compound 6 did not potently inhibit
DHODH. The biochemical ICs, for compound 17 was better
by 4.1-fold compared to compound 6. It is possible that similar
interactions with conserved residues, such as R136, occurred
for compound 17 due to the rotational flexibility of prosthetic
groups that stem from the central indole ring of this inhibitor.
Furthermore, the predicted protein—ligand interactions that
contribute to GlideScore are not pairwise-decomposable. This
makes it impossible to validate the contributions from specific
atoms in the docked ligand or in the receptor. It is possible,
however, to calculate per-residue interaction scores between a
molecule and residues in the receptor grid. To better
understand the types of interactions we might expect with
compounds 16 and 17, we assessed the H-bond interaction
scores as a function of minimum distance to R136 (in the
docked pose) for compounds 1—30 (Figure S2). It was not
surprising that ligands predicted to bind closer to R136, such
as compounds 2 and §, have the lowest and most favorable H-
bond interaction scores. Compounds 16 and 17 were predicted
to bind around 1.9 and 2.2 A away from R136, respectively, but
a nonzero H-bond interaction score was only observed for
compound 16. We suspect that an H-bond interaction score of
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zero was calculated for compound 17 because all H-bond
acceptors in the ligand are facing away from R136 in the
docked pose. The H-bond interaction score between
compound 16 and R136 was 1.9-fold worse than that of
compounds 2 and S. Interestingly, compound 6 bound at a
comparable distance of 2.0 from R136, but had an improved
H-bond interaction score compared to compound 16 (by 1.1-
fold). Thus, we do not expect R136 to provide significant
intermolecular interactions that mediate an improved bio-
chemical IC;, for compounds 16 and 17, as has been reported
for previously identified inhibitors. The principal interactions
behind this observation most likely come from other residues
in the ubiquinone binding site.

Even though ligand efficiency did not predict inhibitor
candidates well, it was useful in guiding our selection of
naphthalene and biphenyl substitutions in the five PPM
structures from group 1 that contained a terminal pyrene
(Table S1). Prior to experimental validation, we chose not to
screen against compounds with a large, bulky pyrene group
because these are more likely to bind nonspecifically or have a
significant serum protein shift effect in cellular assays. The
PPM structures containing pyrene always had a more favorable
docking score relative to the naphthyl and biphenyl
substitutions because pyrene could participate in more
intermolecular interactions within the ubiquinone pocket of
DHODH. Ligand efficiency allowed us to standardize docking
score to the size of each PPM substitution, clearly and
quantitatively illustrating the 2-naphthyl analogue as the better
option. Compound 27 is the only one of the five PPM
compounds that demonstrated DHODH inhibition with a
biochemical and cellular ICs; of 1.9 and 13.8 uM, respectively.
The other four PPM structures (compounds 45, 61, 62, and
81) did not demonstrate DHODH inhibition in vitro (Table
S2). Although compound 27 lacked potency, this could be
compensated through future lead optimization efforts by
studying structure—activity relationships (SAR).

Ligand-Based Evaluations. Following experimental con-
firmation of our DHODH inhibitors, we returned to the
Schrodinger suite to computationally predict the ADMET
properties for compounds 11-30 using QikProp and
admetSAR (Table S3 and Supporting Information 2). The
latter was included to supplement QikProp predictions, which
do not heavily focus on toxicology. The primary observation
made from admetSAR was that compounds 16 and 17 may
cause mitochondrial toxicity but are not expected to be
nephrotoxic or experience acute oral toxicity. Further develop-
ment efforts using these structures will inevitably require
investigation of such pharmaceutically relevant properties that
were not an integral contribution toward the primary objective
of this study (i.e., identifying inhibitors). QikProp and
admetSAR are fast and computationally inexpensive ways to
set an in silico benchmark for solubility, absorption, and
toxicology. We calculated QPlogS predictions for compounds
11-30 (Figure S3) after employing a LigPrep procedure to
generate conformers at pH 7.4 + 1.0. Predictions for these
measures should ideally have a value between —6.5 and 0.5
mol dm™. This was observed for compounds 16 and 17,
among others. Group 1 compounds generally had a higher
predicted aqueous solubility than group 2 compounds. We also
calculated the octanol—water partition coefficient (log P)
(Figure S4). QikProp recommends a log P (QP log P) range
between —2.0 and 6.5, with higher values denoting more
hydrophobicity. These values are in consonance with good
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solubility profiles for our compounds, which was substantiated
experimentally.

To complement our experimental assessment with MOLM-
13 cells, we also evaluated the permeability using QikProp. The
program models transport across the gut-blood and blood—
brain barriers based on predicted Caco-2 and MDCK cell
permeability. For both models, QikProp suggests that
predicted rates in excess of 500 nm/s denote good
permeability. In the Caco-2 model, only compounds 15, 18,
23, and 25 had predicted permeability rates of less than 500
nm/s (Figure SS). All permeability rates predicted by the
MDCK model were lower than those predicted by the Caco-2
model, which is consistent with what we would have expected
for these barriers (Figure S6). Compound 16 had the highest
predicted permeability rates of 7924 and 4634 nm/s in both
the Caco-2 and MDCK models, respectively. Several
compounds had predicted permeability rates greater than
1000 nm/s. These favorable predictions for compounds 16 and
17 further support continued development efforts toward these
structures as DHODH inhibitors. Unfortunately, these results
did not explain why a cellular IC;, could not be measured for
compound 16 in the MOLM-13 assay. If anything, they
suggest that a lack of cell permeability is likely not the cause of
our inability to measure the cellular ICy, values for some
compounds. A clear explanation for this phenomenon remains
elusive. It is possible that the symmetric azide bonds in
compound 16 experience cleavage under acidic conditions.
Another more likely possibility is that compound 16 binds
DHODH nonspecifically and interacts with proteins present in
FBS or within the cell itself. Compound 17 was not subject to
similar effects, even though it had a worse IC, than compound
16 during biochemical characterizations.

