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Abstract

We recently reported A#-substituted 3-methylcytidine-5-a,8-methylenediphosphates as CD73
inhibitors, potentially useful in cancer immunotherapy. We now expand the structure—activity
relationship of pyrimidine nucleotides as human CD73 inhibitors. 4-Chloro (MRS4598 16; K;
=0.673 nM) and 4-iodo (MRS4620 18; K; = 0.436 nM) substitution of the A*-benzyloxy

group decreased Kj by ~20-fold. Primary alkylamine derivatives coupled through a p-amido

group with a varying methylene chain length (24 and 25) were functionalized congeners, for
subsequent conjugation to carrier or reporter moieties. X-ray structures of hCD73 with two
inhibitors indicated a ribose ring conformational adaptation, and the benzyloxyimino group (£
configuration) binds to the same region (between the C-terminal and N-terminal domains) as
AA-benzyl groups in adenine inhibitors. Molecular dynamics identified stabilizing interactions and
predicted conformational diversity. Thus, by A#-benzyloxy substitution, we have greatly enhanced
the inhibitory potency and added functionality enabling molecular probes. Their potential as
anticancer drugs was confirmed by blocking CD73 activity in tumor tissues in situ.

Graphical Abstract
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INTRODUCTION

In cancer immunotherapy, the body’s immune system is mobilized to attack and eliminate

a cancerous tumor. In this context, immunosuppresive adenosinergic signaling in the tumor
microenvironment attenuates the therapeutic effect.1=3 Cyclic AMP-dependent signaling
through the Aoa and A,g adenosine receptors (ARs) on immune cells (T cells, dendritic
cells, NK cells, macrophages, and neutrophils) prevents their activation. Adenosine also
enhances the immunosuppressive effects of myeloid-derived suppressor cells and regulatory
T cells (Treg) as well as angiogenesis and tumor cell invasion. Therefore, a means of
weakening the extracellular adenosine effects would be beneficial in cancer immunotherapy
either as a co-therapy or as a monotherapy. Two approaches are currently being explored

to counteract adenosine effects in the tumor microenvironment, e.g., through preventing

its production from AMP by ecto-5’-nucleotidase (also known as CD73) or by blocking

its receptor interaction with specific antagonists. Various clinical trials in which a small
molecule CD73 inhibitor or an anti-CD73 monoclonal antibody is combined with cancer
immunotherapy, such as anti-PD-L1 therapy, are planned or in progress.-11 CD73

mouse knockout also inhibited tumor angiogenesis, which was dependent on multiple AR
subtypes.12

CD73 also mediates both adenosine-dependent and -independent effects in various organs,
and CD73 blockade may produce beneficial or deleterious effects.13 Rare genetic defects
resulting in nonfunctional CD73 in humans cause widespread calcification in arteries and
joints.1* Also, pathological downregulation of CD73 is associated with postmenopausal
bone loss.1> CD73 inhibitors may eventually also prove to be useful in treating
neurodegeneration and other central nervous system disorders, such as Parkinson’s disease,
early Alzheimer’s disease and epilepsy, or fibrosis, or increasing the myocardial immune
response to infections.16-21 Nevertheless, the presence of CD73 was found to be important
in neuronal development.22:23 |t should be noted that there are interspecies differences in the
effects of a lack of CD73. Knockout of this enzyme in the mouse does not produce the same
phenotype of calcification and arteriomegaly as seen in humans lacking CD73.24
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The affinity of the prototypical ADP-competitive CD73 inhibitor adenosine-5"-a, 5
methylenediphosphonate [AOPCP, 1 (Chart 1)] has been enhanced in recently reported
inhibitors.11:25-28 Bhattarai and co-workers included Af-benzyl and 2-chloro substitution of
the adenine moiety to increase the inhibitory potency to subnanomolar levels.25-27 Several
other classes of nucleotides and nucleotide mimics as CD73 inhibitors have been reported.
For example, a pyrazolo[3.4-6]pyridine nucleotide (6a, Quemliclustat) was recently reported
by Arcus Biosciences and has entered a Phase 1 clinical trial for advanced pancreatic cancer
in 2019 (ClinicalTrials.gov: NCT04104672, accessed November 30, 2021).11:29.30 Op-5244
6b was recently reported by ORIC Pharmaceuticals.® Compounds 6a and 6b display oral
bioavailability. Also, substitution of the phosphonate moiety with malonate groups (7) or
introduction of novel chemotypes as CD73 inhibitors has produced significant inhibitory
potency.31-33

We recently extended this approach by replacing the adenine-like nucleobase entirely,

in pyrimidine 5"-nucleoside 3-methylcytidine-5’-a,8-methylenediphosphonate derivatives,
such as compound 9.28 The cytidine 3-methyl group that is common to these potent
inhibitors was shown previousy to completely block affinity at the UDP-selective P2Y¢g
receptor.3# These N4-substituted 3-methylcytidine-5"-a,Z-methylenediphosphonates do not
produce adenosine derivatives as nucleoside metabolites, i.e., making AR activation less
likely. We now further explore the structure—activity relationship (SAR) of these pyrimidine
nucleotides as inhibitors of human (h) CD73.

RESULTS AND DISCUSSION

Chemical Synthesis.

Compounds 1-3, 9, 75, and 76 (Table 1) were prepared as previously reported.26-28 As
shown in Scheme 1, synthesis of compounds 10-21 required the preparation of various aryl-
substituted benzyloxyamines (32—43). These benzyloxyamines were produced following
the previously reported procedure,3*3° starting from the corresponding substituted benzyl
bromides. Similar methods were used to prepare phenylethyl and phenylpropyl homologues
(structures not shown) of the benzyl derivatives.

3-Methylcytidine (44) was prepared using iodomethane in dimethylacetamide (DMAC)
without adding a base. Reaction of 44 with the desired substituted benzyloxyamine (32—43)
in pyridine at 80 °C gave the desired intermediates 45-56, respectively, in good yields. 5”-O-
Phosphonylation of the latter was performed using methylenebis(phosphonic dichloride) in
trimethyl phosphate to afford the desired final compounds 10-21, respectively, in acceptable
yields.

The envisaged synthetic route for the preparation of derivatives 22-25 is shown in Scheme
2. Hydrolysis of the methyl ester moiety of compound 56 using sodium hydroxide
furnished the p-carboxybenzyl nucleoside intermediate 57, which was 5’-phosphonylated
as previously indicated to afford 22.

Starting from compound 57, we planned to prepare its methylamide derivative, using
HATU and DIPEA as a coupling agent and base, respectively, to condense the carboxylic

J Med Chem. Author manuscript; available in PMC 2023 February 10.
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acid moiety with methylamine. LC-MS of the isolated product indicated that multiple
acetylations had occurred, i.e., 58 (probably because of the presence of acetic acid traces
used during the previous workup). 58 was directly reacted with ammonia to remove

the acetyl groups and form an amide 59. Nucleoside product 59 was used to prepare

final phosphonate derivative 23. The two amine congeners 24 and 25 were synthesized

by amination of 56 with ethylenediamine and 1,4-diaminobutane, respectively. The crude
nucleoside amides thus obtained were directly subjected to 5-O-phosphonylation without
further purification, but using an increased amount of methylenebis(phosphonic dichloride)
to ensure full conversion of the starting compounds to the desired products.

Molecular modeling analysis based on the X-ray co-crystal structure of 21 with soluble
hCD73 (see below) suggested that the introduction of a carboxylic group with a two-carbon
spacer from the benzamide moiety may improve the activity through formation of an
H-bond with a lysine residue present in the pocket of the enzyme. On the basis of these
predictions, we synthesized compounds 26 and 27 starting from 57 and S-alanine ethyl ester
hydrochloride, as reported in Scheme 3.

A methanocarba ([3.1.0]bicyclohexane) substitution of the ribose ring in nucleosides and
nucleotides allows for the pre-establishment of either a north (N) or a south (S) pseudoribose
conformation depending on the position of the cyclopropane ring fusion, tailored for the
target protein interaction.3® An (S)-methanocarba analogue in this chemical series was
already shown to be a weak CD73 inhibitor.28 Furthermore, inspection of the reported

CD73 X-ray structures indicates that an (N)-ribose conformation is present.3” Therefore,
(N)-methanocarba analogues 28 and 29 were prepared (Scheme 4) by adapting reported
procedures.38:39 Sygar protection by acetylation was performed using the standard method
with acetic anhydride to afford intermediate 65. Next, the 4-ketone moiety was first activated
through reaction with 2,4,6-triisopropylbenzenesulfonyl chloride (TPSCI), followed by
nucleophilic displacement by 4-Cl-benzyloxyamine (38) to afford compound 66. N-3
methylation of 66 was performed as described above to afford 67, which was followed

by acetyl group removal using a methanolic ammonia solution to afford intermediate 68 in
good yield. The synthesis of methanocarba intermediate 67 required addition of K,CO3 as

a base, as there was no free 4-amino group on the cytosine moiety that could stabilize the
alkylation transition state. The two (N)-methanocarba-5"- O-a,8-methylenediphosphonates
28 and 29 were prepared starting from the corresponding precursors 64 and 68, respectively,
using a previously reported method.38

We also envisioned the preparation of a urea analogue (30); its synthesis is highlighted

in Scheme 5. Benzylamine was activated through reaction with 1,1”-carbonyldiimidazole
(CDI) following the reported procedure© to afford compound 69. To avoid side reaction
products, cytidine was protected as its 2”,3",5’-tri- C-acety! derivative (70) through

the standard procedure with acetic anhydride. During this reaction, we also observed

the formation of the 2”,3",5’-tri- O-acetyl-A*-acetyl derivative, which was isolated and
converted into 70 in a microwave reactor in methanol at 100 °C. N-3 methylation was
performed as already described, and reaction of 71 with 69 in the presence of triethylamine
furnished intermediate 72. Next, sugar deprotection using a methanolic ammonia solution,
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followed by phosphonylation, gave the desired product 30. 5-F-UDP (31) was synthesized as
reported previously? and was used for a comparison with its analogue 5-F-UOPCP (3).

In Vitro Biological Activity.

We describe here the compounds’ in vitro CD73 inhibitory activity before introducing the
extensive structural probing of their protein interactions (below). The inhibitory potency

of the various nucleotide analogues was determined with soluble hCD73 by previously
reported methods (Table 1).41-43 Many of the analogues were significantly more potent than
reference compound A#-benzyloxy-3-methylcytidine-5-a,8-methylene-diphosphonate 9, as
we previously reported.28

Halogen substitution of the benzyl ring of compound 9 produced a significant decrease

in the K value at soluble hCD73. A chloro substitution at ¢-10 or m-11 positions

produced a 6-7-fold increase in potency, while that of p-chloro analogue 16 was 16-fold
enhanced (Figure 1A). Halogen substitution at the para position showed the following
order of potency: | and Br > Cl > F. Thus, p-iodo analogue 18 displayed a Kj value of
0.436 nM (Figure 1B). Other neutral para-substituted analogues 13, 14, and 21 exhibited
high potencies (0.5-3.5 nM). A p-pentafluorosulfenyl group, which is both highly electron-
withdrawing and strongly lipophilic, provided a K; of 0.511 nM (20). A comparison between
methyl ester 21 and free carboxylate 22 indicated that a neutral group is preferred at the
benzyl ring para position, although the carboxylate was still suitable as a linking group

to form potent primary amino congeners 24 and 25. The corresponding primary amide 23
was 2-fold weaker than methyl ester 21. The K; values of primary amine congeners 24 and
25 indicated that the two-methylene spacer of 24 (0.626 nM) was preferred. These amine
congeners might be useful for conjugation to a variety of carrier or reporter moieties such
as fluorophores for enzyme visualization or characterization, solid supports for affinity
chromatography, and nanoparticles for altering pharmacokinetic and pharmacodynamic
properties.

An (N)-methanocarba analogue 29 of p-chloro derivative 16 was an 88-fold weaker
inhibitor. Also, simple uridine analogue 28 displayed <50% inhibition between 0.03 nM and
50 4M, compared to the uridine analogue with a K; value of 1830 + 530 nM at rat CD73.28
Thus, the enforcement of an N conformation by the [3.1.0]bicyclohexyl ring system is

not potency-enhancing compared to ribose in this CD73 inhibitor series, but it does allow
moderate inhibition (K; =59 nM in 29) when favorable functionalization is present, e.g.,
4-(p-chlorobenzyloxyimino). By comparison, the (S)-methanocarba analogue of 28 in the
simple uridine series was inactive at 1 M, but optimized analogues were not prepared.28
The X-ray structures of bound nucleotides in CD73 display an N ribose conformation,
consistent with the inhibition by 29.27:37

An N-benzyl urea derivative 30 (71.5 nM) was only a moderately potent CD73 inhibitor
compared to 9, indicating the advantage of the 4-oxoimino linkage. One 5’-diphosphate
analogue, 5-fluorouracil derivative 31, was found to be a weak inhibitor with a Kj of 2.54

LM,
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Later, on the basis of the obtained crystal structures, a molecular modeling investigation
suggested that introduction of a S-alanine moiety connected to the carboxylic acid of
compound 22 could improve the affinity of our derivatives. Consequently, derivatives 26

and 27, which possess B-alanine-ethyl ester and B-alanine moieties, respectively, were 5-fold
more potent than 22.

The off-target activity of selected inhibitors (9, 16, and 18) was determined by the
Psychoactive Drug Screening Program (PDSP, The University of North Carolina at Chapel
Hill, Chapel Hill, NC).%* The only hit among 46 receptors, channels, and transporters
assayed was a weak binding inhibition by p-chloro analogue 16 at the oy receptor (K= 2.61

+0.64 /M).

X-ray Crystallographic Structures.

X-ray crystal structures of hCD734° (constructs in Figures S1 and S2) complexed with the
two potent 5”-a,B-methylenediphosphonate inhibitors 16 (with a 4-Cl-O-benzyl substituent)
and 21 (with an O-benzyl 4-methyl ester substituent) were determined in the open and
closed states (Table 2 and Figure 2). The two compounds have very similar binding modes
(Figure 2B). In both of these A-methyl analogues, the benzyloxyimino group adopts an £
configuration, which is most clearly defined in the high-resolution structures of the open
crystal forms (Figure S3). In the closed forms, the electron density is well-defined for the
binding of 21, indicating high occupancy and no significant conformational flexibility. In
the complex with 16 in the closed state, the density of the 4-CI- O-benzyl substituent is less
well-defined. This may be a result of flexibility and/or of the generally poorer quality of this
data set with a Wilson B factor of 93.6 A2 and a resolution of 2.9 A.

Key features of the interaction of the two inhibitors with CD73 are the polar contacts of

the bisphosphonate and ribose groups with both domains (Figure 2A). These interactions
closely resemble those of the AOPCP derivatives. The NH, group of the Asn390 side chain
forms hydrogen bonds to the ribose 2”-OH and the carbonyl oxygen of the 3-methylcytidine
base (Figure 2B). The carbonyl oxygen thus takes the position of N-3 in the adenine base of
AOPCP derivatives. A further important interaction is the hydrophobic stacking interaction
of the nucleobase with Phe417 and Phe500. The A# substituents bind at the cleft between
the two domains and interact with both domains, thus stabilizing the closed state (Figure
2C). The cleft has mixed polar and apolar character at this site, but the interactions of the
A substituents are mostly hydrophobic, which is quite similar to the situation for the Af
substituents in AOPCP derivatives. An exception is the hydrogen bonding interaction of
GIn88 with the ester carbonyl group of 21.

A comparison to the complex structures of CD73 with AOPCP derivatives 4—6 shows an
overall similar binding mode (Figure 2D). The S-phosphonate groups superimpose well,

but shifts of up to ~1 A are observed for the a-phosphonate, ribose, and base moieties.
These differences are caused by a small change in the domain orientation and in addition

by local conformational adaptations, in particular, of Phe417 and GIn88. The conformational
differences avoid a close contact of GIn88 with the benzyl substituents of 16 and 21 and
with Phe417. Indeed, a comparison of pyrimidine inhibitors 16 and 21 bound to the open

J Med Chem. Author manuscript; available in PMC 2023 February 10.
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and closed states shows that the nucleobase, Phe417, and Phe500 are positioned closer to the
side of GIn88 in the closed states than in the open states, where GIn88 is not nearby due to
the domain orientation (Figure S3C, F). The binding mode observed for pyrimidine-based
compounds 16 and 21 matches most closely conformation A of 6a with regard to the
positions and binding modes of the nucleobases and the A# or AP substituents. The binding
modes of 16 and 21 to the open state match that of the unsubstituted CMP substrate of
Protein Data Bank (PDB) entry 7PA446 (Figure S3). Small differences are observed in the
base position likely resulting from the A# substitution.

Molecular Modeling.

The crystallographic complex of hCD73 in the closed form bound with compound 16 was
subjected to molecular dynamics (MD) simulations (three replicates of 50 ns each) to assess
the stability of the binding mode over time. During most of the simulation time, the ligand
maintained a geometry compatible with a = stacking interaction with Phe417 and Phe500
and the pattern of H-bonds observed in the X-ray state. Asp506 was engaged in H-bonding
with the 2”- or 3"-hydroxyl groups during nearly all of the simulation time (99% on average
over the three replicates). Asn390 interacted with the ribose 2”-hydroxyl group or with the
carbonyl at position 2 of the cytosine for 80% of the simulation time. An H-bond between
His118 and the B-phosphonate was found on average in 69% of the trajectory time, and

an H-bond between Arg354 and the a-phosphonate occurred during 89% of the trajectory
time. Arg395 was engaged in an H-bond with the a-phosphonate or S-phosphonate in 81%
of the simulation time on average (Table S2 and Figure 3B). Compound 16, and especially
its nucleotide-like scaffold, remained close to its original position during the simulation: the
ligand’s heavy atom root-mean-square deviation (RMSD) relative to the X-ray pose showed
an average value of 2.12 + 0.60 A (+standard deviation) over the three replicates (Table

S2), with lower values in the case of replicate 2 (average of 1.70 A) but reaching maximum
values of 3.70 and 3.17 A in replicates 1 and 3, respectively. Notably, the RMSD reached
higher values in the second half of the simulation in replicates 1 and 3, as shown in Figure
3C, and the last frames of these two trajectories showed a deviation of the p-Cl-benzyl
substituent compared to replicate 2, which resembled the initial state (Figure 3A). The
per-atom root-mean-square fluctuation (RMSF) highlights that the atoms deviating more
from the average position belong to the p-Cl-benzyl substituent (Figure 3D). The RMSD of
the nucleotide scaffold alone (all heavy atoms except the p-Cl-benzyl substituent) fluctuated
with a small deviation around the lower average value of 1.71 + 0.27 A (Figure 3E).