Finally, we assessed the relative 2D structural similarity for
all compounds that an ICy, was measured for by calculating
pairwise Tantimoto indices (Figure 7). This assessment
suggested that the hits reported in this work are structurally
unique from the known DHODH inhibitors used in self-
docking (compounds 1—10) and from one another. A notable
exception, however, was between compounds 22 and 23,
which had a pairwise Tanimoto index of 0.82. All other
compounds had a Tanimoto index of 0.55 or less, which fell
below our cutoff value for similarity. Out of all our hits,
compound 29 and compound 3 (BAY 2402234) had the
highest similarity with a Tanimoto index of 0.54. Compounds
11-15 from group 2 had the lowest pairwise Tanimoto
indices. Additionally, the most successful hits (compounds
11—30) tended to carry symmetric and heterocyclic features in
their structure.

To summarize, we present 20 novel DHODH inhibitors that
have been validated in vitro by determination of ICsy; 15
inhibitors from group 1 and five from group 2. 10 of the 15
inhibitors from group 1 perturbed the survival of MOLM-13
cells. None of the inhibitors from group 2 reduced MOLM-13
cell viability; however, the high ligand efficiency of these
compounds does indicate space for further optimization. It is
probable that some degree of improvement could be observed
by carefully increasing the molecular weight of group 2
compounds in future directions. Such changes should be
introduced rationally to allow for target-specific optimization
with DHODH. Additionally, group 2 in its current form could
serve as a starting point for fragment-based drug design
(FBDD) efforts. A high ligand efficiency does most often
depend on ligand size, so the output of a potential FBDD
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approach would likely lower ligand efficiency at the cost of
improved efficacy as a DHODH inhibitor.”>** Compounds 16
and 17 were the most potent inhibitors out of all of the other
compounds evaluated in this work. The biochemical ICg, for
compound 16 (ICsy, propn = 91 nM) was better by more than
4-fold compared to that of compound 17 (ICsy propu = 392
nM). However, the cell viability assay was inconclusive for
compound 16. Compound 17 (ICsy porp13 = 2.3 #M) was
>2-fold more potent than the next best hit from the cellular
viability assay, compound 28.

B CONCLUSIONS

The mitochondrial enzyme, DHODH, is a pivotal component
in de novo pyrimidine biosynthesis."> Cancerous myeloid
progenitors, such as those implicated in AML, vitally rely on
this pathway to provide the necessary energy for abnormally
increased proliferation rates.'”'* The therapeutic potential of
inhibiting de novo pyrimidine biosynthesis by targeting
DHODH has been a research focus for decades.'® Unfortu-
nately, many known compounds that inhibit DHODH have
adverse side effects that significantly attenuate their therapeutic
potential or warrant further investigation.”* There remains
strong interest in identifying novel inhibitors that can act alone
or synergistically with other treatments to improve AML
survival rates. We used SBDD to augment the process of drug
discovery and lead optimization.

Through our virtual screening approach, we successfully
identified 20 structurally diverse DHODH inhibitors, 10 of
which had M potency in MOLM-13 cells. The most potent
inhibitors reported here include compounds 16 and 17, which
are both symmetric and aromatic compounds. These structural
features could be used as novel scaffolds for future molecules
that may even more potently inhibit DHODH. Compound 16
had the best biochemical ICy, of 91 nM and also exceeded the
biochemical ICy, of three well-known DHODH inhibitors that
were used in our initial self-docking assessments: compound 1
(ICs0, propn = 130 nM), compound $§ (ICsy propy = 210
nM), and compound 6 (ICsy propy = 1.6 £M). Although the
biochemical IC;, for compound 17 was more than 4-fold lower
than that of compound 16, compound 17 performed the best
in our cell viability assay relative to the other hits (ICs, porm.13
= 2.3 uM). Future work will focus on resolving the DHODH
structure in complex with compounds 16 and 17 to gain a
better understanding of the principal interactions that drive
binding of these inhibitors. Nonetheless, compounds 16 and
17 have great potential to act as scaffolds for future inhibitors.
We also feel that it is important to address the rather small size
of the EXPRESS pick library. While we did successfully identify
novel DHODH inhibitors in this work, an alternative strategy
would have been to consider ultra large compound libraries
with millions, or preferably billions, of compounds by
implementing machine learning/deep learning techni-
ques.”””®” This could have increased the likelihood that
more inhibitors would have been identified from our initial
round of screening. Even so, this could have increased our
chances of identifying potential false positives. The EXPRESS
library has been curated to represent drug-like molecules,
which does allow us to still draw meaningful conclusions in the
presented form.

In summary, we found that the docking score was a strong
indicator of small molecules that had potential to act as
DHODH inhibitors in vitro. Ligand efficiency appeared to
have a bias for smaller amphipathic molecules that likely
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interact nonspecifically. Docking score better selected for
molecules with poses that more completely occupied the entire
DHODH binding pocket. Future work will focus on SAR of
these hits and will evaluate the accuracy of our docked poses
using experimentally determined structures cocrystallized with
these inhibitors. Already, the hits reported in this work provide
encouraging drug candidates for the inhibition of DHODH
and may eventually lead to discoveries with implications for
the treatment of AML.
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