To investigate the conformational exploration of the p-Cl-benzyl substituent of 16 within the
surrounding protein environment, we clustered the trajectories on the basis of the RMSD

of this moiety (Figure 4A). In particular, the trajectories were combined, then aligned
superposing the ligand nucleotide-like scaffold to its initial conformation, and sampled every
200 ps. The RMSD of the p-Cl-benzyl substituent heavy atoms was used as a parameter

to cluster the trajectories using Wordom’s QT-like method.#” The most populated clusters
(including at least 5% of total frames) were considered, resulting in three examples. Cluster
1 presented the ligand in a conformation comparable to the X-ray structure (Figure 4C),

and it collected the initial frames of replicates 1 and 3 and approximately the entire

replicate 2 (cluster population equal to 47% of the whole combined simulations). In this
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conformation, the p-Cl-benzyl substituent was surrounded (distance of <4 A) by GIngs,
Aspl21, Asn186, Pro416, and Phe417 in at least 40% of the cluster frames (Figure 4B).
Cluster 2 (cluster population of ~24%) collected an ensemble of intermediate conformations
from replicate 1 and those explored in the second half of replicate 3: the ligand p-Cl-benzyl
substituent pointed toward the N-terminal domain of hCD73 (Figure 4E) and was in contact
with Asp121 and Asn186 in almost all of the cluster frames (Figure 4D). Cluster 3 was
represented during only the second half of replicate 1 (cluster population of ~19%), and

in this conformation, the p-Cl-benzyl substituent faced a cleft between the N-terminal and
C-terminal domains opposite the cleft occupied by the the p-Cl-benzyl substituent in the
X-ray structure (Figure 4G). The substituent was mainly (>40% of the cluster frames) in
contact with Asn186, Pro187, Phe500, and Asn503 (Figure 4F). It is interesting to note

that in the described clusters, the p-Cl-benzyl substituent was often in the proximity of an
Asn or GIn residue, which could potentially stabilize the moiety through polar interactions.
Moreover, the flexibility of the p-Cl-benzyl moiety was not surprising, considering that two
alternative positions comparable to those identified in clusters 1 and 3 have already been
shown in the X-ray structure of inhibitor 6a bound to hCD73 (PDB entry 6Z9D11), whose
1-(2-fluorophenyl)ethyl substituent is reported in two alternate states (Figure S7). Also, in

a comparison of the binding modes of different AOPCP derivatives, the N® substituent

was positioned at different sites of the cleft between the two domains and often had

poorer density and higher B-factors indicating flexibility.26:27.44 The ligand conformation
represented in cluster 2 seemed to be an intermediate state between these two opposite
conformations, and the transition from cluster 1 to cluster 3 conformations going through
cluster 2 can be seen in Video S1 (trajectory of replicate 1). The three conformations appear
to mainly originate from the three rotational preferences around the N-O—C-C torsion angle
(Figure S8).

Following the results of the compound 16 simulations, we applied the same simulation and
analysis protocol to compound 18, the most active of the series. In this case, the complex
between the enzyme and the compound was obtained by building the ligand in place of
compound 16, i.e., substituting the CI atom with I. The same pattern of H-bonds observed
for compound 16 was also maintained in this case, with persisting H-bonds with His118,
Arg354, Asn390, Arg395, and Asp506 (Table S2 and Figure 5B). Compound 18 showed
an increased geometrical stability, with an average heavy atom RMSD of 1.62 + 0.41 A
over the three replicates. In this case, the average RMSD of the whole ligand was closer to
the RMSD of the nucleotide scaffold (RMSDgye = 1.57 + 0.28 A): the p-1-benzyl moiety
deviated less from its initial conformation, just in the last frames of replicates 2 and 3
(Figure 5A, C-E). The cluster analysis identified a main cluster collecting ~90% of the
frames, with the ligand oriented as in the starting pose (Figure S5B, C). In a second cluster
(population of ~7%), the p-I-benzyl moiety pointed toward the N-terminal domain of the
enzyme, surrounded principally by Asp121, Asn186, and Pro187 (Figure S5D, E), similar
to the previous observation of cluster 2 of compound 16. Interestingly, the presence of Gin
or Asn surrounding the p-1-benzyl substituent was confirmed in both clusters, with these
residues potentially able to interact with and stabilize the | substituent of the highly potent
compound 18.
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Analogously, we analyzed the X-ray structure of the complex between hCD73 and
compound 21, and we observed the presence of two main clusters (Figure S6A): cluster

1 (population of ~49%), collecting the first part of replicates 1 and 3 and almost all of
replicate 2, where the p-methoxycarbonyl-benzyl maintained the original position (Figure
S6B, C), and cluster 2 (population of ~40%). Cluster 2 appeared in the second part of
replicates 1 and 3 and showed a conformation of the substituent pointing toward the
enzyme’s N-terminal domain (Figure S6D, E), which is similar to the intermediate state
described in clusters 2 of compounds 16 and 18. The evolution of replicate 2 in its

final frames (Figure 6A and Figure S6A) can be described by a further small cluster
(population of ~3%), where the p-methoxycarbonyl-benzyl was rotated ~180° around the
benzyloxy bond to interact with Asn503 (Figure S6F, G). Regardless of the flexibility and
conformational variability of the p-methoxycarbonyl-benzyl substituent, the nucleotide-like
scaffold was stable, as assessed by an average RMSD of 1.20 + 0.28 A (Table S2 and Figure
6C-E), which correlated with H-bonds to His118, Arg354, Asn390, Arg395, and Asp506
being maintained during most of the simulation time (Figure 6B). The methyl ester of
compound 21 is an H-bond acceptor, and in fact, it engaged in additional transient H-bonds
during the simulations, i.e., with GIn88 and Asn186 (average persistence over the three
replicates of >10%).

In addition to analyzing the benzylic substituent behavior and the persistence of interactions
typical of the bound state, we also exploited the collected MD trajectories to monitor the
puckering of the ribose ring in a dynamic environment. In fact, the X-ray structures of the
complexes between hCD73 and compound 16 and 21 showed that the ligands assumed an
N conformation in the bound state, as shown by their phase angle of pseudorotation (#)
and degree of deformation from the plane (vinax) reported in the pseudorotational cycle in
Figure 7B). This agrees with the general trend of nucleotide-like compounds in the hCD73
active site already deposited in the PDB (Figure 7D). The N puckering was maintained by
all of the compounds during the MD simulations, where the ring only transiently assumed
the S conformation (Figure S9A, C, E). This suggested application of a chemical constraint
of the ribose ring to maintain the enzyme-preferred N conformation. Therefore, the ribose
furan ring was substituted with a bicyclo[3.1.0]hexane (N)-methanocarba moiety, driven
by the previous successful experience provided by this bicyclic structure to freeze the
puckering of Az adenosine receptor agonists in their receptor-preferred N conformation,36:48
thereby increasing the affinity. However, compound 29, the (N)-methanocarba analogue of
compound 16, did not show an expected increase in binding affinity (Kj ~ 59 nM) but
instead was ~90-fold less potent than ribose analogue 16 (K ~ 0.67 nM). This could be
explained by the protein environment hosting the O4” position of the ligand: the X-ray
structure of the compound 16-hCD73 complex showed an H-bond between this atom and
Arg395, which was not directly present in the case of compound 21 and did not persist
during MD simulations. However, an examination of residues in contact with atom 04’

in the MD trajectories (Figure 7F) showed that Arg395 was in the proximity of the

atom in nearly all of the simulations (all compounds, all replicates), suggesting that the
local polar binding site environment was more favorable with O4” present than for the
(N)-methanocarba bicyclic ring.
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In addition to these modeling studies, the availability of the X-ray structures reported

here was the starting point of prospective molecular docking studies, aimed to suggest the
synthesis of new compounds.26:2744 Docking of compound 24 (K; ~ 0.63 nM), among the
most active in the series, confirmed a binding mode comparable to the crystallographic pose
of compounds 16 and 21 but placed the primary charged amino group in the proximity of
Lys97 (Figure 8A). This suggested a substitution of the primary amine with a carboxylate
moiety, giving compound 27, to exploit an ionic interaction with the protein Lys, as shown
by the docking pose of the compound (Figure 8B). However, this did not result in an
increase in the binding affinity (K; ~ 2.61 nM), and this could be explained by the solvent
exposure of this possible ionic interaction.

In Situ ecto-5"-Nucleotidase Activity Assay.

The effect of potent CD73 inhibitors on ecto-5’-nucleotidase activity in human tissues

was evaluated in situ by using surgically removed human head and neck squamous cell
carcinoma (HNSCC) and palatine tonsils28 as appropriate enzyme sources. Staining of

the HNSCC cryosections with hematoxylin and eosin (H&E) enabled the visualization of
the main histological structures (Figure 9A). The tissue-specific distribution of AMPase
activity and the expression level of CD73 in the tumor microenvironment (TME)

were determined by using lead nitrate-based enzyme histochemistry (Figure 9B) and
immunofluorescence staining (Figure 9C), respectively. Histological analysis of the HNSCC
sample identified two different areas of differentiation, with significant AMPase activity and
CD73 immunoreactivity being detected on nonkeratinized poorly differentiated squamous
carcinoma cells (Figure 9, top insets), but not on well-differentiated squamous carcinoma
cells and neoplastic cells (Figure 9, bottom insets). High CD73 activity was also detected

on other benign components of the TME, including the basal epithelial layer, blood vessels,
tumor-infiltrating leukocytes, and muscle cells. We have shown earlier that CD73 is also
expressed in human tonsils, with high AMPase activity detected in the germinal centers,

in connective tissues, and, to a lesser extent, in the interfollicular area (see also Figure
108).28’49

Subsequent competitive analysis of CD73-mediated AMPase activities was performed

by incubating human tissue cryosections with AMP in the presence of Pb(NO3), and
different concentrations of CD73 inhibitors. The lead orthophosphate precipitated during
the course of ecto-5"-nucleotidase activity was visualized as a brown deposit. Figure 10
depicts representative images of tumor (panel A) and tonsillar (panel B) AMP-specific
staining determined in the absence (control) and presence of the indicated compounds.
Given the uneven distribution of CD73 in the tissues, we selected the same matched areas
of poorly differentiated squamous carcinoma cells (Figure 10A) and tonsillar germinal
centers (B) in the control and treated samples and further compared their mean pixel
intensities using QuPath version 0.2.3 (Table S3). Treatment of tissue cryosections with the
increasing concentrations of compounds 18 and 20 (50-250 nM), but not with equimolar
concentrations of classical CD73 inhibitor AOPCP (compound 1), decreased the catalytic
activities of both tumor and tonsillar CD73 in a concentration-dependent manner (Figure
10C).
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CONCLUSIONS

We have explored the SAR of nucleotide inhibitors of CD73 in the pyrimidine series,
building on our recent publication and focusing mainly on cytidine functionalization

at the A/ position.28 We have substantially improved the potency compared to those

of our previous inhibitors and demonstrated efficacy in actual cancer tissue. Although

this study is restricted to various substituted A*-benzyloxy groups, future work will
evaluate the A# position more broadly. This work also contains extensive structural
characterization, including four new X-ray structures with our inhibitors bound. Molecular
dynamics identified stabilizing interactions and predicted conformational diversity. The
most potent analogue 18 contained 4-iodo substitution of the A#-benzyloxy group with

a K; value of 0.436 nM, which represents a 24-fold enhancement over 9. Many of the
substituted benzy! derivatives presented here are 10-20-fold more potent than the previously
most potent inhibitors in this series. Inclusion of a ribose substitution that enforces an

N conformation, similar to that present in crystallographic CD73 structures,33 greatly
decreased the inhibitory potency. Thus, the rigid methanocarba ring system is not a means
of enhancing the pyrimidine nucleotide potency at CD73. Furthermore, we have introduced
additional functionality that can be useful in bivalent molecular probes.>%:51 The utility of
novel compounds as potential anticancer drugs was further ascertained by their ability to
efficiently block CD73 activity in the human HNSCC tissue in situ. The ability to potently
inhibit CD73 using pyrimidine-based nucleotide analogues provides new opportunities for
translational studies for cancer treatment.

EXPERIMENTAL PROCEDURES

Chemical Synthesis.

Reagents and Instrumentation.—All reagents were of analytical grade and purchased
from Sigma-Aldrich (St. Louis, MO). Anhydrous solvents were obtained directly from
commercial sources. All reactions were carried out under a nitrogen atmosphere using
anhydrous solvents. Room temperature (rt) refers to 25 + 2 °C. NMR spectra were recorded
on a Bruker 400 MHz spectrometer. Chemical shifts are given in parts per million (6),
calibrated to the residual solvent signals or TMS and frequency calibrated internally (Xi)
for 3IP NMR. High-resolution mass measurements were performed on a Micromass/Waters
LCT Premier Electrospray Time of Flight (TOF) mass spectrometer coupled with a Waters
HPLC system, unless noted. lon-exchange chromatography (IE-LPLC) was performed using
10 mm x 100 mm Pharmacia column packed with GE Bioscience SOURCE 15Q resins,
which was connected to an Agilent 1100 HPLC system. The IE-LPLC mobile phase
condition is as follows: 100% H,0O from 0 to 5 min, 0% to 100% linear gradient of 1

M TEAB/H,0 from 5 to 40 min, eluent flow rate of 2 mL/min. RP-HPLC was performed
using a Phenomenex Luna 5 ym C18(2)100A, AXIA, 21.2 mm x 250 mm column. Purity
was determined using an Agilent Eclipse XDB-C18, 5 gm, 4.6 mm x 250 mm column

and a linear gradient from 0% to 100% acetonitrile/5 mM tetrabutylammonium dihydrogen
phosphate (TBAP) as the mobile phase at a flow rate of 1 mL/min. All of the derivatives
tested for the biological activity showed >95% purity by HPLC analysis (detection at 254
nm).
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General Procedure for the Synthesis of Nucleotides (10-30).—To a solution of
methylenebis(phosphonic dichloride) (3 equiv) in trimethylphosphate (3 mL) at 0 °C was
added a solution of the desired compound (1 equiv) in trimethylphosphate (2 mL) at 0 °C.
The so obtained mixture was stirred at 0 °C for 3 h, and then a sample was withdrawn for
LC-MS to check the disappearance of the nucleoside. Then, the reaction was quenched with
7 mL of a cold 1 M aqueous triethylammonium hydrogen carbonate buffer solution (pH
8.4-8.6), and the mixture stirred at rt for 1 h. The solvent was removed by lyophilization,
and the residue dissolved in water and purified first by ion-exchange chromatography and
then by RP-HPLC to afford the pure product.

N4-(2-Chlorobenzyloxy)-3-methylcytidine-5"-a,p-methylenediphosphonate
Triethylammonium Salt (10).—The product was obtained as a white solid after
lyophilization (9.8 mg, 20%; RP-HPLC acetonitrile/10 mM triethylammonium acetate,
15/85 to 35/65 in 40 min at a rate of 5 mL/min): 1H NMR (D0, 400 Hz) 67.45-7.55

(m, 2H), 7.29-7.40 (m, 3H), 6.44 (d, /= 8.3 Hz, 1H), 5.93 (d, J= 4.5 Hz, 1H), 5.12 (s, 2H),
4.35 (s, 2H), 4.21 (s, 1H), 4.10 (s, 2H), 3.11-3.22 (m, 15H), 2.18 (t, J= 19.7 Hz, 2H), 1.26
(t, J=7.1Hz, 18H); 31p NMR (Dzo) 618.20, 14.21; HRMS calcd for C18H23C|N3011P2
(M — H)~ 554.0496, found 554.0490.

N4-(3-Chlorobenzyloxy)-3-methylcytidine-5’-a,B-methylenediphosphonate
Triethylammonium Salt (11).—The product was obtained as a white solid after
lyophilization (3.7 mg, 2.0%; RP-HPLC acetonitrile/10 mM triethylammonium acetate,
15/85 to 35/65 in 40 min at a rate of 5 mL/min): 1H NMR (D0, 400 Hz) §7.49 (s, 1H),
7.32-7.42 (m, 3H), 6.45 (d, J= 8.4 Hz, 1H), 5.93 (d, J= 4.9 Hz, 1H), 5.03 (s, 2H), 4.30-
4.39 (m, 2H), 4.21 (s, 1H), 4.12 (s, 2H), 3.11-3.29 (m, 9H), 2.18 (t, /= 19.7 Hz, 2H), 1.26
(t, J= 6.7 Hz, 9H); 3P NMR (D,0) 620.50, 12.50; HRMS calcd for C1gH»3CIN3011P5 (M
—H)~ 554.0496, found 554.0503.

N4-[(3-Trifluoromethyl)benzyloxy]-3-methylcytidine-5"-a.,p-
methylenediphosphate Triethylammonium Salt (12).

—The product was obtained as a white solid after lyophilization (4.2 mg, 9.5%;

RP-HPLC acetonitrile/10 mM triethylammonium acetate, 15/85 to 35/65 in 40 min at a
rate of 5 mL/min): IH NMR (D,0, 400 Hz) §7.64 (s, 1H), 7.56 (d, J= 7.6 Hz, 2H), 7.45 (t,
J=7.6 Hz, 1H), 7.22 (d, /= 8.3 Hz, 1H), 6.32 (d, J= 8.3 Hz, 1H), 5.80 (d, J= 4.7 Hz, 1H),
4.95 (s, 2H), 4.20 (d, J= 4.8 Hz, 2H), 4.08 (s, 1H), 3.97 (s, 2H), 3.00-3.11 (m, 15H), 2.02
(t, J=19.7 Hz, 2H), 1.13 (t, /= 7.1 Hz, 18H); 31P NMR (D,0) 629.00, 24.00; 1°F NMR
(D20) 6-62.40; HRMS calcd for C1gHp3F3N3011P» (M — H)™ 588.0760, found 588.0756.

N4-[(3-Methyl)benzyloxy]-3-methylcytidine-5’-a.,B-methylenediphosphonate
Triethylammonium Salt (13).—The product was obtained as a white solid after
lyophilization (21.1 mg, 40%; RP-HPLC acetonitrile/10 mM triethylammonium acetate,
10/90 to 25/75 in 40 min at a rate of 5 mL/min): IH NMR (D50, 400 Hz) §7.21-7.25 (m,
3H), 7.16 (d, 2H, J= 7.8 Hz), 6.32 (d, 1H, J= 8.4 Hz), 5.84 (d, 1H, J=5.0 Hz), 4.87 (s, 2H),
4.22-4.24 (m, 2H), 4.11 (s, 1H), 4.01-4.02 (m, 2H), 3.06-3.12 (m, 15H), 2.23 (s, 3H), 2.07
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(t, 2H, J=19.8 Hz), 1.17 (t, 18H, J= 7.3 Hz); 3IP NMR (D,0) §18.23, 14.66; HRMS calcd
for C1gH26N3011P> (M — H)™ 534.1043, found 534.1053.

N4-[(3-Ethyl)benzyloxy]-3-methylcytidine-5’-a,p-methylenediphosphonate
Triethylammonium Salt (14).—The product was obtained as a white solid after
lyophilization (24.6 mg, 37%; RP-HPLC acetonitrile/10 mM triethylammonium acetate,
10/90 to 25/75 in 40 min at a rate of 5 mL/min): 1H NMR (D0, 400 Hz) §7.29 (d, 2H, J
=7.9 Hz), 7.18-7.23 (m, 3H), 6.32 (d, 1H, J= 8.3 Hz), 5.84 (d, 1H, J= 5.0 Hz), 4.87 (s,
2H), 4.20-4.24 (m, 2H), 4.10 (s, 1H), 4.00-4.02 (m, 2H), 3.06-3.11 (m, 15H), 2.54 (dd, 2H,
J=17.6,15.2 Hz), 2.07 (t, 2H, J=19.8 Hz), 1.17 (t, 18H, J="7.3 Hz), 1.08 (t, 3H, J=7.6
Hz); 31P NMR (D,0) 618.21, 14.67; HRMS calcd for CogH2gN3011P2 (M — H)~ 548.1199,
found 548.12009.

N4-(4-Fluorobenzyloxy)-3-methylcytidine-5’-a,p-methylenediphosphonate
Triethylammonium Salt (15).—The product was obtained as a white solid after
lyophilization (12.9 mg, 27.0%; RP-HPLC acetonitrile/10 mM triethylammonium acetate,
15/85 to 35/65 in 40 min at a rate of 5 mL/min): 1H NMR (D,0, 400 Hz) §7.36 (t, /= 6.8
Hz, 2H), 7.22 (d, /= 7.7 Hz, 1H), 7.02 (t, /= 8.7 Hz, 2H), 6.30 (d, /= 8.1 Hz, 1H), 5.81 (s,
1H), 4.84 (s, 2H), 4.16-4.27 (m, 2H), 3.91-4.09 (m, 3H), 3.00-3.12 (m, 15H), 2.00 (t, J=
19.7 Hz, 2H), 1.13 (t, J= 7.2 Hz, 18H); 3P NMR (D,0) 6 21.00, 13.00; 1°F NMR (D,0) &
-75.50; HRMS calcd for C18H23FN3011P> (M - H)_ 538.0792, found 538.0789.

N4-(4-Chlorobenzyloxy)-3-methylcytidine-5’-a.,p-methylenediphosphonate
Triethylammonium Salt (16).—The product was obtained as a white solid after
lyophilization (35.4 mg, 33.0%; RP-HPLC acetonitrile/10 mM triethylammonium acetate,
15/85 to 35/65 in 40 min at a rate of 5 mL/min): IH NMR (D50, 400 Hz) §7.23 (s, 4H),
7.19 (d, J= 8.4 Hz, 1H), 6.23 (d, /= 8.3 Hz, 1H), 5.79 (d, /= 5.0 Hz, 1H), 4.82 (s, 2H),
4.18-4.22 (m, 2H), 4.08 (d, /= 1.8 Hz, 1H), 4.12 (s, 2H), 3.98-4.00 (m, 2H), 3.08 (dd, /=
7.3,14.6 Hz, 12H), 2.99 (s, 3H), 2.06 (t, J= 19.7 Hz, 2H), 1.12 (t, J= 7.3 Hz, 18H); 31p
NMR (D,0) 6§22.00, 15.00; HRMS calcd for C1gH23CIN3011P> (M — H)~™ 554.0496, found
554.0501.

N4-(4-Bromobenzyloxy)-3-methylcytidine-5-a,B-methylenediphosphonate
Triethylammonium Salt (17).—The product was obtained as a white solid after
lyophilization (3.5 mg, 20.0%; RP-HPLC acetonitrile/10 mM triethylammonium acetate,
15/85 to 35/65 in 40 min at a rate of 5 mL/min): 1H NMR (D0, 400 Hz) §7.50 (d, J
=8.0 Hz, 2H), 7.28 (d, /= 8.16 Hz, 3H), 6.36 (d, /= 8.2 Hz, 1H), 5.82 (d, J= 4.5 Hz,
1H), 4.91 (s, 2H), 4.31 (s, 1H), 4.22 (s, 1H), 4.00-4.12 (m, 3H), 3.10 (d, J= 7.2 Hz, 21H),
1.95 (t, J=19.1 Hz, 2H), 1.20 (s, 27H); 3P NMR (D,0) §21.00, 12.00; HRMS calcd for
C1gH23BrN3011P> (M — H)™ 597.9991, found 597.9988.

N4-(4-lodobenzyloxy)-3-methylcytidine-5-a.,p-methylenediphosphonate
Triethylammonium Salt (18).—The product was obtained as a white solid after
lyophilization (8.2 mg, 22.1%; RP-HPLC acetonitrile/10 mM triethylammonium acetate,
15/85 to 35/65 in 40 min at a rate of 5 mL/min): IH NMR (D50, 400 Hz) §7.69 (d, J=
8.0 Hz, 2H), 7.24 (d, /= 8.2 Hz, 1H), 7.12 (d, J= 8.0 Hz, 2H), 6.32 (d, /= 8.2 Hz, 1H),
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5.82 (d, J= 5.0 Hz, 1H), 4.88 (s, 2H), 4.25 (t, J= 5.5 Hz, 2H), 4.12 (s, 1H), 4.01 (s, 2H),
3.10 (t, J= 6.7 Hz, 6H), 3.03 (s, 3H), 2.05 (t, /= 19.5 Hz, 2H), 1.18 (t, /= 6.6 Hz, 9H); 3P
NMR (D,0) §23.00, 12.00; HRMS calcd for C1gH,3IN3011P, (M — H)~ 645.9852, found
645.9861.

N4-[4-(Trifluoromethyl)benzyloxy]-3-methylcytidine-5’-a.,p-
methylenediphosphonate Triethylammonium Salt (19).—The product

was obtained as a white solid after lyophilization (1.4 mg, 10.0%; RP-HPLC acetonitrile/10
mM triethylammonium acetate, 15/85 to 35/65 in 40 min at a rate of 5 mL/min): 1H

NMR (D,0, 400 Hz) 67.58 (d, /= 6.3 Hz, 2H), 7.43 (d, /= 6.3 Hz, 2H), 7.22 (d, /= 6.5 Hz,
1H), 6.32 (d, /= 6.6 Hz, 1H), 5.79 (d, J= 3.9 Hz, 1H), 4.94 (s, 2H), 4.23 (s, 1H), 4.17 (d, J
= 4.1 Hz, 1H), 4.00-4.05 (m, 2H), 3.92 (s, 1H), 3.02 (dd, J=5.8, 11.6 Hz, 6H), 2.98 (s, 3H),
1.91 (t, J=15.2 Hz, 2H), 1.10 (t, /= 5.8 Hz, 9H); 3IP NMR (D,0) 6 22.00, 12.50; 19F NMR
(D20) 6-62.00; HRMS calcd for C19H23F3N3011P2 (M — H)™ 588.0760, found 588.0755.

N4-[4-(Pentafluorosulfanyl)benzyloxy]-3-methylcytidine-5"-a.,p-
methylenediphosphonate Triethylammonium Salt (20).—The product

was obtained as a white solid after lyophilization (8.0 mg, 23.0%; RP-HPLC acetonitrile/10
mM triethylammonium acetate, 15/85 to 35/65 in 40 min at a rate of 5 mL/min):

1H NMR (D,0, 400 Hz) §7.75 (d, J= 8.6 Hz, 2H), 7.46 (d, J= 8.1 Hz, 2H), 7.23 (d, /= 8.3
Hz, 1H), 6.37 (d, /= 8.3 Hz, 1H), 5.82 (d, /=5.0 Hz, 1H), 4.99 (s, 2H), 4.22 (dd, /= 4.4,
11.8 Hz, 2H), 4.11 (s, 1H), 4.00 (s, 2H), 3.09 (dd, J=7.3, 14.6 Hz, 6H), 3.02 (s, 3H), 2.05
(t, J=19.7 Hz, 2H), 1.14 (t, J= 14.6 Hz, 9H); 3P NMR (D,0) §22.00, 12.00; 1°F NMR
(DzO) &-75.55; HRMS calcd for C1gHo3Fs5N3011P2S (|V| - H)_ 646.0449, found 646.0452.

N4-[4-(Methoxycarbonyl)benzyloxy]-3-methylcytidine-5"-a.,B-
methylenediphosphonate Triethylammonium Salt (21).

—The product was obtained as a white solid after lyophilization (38.7 mg,

32.0%; RP-HPLC acetonitrile/10 mM triethylammonium acetate, 15/85 to 30/70 in 40 min
at a rate of 5 mL/min): 1H NMR (D,0, 400 Hz) §7.80 (d, /= 8.0 Hz, 2H), 7.33 (d, /= 8.0
Hz, 2H), 7.20 (d, /= 8.3 Hz, 1H), 6.30 (d, /= 8.3 Hz, 1H), 5.77 (d, /=5.0 Hz, 1H), 4.91 (s,
2H), 4.21 (t, J=5.2 Hz, 2H), 4.07 (s, 1H), 3.98 (s, 2H), 3.74 (s, 3H), 3.09 (dd, /=7.1, 14.4
Hz, 12H), 2.92 (s, 3H), 2.04 (t, /= 19.7 Hz, 2H), 1.13 (t, J= 7.2 Hz, 18H); 31P NMR (D,0)
617.50, 14.00; HRMS calcd for CogH2gN3013P2 (M — H)™ 578.0941, found 578.0943.

N4-[4-(Carbonyl)benzyloxy]-3-methylcytidine-5’-a,p-methylenediphosphonate
Triethylammonium Salt (22).—The product was obtained as a white solid after
lyophilization (11.9 mg, 29.0%; RP-HPLC acetonitrile/10 mM triethylammonium acetate,
5/95 to 15/85 in 40 min at a rate of 5 mL/min): 1H NMR (D,0, 400 Hz) §7.75 (d, J=7.8
Hz, 2H), 7.39 (d, J= 7.7 Hz, 2H), 7.22 (d, /= 8.2 Hz, 1H), 6.37 (d, /= 8.2 Hz, 1H), 5.83

(s, 1H), 4.96 (s, 2H), 4.23 (s, 2H), 4.09 (s, 1H), 4.00 (s, 2H), 3.74 (s, 3H), 3.06 (dd, /=7.2,
14.3 Hz, 21H), 2.05 (t, J= 19.6 Hz, 2H), 1.14 (t, J= 7.2 Hz, 27H); 31P NMR (D,0) & 21.00,
15.40; HRMS calcd for C1gH24N3013P2 (M — H)™ 564.0784, found 564.0781.

N4-[4-(Carbamoyl)benzyloxy]-3-methylcytidine-5’-a,p-methylenediphosphate
Triethylammonium Salt (23).—The product was obtained as a white solid after
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lyophilization (1.6 mg, 9.6%; RP-HPLC acetonitrile/10 mM triethylammonium acetate, 5/95
to 15/85 in 40 min at a rate of 5 mL/min): 1H NMR (D,0, 400 Hz) §7.71 (d, /= 8.1 Hz,
2H), 7.45 (d, /= 8.1 Hz, 2H), 7.25 (d, /= 8.3 Hz, 1H), 6.37 (d, /= 8.4 Hz, 1H), 5.83 (d, J
=5.3 Hz, 1H), 4.98 (s, 2H), 4.21-4.26 (m, 2H), 4.09 (s, 1H), 4.01 (s, 2H), 3.08 (d, J= 7.0
Hz, 6H), 3.05 (s, 3H), 2.02 (t, J= 19.9 Hz, 2H), 1.16 (t, J= 6.9 Hz, 9H); 31P NMR (D,0) &
19.90, 13.50; HRMS calcd for C19H5N4019P, (M — H)~ found 563.0950.

N4-{4-[(2-Aminoethyl)carbamoyl]benzyloxy}-3-methylcytidine-5’-a.,B-
methylenediphosphonate Triethylammonium Salt (24).—The

product was obtained as a white solid after lyophilization (4.1 mg, 10.5%, two-

step yield; RP-HPLC acetonitrile/10 mM triethylammonium acetate, 5/95 to 15/85 in 40 min
at a rate of 5 mL/min): 1H NMR (D,0, 400 Hz) 67.69 (d, /= 8.2 Hz, 2H), 7.45 (d, /= 8.1
Hz, 2H), 7.21 (d, /= 8.4 Hz, 1H), 6.28 (d, /= 8.3 Hz, 1H), 5.80 (d, /= 4.8 Hz, 1H), 4.96 (s,
2H), 4.22 (d, J= 4.7 Hz, 1H), 4.18 (t, J= 4.9 Hz, 1H), 4.01 (s, 2H), 3.60 (t, /= 5.7 Hz, 2H),
3.16-3.04 (m, 17H), 2.00 (t, J= 18.7 Hz, 2H), 1.17 (t, J= 7.3 Hz, 18H); 3P NMR (D,0)
620.00, 13.00; HRMS calcd for Cp1H39N5012P2 (M — H)™ 606.1366, found 606.1362.

N4-{4-[(2-Aminobutyl)carbamoyl]benzyloxy}-3-methylcytidine-5"-a.,p-
methylenediphosphonate Triethylammonium Salt (25).—The

product was obtained as a white solid after lyophilization

(1.8 mg, 8.0%, two-step yield; RP-HPLC acetonitrile/10 mM triethylammonium

acetate, 5/95 to 15/85 in 40 min at a rate of 5 mL/min): 1H NMR (D,0, 400

Hz) 67.66 (d, /= 8.3 Hz, 2H), 7.46 (d, J= 8.3 Hz, 2H), 7.27 (d, /= 8.3 Hz, 1H), 6.36 (d, /=
8.3 Hz, 1H), 5.85 (d, J= 5.2 Hz, 1H), 4.99 (s, 2H), 4.20-4.28 (m, 2H), 4.12 (s, 1H), 4.03 (d,
J=5.0 Hz, 2H), 3.35 (t, /= 6.1 Hz, 2H), 3.07-3.15 (m, 4H), 2.95 (t, /= 7.1 Hz, 2H), 2.04

(t, J=19.2 Hz, 2H), 1.63 (d, /= 3.04 Hz, 4H), 1.19 (t, J= 7.2 Hz, 5H); 3P NMR (D,0)
619.92, 13.29; HRMS calcd for Cy3H34N5019P> (M - H)_ 634.1679, found 634.1685.

N4-{4-[(3-Ethoxy-3-oxopropyl)carbamoyl]benzyloxy}-3-methylcytidine-5-a.,p-
methylenediphosphonate Triethylammonium Salt (26).—The product was obtained
as a white solid after lyophilization (4.2 mg, 10.4%; RP-HPLC acetonitrile/10 mM
triethylammonium acetate, 15/85 to 35/65 in 40 min at a rate of 5 mL/min):

1H NMR (D,0, 400 Hz) §7.60 (d, J= 8.2 Hz, 2H), 7.41 (d, J= 8.1 Hz, 2H), 7.24 (d, J= 8.5
Hz, 1H), 6.35 (d, /= 8.4 Hz, 1H), 5.81 (d, /= 5.2 Hz, 1H), 4.95 (s, 2H), 4.18-4.24 (m, 2H),
3.99-4.08 (m, 4H), 3.54 (t, J= 6.4 Hz, 2H), 3.02-3.09 (m, 15 H), 2.07 (t, /= 6.4 Hz, 2H),
2.01 (t, J=19.6 Hz, 2H), 1.14 (t, J= 7.3 Hz, 18H), 1.06 (t, /= 7.1 Hz, 3H); 31P NMR (D,0)
619.15, 13.79; HRMS calcd for Cp4H35N4014P2 (M — H)~ 665.1625, found 665.1625.

N4-{4-[(2-Carboxyethyl)carbamoyl]benzyloxy}-3-methylcytidine-5"-a.,p-
methylenediphosphonate Triethylammonium Salt (27).—The product

was obtained as a white solid after lyophilization (3.3 mg, 9.1%; RP-HPLC acetonitrile/10
mM triethylammonium acetate, 10/90 to 35/65 in 40 min at a rate of 5 mL/min): 1H

NMR (D20, 400 Hz) 67.61 (d, J= 8.2 Hz, 2H), 7.40 (d, J= 8.1 Hz, 2H), 7.23 (d, /= 8.5 Hz,
1H), 6.35 (d, /= 8.4 Hz, 1H), 5.78 (d, J=5.2 Hz, 1H), 4.94 (s, 2H), 4.26 (t, /= 4.6 Hz, 1H),
4.19 (t, J=5.1 Hz, 1H), 3.96-4.05 (m, 3H), 3.45 (t, /= 7.0 Hz, 2H), 3.01-3.05 (m, 21H),
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2.36 (t, J= 7.1 Hz, 2H), 1.92 (t, J= 19.5 Hz, 2H), 1.13 (t, J= 6.6 Hz, 27H); 31P NMR (D,0)
521.66, 11.49; HRMS calcd for CooHogN4014P5 (M — H)~ 635.1155, found 635.1162.

{[{(2R,3S,4R,5S)-4-[2,4-Dioxo-3,4-dihydropyrimidin-1(2H)-
yl]-2,3-dihydroxy-1A°-bicyclo[3.1.0]hexan-1-yl}methoxy)
(hydroxy)phosphoryllmethyl}phosphonic Acid Triethylammonium

Salt (28).—The product was obtained as a white solid after lyophilization

(1.6 mg, 6.1%; RP-HPLC acetonitrile/10 mM triethylammonium acetate, 0/100 to

10/90 in 40 min at a rate of 5 mL/min): 1H NMR (D,0, 400 Hz) §7.91 (d, J= 7.8 Hz, 1H),
5.82 (d, /=7.8 Hz, 1H), 4.28 (dd, J= 5.1, 11.0 Hz, 1H), 3.86 (d, J= 6.6 Hz, 1H), 3.70 (d,
J=11.0 Hz, 1H), 3.60 (dd, J=5.2, 10.5 Hz, 1H), 2.55-3.30 (sbr, 6H), 2.04 (t, /= 19.8 Hz,
2H), 1.48 (d, J= 7.8 Hz, 1H), 1.14-1.25 (m, 11H), 0.81 (d, J= 7.3 Hz, 1H); 3P NMR (D,0)
621.00, 13.03; HRMS calcd for C1oH1gN20O19P2 (M — H)~ 411.0358, found 411.0355.

[{[(2R,3S,4R,5S)-4-(4-{[(4-Chlorobenzyl)oxy]imino}-3-methyl-2-oxo0-3,4-
dihydropyrimidin-1(2H)-yl)-2,3-dihydroxy-1A>-bicyclo[3.1.0]hexan-1-
yllmethoxy}(hydroxy)phosphoryl)methyl]phosphonic Acid Triethylammonium
Salt (29).—The product was obtained as a white solid after lyophilization

(6.9 mg, 16.0%; RP-HPLC acetonitrile/10 mM triethylammonium acetate, 15/85 to 35/65 in
40 min at a rate of 5 mL/min): 1H NMR (D,0, 400 Hz) §7.32 (s, 4H), 7.26 (d, /= 8.3 Hz,
1H), 6.28 (d, /= 8.2 Hz, 1H), 4.87 (s, 2H), 4.53-4.58 (m, 2H), 4.23 (dd, J=5.4, 10.9 Hz,
1H), 3.79 (d, /= 6.8 Hz, 1H), 3.64 (dd, /= 4.9, 10.9 Hz, 1H), 3.05 (s, 21H), 1.95 (t, /= 19.6
Hz, 2H), 1.38 (t, J= 4.4 Hz, 2H), 1.15 (s, 27H), 0.75 (t, /= 6.6 Hz, 1H); 3P NMR (D,0)
622.00, 12.00; HRMS calcd for C20H26C|N3010P2 (M - H)_ 564.0704, found 564.0702.

4-[(Benzylcarbamoyl)imino]-3-methylcytidine-5’-a.,B-methylenediphosphonate
Triethylammonium Salt (30).—The product was obtained as a white solid after
lyophilization (7.6 mg, 8.4%; RP-HPLC acetonitrile/10 mM triethylammonium acetate,
15/85 to 35/75 in 40 min at a rate of 5 mL/min): 1H NMR (D,0, 400 Hz) §7.64 (d, J= 8.2
Hz, 1H), 7.25-7.7.46 (m, 5H), 6.13 (d, J= 8.2 Hz, 1H), 5.97 (d, J= 3.1 Hz, 1H), 4.42 (s,
2H), 4.35 (s, 2H), 4.24 (s, 1H), 4.14 (s, 2H), 3.31 (s, 3H), 3.19 (dd, J= 7.3, 14.6 Hz, 12H),
2.16 (t, J=19.7 Hz, 2H), 1.26 (t, J= 7.0 Hz, 18H); 31P NMR (D,0) 620.00, 13.00; HRMS
calcd for C1gHo5N4011P2 (M — H)~ 547.0995, found 547.0995.

General Procedure for the Synthesis of Substituted O-Benzylhydroxylamine
Hydrochloride (32—-43).—Compounds 32-43 were synthesized following the reported
procedure33 starting from the corresponding benzyl bromide.

O-2-Chlorobenzylhydroxylamine Hydrochloride (32).—The product was obtained as
a white solid (120 mg) in 63% yield: IH NMR (MeOD, 400 Hz) & 7.35-7.55 (m, 4H), 5.20
(s, 2H).

0O-3-Chlorobenzylhydroxylamine Hydrochloride (33).—The product was obtained as
a white solid (105 mg) in 74% yield: TH NMR (MeOD, 400 Hz) §7.36-7.47 (m, 4H), 5.02
(s, 2H).
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O-3-(Trifluoromethyl)benzylhydroxylamine Hydrochloride (34).—The product was
obtained as a white solid (130 mg) in 68% yield: 1H NMR (MeOD, 400 Hz) 67.61-7.78 (m,
4H), 5.12 (s, 2H).

0-3-Methylbenzylhydroxylamine Hydrochloride (35).—The product was obtained as
a white solid (272 mg) in 97% yield: 1H NMR (MeOD, 400 Hz) §7.33 (d, 2H, J= 7.9 Hz),
7.26 (d, 2H, J=7.9 Hz), 4.98 (s, 2H), 2.37 (s, 3H).

0O-3-Ethylbenzylhydroxylamine Hydrochloride (36).—The product was obtained as a
white solid (198 mg) in 84% yield: 1H NMR (MeOD, 400 Hz) §7.37 (d, 2H, J= 7.8 Hz),
7.29 (d, 2H, J= 8.0 Hz), 4.99 (s, 2H), 2.68 (dd, 2H, J= 7.5, 15.1 Hz), 1.24 (t, 3H, /= 7.6
Hz).

O-4-Fluorobenzylhydroxylamine Hydrochloride (37).—The product was obtained as
a white solid (150 mg) in 75% yield: 1H NMR (MeOD, 400 Hz) §7.48 (dd, J= 5.4, 8.4 Hz,
2H), 7.16 (t, J= 8.7 Hz, 2H), 5.03 (s, 2H).

O-4-Chlorobenzylhydroxylamine Hydrochloride (38).—The product was obtained as
a white solid (100 mg) in 70% yield: 1H NMR (MeOD, 400 Hz) & 7.45-7.59 (m, 4H), 5.04
(s, 2H).

0O-4-Bromobenzylhydroxylamine Hydrochloride (39).—The product was obtained as
a white solid (120 mg) in 74% yield: 1H NMR (MeOD, 400 Hz) §7.60 (d, /= 8.3 Hz, 2H),
7.38 (d, /=8.2 Hz, 2H), 5.02 (s, 2H).

O-4-lodobenzylhydroxylamine Hydrochloride (40).—The product was obtained as a
white solid (124 mg) in 64% yield: 1H NMR (MeOD, 400 Hz) §7.82 (d, /= 8.3 Hz, 2H),
7.22 (d, J=8.2 Hz, 2H), 4.98 (s, 2H).

O-4-(Trifluoromethyl)benzylhydroxylamine Hydrochloride (41).—The product was
obtained as a white solid (145 mg) in 76% yield: 1H NMR (MeOD, 400 Hz) §7.95 (d, J=
8.0 Hz, 2H), 7.65 (d, /= 8.0 Hz, 2H), 5.12 (s, 2H).

O-4-(Pentafluorosulfanyl)benzylhydroxylamine Hydrochloride (42).—The
product was obtained as a white solid (114 mg) in 59% yield: 1H NMR (MeOD, 400 Hz) &
7.90 (d, /=8.7 Hz, 2H), 7.60 (d, J= 8.3 Hz, 2H), 5.10 (s, 2H).

0O-4-(Methylbenzoate)benzylhydroxylamine Hydrochloride (43).—The product
was obtained as a white solid (123 mg) in 64% yield: 'H NMR (MeOD, 400 Hz) §8.09 (d, J
=8.2 Hz, 2H), 7.56 (d, J= 8.1 Hz, 2H), 5.11 (s, 2H), 3.92 (s, 3H).

3-Methylcytidine (44).—To a solution of cytidine (1.0 g, 4.1 mmol) in N,\-
dimethylacetamide (DMAc, 25 mL) was added methyl iodide (0.77 mL, 12.3 mmol), and
the mixture was stirred at rt for 4 h. The solvent was removed under reduced pressure, and
the resulting crude mixture resuspended in dichloromethane with the formation of a white
precipitate that was filtered, affording 1.0 g of the pure compound (95% yield): 1H NMR
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(MeOD, 400 Hz) §8.5 (d, J= 7.8 Hz, 1H), 6.15 (d, J= 7.9 Hz, 1H), 5.87 (d, J= 2.6 Hz, 1H),
4.14-4.21 (m, 2H), 4.08 (t, J= 3.1 Hz, 1H), 3.95 (dd, /= 2.12, 12.4 Hz, 1H), 3.79 (dd, J=
2.12, 12.4 Hz, 1H), 3.49 (s, 3H); HRMS calcd for C1gH;17N305 (M + H)* 258.1087, found
258.1090.

General Procedure for the Synthesis of Compounds 45-56.—A solution of
compound 44 (A2-methylcytidine, 0.8 mmol) and the desired O-benzylhydroxylamine (32—
43, 1.6 mmol) in dry pyridine was stirred at 80 °C for 12 h. Then the reaction mixture was
concentrated under reduced pressure and purified with a silica gel column.

N4-(2-Chlorobenzyloxy)-3-methylcytidine (45).—Compound 45 was synthesized
following the procedure described above starting from O-(2-chlorobenzyl)hydroxylamine
hydrochloride. The crude was purified by silica gel column (8/92 methanol/
dichloromethane) to afford 96 mg of a white solid (97% yield): 1H NMR (MeOD, 400
Hz) 6§ 7.45-7.50 (m, 1H), 7.40-7.43 (m, 1H), 7.25-7.35 (m, 3H), 6.30 (d, /= 8.3 Hz, 1H),
5.89 (d, /=4.8 Hz, 1H), 5.11 (s, 2H), 4.10-4.17 (m, 2H), 3.95 (t, /= 3.3 Hz, 1H), 3.80
(dd, /=2.7,12.1 Hz, 1H), 3.70 (dd, J =2.7, 12.1 Hz, 1H), 3.18 (s, 3H); HRMS calcd for
C17H21CIN3Og (M + H)* 398.1119, found 398.1121.

N4-(3-Chlorobenzyloxy)-3-methylcytidine (46).—Compound 46 was synthesized
following the procedure described above starting from O-(3-chlorobenzyl)hydroxylamine
hydrochloride. The crude was purified by silica gel column (5/95 methanol/
dichloromethane) to afford 66 mg of a white solid (74% yield): 1H NMR (MeOD, 400
Hz) §7.38 (s, 1H), 7.25-7.35 (m, 4H), 6.26 (d, J= 8.3 Hz, 1H), 5.89 (d, J= 4.8 Hz, 1H),
5.00 (s, 2H), 4.10-4.16 (m, 2H), 3.95 (t, /= 3.3 Hz, 1H), 3.80 (dd, J= 2.7, 12.1 Hz, 1H),
3.70 (dd, J= 2.7, 12.1 Hz, 1H), 3.18 (s, 3H); HRMS calcd for C17H»1CIN3Og (M + H)*
398.1178, found 398.1121.

N4-(3-Trifluoromethylbenzyloxy)-3-methylcytidine (47).—Compound 47 was
synthesized following the procedure described above starting from O-(3-
trifluoromethylbenzyl)hydroxylamine hydrochloride. The crude was purified by a silica gel
column (5/95 methanol/dichloromethane) to afford 29 mg of a white solid (59% yield): 1H
NMR (MeOD, 400 Hz) §7.50-7.65 (m, 5H), 7.31 (d, /= 8.4 Hz, 1H), 6.23 (d, /= 8.3 Hz,
1H), 5.05 (s, 2H), 4.10-4.16 (m, 2H), 3.95 (t, /= 3.2 Hz, 1H), 3.80 (dd, /= 2.7, 12.1 Hz,
1H), 3.68 (dd, J=2.7, 12.1 Hz, 1H), 3.15 (s, 3H); HRMS calcd for C1gH21F3N30Og (M +
H)* 431.1298, found 431.1304.

N4-(3-Methylbenzyloxy)-3-methylcytidine (48).—Compound 48 was synthesized
following the procedure described above starting from O-(3-methylbenzyl)hydroxylamine
hydrochloride. The crude was purified by a silica gel column (5/95 methanol/
dichloromethane) to afford 181 mg of a white solid (62% yield): 1H NMR (MeOD, 400
Hz) §7.23-7.29 (m, 3H), 7.14 (d, 2H, J= 7.8 Hz), 6.22 (d, 1H, J= 8.3 Hz), 5.87 (d, 1H, J
= 4.7 Hz), 4.93 (s, 2H), 4.09-4.14 (m, 2H), 3.94 (dd, 1H, J= 3.2, 6.4 Hz), 3.79 (dd, 1H, J
=2.6,12.1 Hz), 3.69 (dd, 1H, J= 3.3, 12.1 Hz), 3.19 (s, 3H), 2.33 (s, 3H); HRMS calcd for
C18H24N30g (M + H)+ 378.1665, found 378.1659.
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N4-(3-Ethylbenzyloxy)-3-methylcytidine (49).—Compound 49 was synthesized
following the procedure described above starting from O-(3-ethylbenzyl)hydroxylamine
hydrochloride. The crude was purified by a silica gel column (5/95 methanol/
dichloromethane) to afford 150 mg of a white solid (72% yield): 1H NMR (MeOD, 400

Hz) §7.27 (d, 3H, /J=8.4 Hz), 7.17 (d, 2H, J= 7.9 Hz), 6.23 (d, 1H, J= 8.3 Hz), 5.87 (d,
1H, J=4.7 Hz), 4.94 (s, 2H), 4.09-4.14 (m, 2H), 3.94 (dd, 1H, J= 3.2, 6.4 Hz), 3.79 (dd,
1H, J=2.7,12.1 Hz), 3.69 (dd, 1H, J= 3.3, 12.2 Hz), 3.20 (s, 3H), 2.63 (dd, 2H, J= 7.6,
15.2 Hz), 1.22 (t, 3H, J= 7.6 Hz); HRMS calcd for C1gH,5N30g (M + H)* 392.1822, found
392.1827.

N4-(4-Fluorobenzyloxy)-3-methylcytidine (50).—Compound 50 was synthesized
following the procedure described above starting from O-(4-fluorobenzyl)hydroxylamine
hydrochloride. The crude was purified by silica gel column (5/95 methanol/
dichloromethane) to afford 56 mg of a white solid (35% yield): 1H NMR (MeOD, 400
Hz) § 7.32-7.41 (m, 2H), 7.29 (d, J= 8.4 Hz, 1H), 7.00-7.10 (m, 2H), 6.21 (d, /= 8.2 Hz,
1H), 5.85 (d, J= 4.6 Hz), 4.95 (s, 2H), 4.05-4.15 (m, 2H), 3.95 (t, J= 3.2 Hz, 1H), 3.75
(dd, J=2.7,12.1 Hz, 1H), 3.68 (dd, /= 2.7, 12.1 Hz, 1H), 3.16 (s, 3H); HRMS calcd for
C17H21FN30g (M + H)* 382.1409, found 382.1414.

N4-(4-Chlorobenzyloxy)-3-methylcytidine (51).—Compound 51 was synthesized
following the procedure described above starting from O-(4-chlorobenzyl)hydroxylamine
hydrochloride. The crude was purified by a silica gel column (5/95 methanol/
dichloromethane) to afford 96 mg of a white solid (97% yield): 1H NMR (MeOD, 400

Hz) §7.33-7.36 (m, 4H), 7.30 (d, J= 8.4 Hz, 1H), 6.21 (d, /= 8.2 Hz, 1H), 5.88 (d, /= 4.6
Hz, 1H), 4.98 (s, 2H), 4.08-4.15 (m, 2H), 3.95 (t, /= 3.2 Hz, 1H), 3.78 (dd, /= 2.7, 12.1 Hz,
1H), 3.69 (dd, /= 2.7, 12.1 Hz, 1H), 3.19 (s, 3H); HRMS calcd for C17H21CIN30g (M + H)*
397.1041, found 397.1050.

N4-(4-Bromobenzyloxy)-3-methylcytidine (52).—Compound 52 was synthesized
following the procedure described above starting from O-(4-bromobenzyl)hydroxylamine
hydrochloride. The crude was purified by a silica gel column (6/94 methanol/
dichloromethane) to afford 40 mg of a white solid (39% yield): 1H NMR (MeOD, 400

Hz) §7.49 (d, /= 8.3 Hz, 2H), 7.26-7.32 (m, 3H), 6.22 (d, /= 8.2 Hz, 1H), 5.88 (d, /=

4.6 Hz, 1H), 4.98 (s, 2H), 4.08-4.15 (m, 2H), (t, /= 3.2 Hz, 1H), 3.80 (dd, /= 2.7, 12.1 Hz,
1H), 3.70 (dd, /= 2.7, 12.1 Hz, 1H), 3.17 (s, 3H); HRMS calcd for C;7H21BrN30g (M +
H)* 442.0614, found 442.0614.

N4-(4-lodobenzyloxy)-3-methylcytidine (53).—Compound 53 was synthesized
following the procedure described above starting from O-(4-iodobenzyl)hydroxylamine
hydrochloride. The crude was purified by a silica gel column (5/95 methanol/
dichloromethane) to afford 108 mg of a white solid (92% yield): 1H NMR (MeOD, 400

Hz) 67.30 (d, J= 8.3 Hz, 2H), 7.26-7.32 (m, 3H), 6.22 (d, /= 8.2 Hz, 1H), 5.87 (d, /= 4.6
Hz, 1H), 4.98 (s, 2H), 4.08-4.15 (m, 2H), 3.94 (t, J= 3.2 Hz, 1H), 3.78 (dd, /= 2.7, 12.1 Hz,
1H), 3.69 (dd, J= 2.7, 12.1 Hz, 1H), 3.17 (s, 3H); HRMS calcd for C17H51IN30g (M + H)*
490.0471, found 490.0475.
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N4-(4-Trifluorobenzyloxy)-3-methylcytidine (54).—Compound 54 was

synthesized following the procedure described above starting from O-(4-
trifluoromethylbenzyl)hydroxylamine hydrochloride. The crude was purified by a silica gel
column (5/95 methanol/dichloromethane) to afford 111 mg of a white solid (83% yield): 1H
NMR (MeOD, 400 Hz) §7.64 (d, /= 8.0 Hz, 2H), 7.53 (d, /= 8.0 Hz, 2H), 7.32 (d, /= 8.3
Hz, 1H), 6.27 (d, J= 8.2 Hz, 1H), 5.88 (d, /= 4.6 Hz, 1H), 5.07 (s, 2H), 4.08-4.14 (m, 2H),
3.95 (t, /=3.2 Hz, 1H), 3.79 (dd, J= 2.7, 12.1 Hz, 1H), 3.70 (dd, /= 2.7, 12.1 Hz, 1H), 3.16
(s, 3H); HRMS calcd for C1gH»1F3N30g (M + H)* 432.1375, found 432.1382.

N4-[4-(Pentafluorosulfanyl)benzyloxy]-3-methylcytidine (55).—Compound 55

was synthesized following the procedure described above starting from O-(4-
pentafluorosulfanylbenzyl)hydroxylamine hydrochloride. The crude was purified by a silica
gel column (2/98 methanol/dichloromethane) to afford 68 mg of a white solid (69% yield):
1H NMR (MeOD, 400 Hz) §7.78 (d, J= 8.6 Hz, 2H), 7.51 (d, /= 8.2 Hz, 2H), 7.32 (d, J=
8.3 Hz, 1H), 6.26 (d, /= 8.3 Hz, 1H), 5.86 (d, /= 4.6 Hz, 1H), 5.07 (s, 2H), 4.11-4.16 (m,
2H), 3.95 (t, J= 3.2 Hz, 1H), 3.79 (dd, /= 2.7, 12.1 Hz, 1H), 3.71 (dd, /= 2.7, 12.1 Hz, 1H),
3.16 (s, 3H); HRMS calcd for C17H51F5N306S (M + H)* 490.1071, found 490.1071.

Methyl 4-
{[({-1-[(2R,3R,4S,5R)-3,4-Dihydroxy-5-(hydroxymethyl)-tetrahydrofuran-2-yl]-3-
methyl-2-oxo0-2,3-dihydropyrimidin-4(1H)-ylidene}amino)oxy]methyl}benzoate
(56).—Compound 56 was synthesized following the procedure described above starting
from methyl 4-[(aminooxy)methyl]benzoate hydrochloride. The crude was purified by a
silica gel column (5/95 methanol/dichloromethane) to afford 26 mg of a white solid (48%
yield): TH NMR (MeOD, 400 Hz) §7.79 (d, J= 8.2 Hz, 2H), 7.46 (d, J= 8.1 Hz,

2H), 7.31 (d, J= 8.3 Hz, 1H), 6.26 (d, /= 8.3 Hz, 1H), 5.86 (d, J= 4.7 Hz, 1H),

5.05 (s, 2H), 4.10-4.16 (m, 2H), 3.94 (t, J= 3.2 Hz, 1H), 3.89 (s, 3H), 3.79 (dd, J
=2.7,12.1 Hz, 1H), 3.69 (dd, J= 2.7, 12.1 Hz, 1H), 3.16 (s, 3H); HRMS calcd for
C19H24N30g (M + H)* 422.1558, found 422.1547.

Synthesis of Compound 57 through Hydrolysis of the Methyl Ester Moiety.—To
a solution of compound 56 (84 mg, 0.2 mmol) in MeOH (2 mL) was added a 1 N solution

of NaOH (2 mL), and the reaction mixture was stirred at rt for 40 min. Glacial acetic acid
was added until neutrality. Then, the mixture was diluted with water and extracted with ethyl
acetate (3 x 15 mL). The combined organic layer was dried over sodium sulfate, filtered, and
evaporated to afford 62 mg (77%) of the pure compound as a white solid: 1H NMR (MeOD,
400 Hz) 6§8.05 (d, /=8.1 Hz, 2H), 7.50 (d, /= 8.0 Hz, 2H), 7.41 (d, J= 8.3 Hz, 1H),

6.37 (d, /= 8.3 Hz, 1H), 5.99 (d, /= 4.7 Hz, 1H), 5.14 (s, 2H), 4.20-4.27 (m, 2H), 4.05

(d, /= 3.2 Hz, 1H), 3.87-3.93 (m, 1H), 3.78-3.84 (m, 1H), 3.28 (s, 3H); HRMS calcd for
C18H22N30g (M + H)+ 408.1407, found 408.1408.

Synthesis of Compound 59 through Hydrolysis of the Acetylated Intermediate
Formed by Serendipity.—To a solution of compound 57 (30 mg, 0.07 mmol, with traces
of acetic acid), HATU (42 mg, 0.11 mmol), and DIPEA (19 /L, 0.11 mmol) in anhydrous

DMF was added methylamine hydrochloride (6.5 mg, 0.09 mmol), and the reaction mixture
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was stirred at rt for 12 h. Next, the solvent was removed, and the crude purified by a silica
gel column (5% MeOH/DCM) to afford an acetylated intermediate as a white solid (58). The
latter was treated with methanolic ammonia for 2 h at rt to deblock the acetylated group and
eventually recover the starting material. TLC analysis showed formation of a new compound
that was obtained pure directly after removal of the solvent. NMR and LC-MS confirmed
the formation of compound 59 (19 mg, 64%, two-step yield): 1H NMR (MeOD, 400 Hz) §
7.85(d, /=8.2 Hz, 2H), 7.46 (d, /= 8.1 Hz, 2H), 7.30 (d, J= 8.3 Hz, 1H), 6.27 (d, J=

8.2 Hz, 1H), 5.88 (d, J= 4.6 Hz, 1H), 5.06 (s, 2H), 4.10-4.16 (m, 2H), 3.95 (d, /= 3.1 Hz,
1H), 3.77-3.82 (m, 1H), 3.67-3.73 (m, 1H), 3.18 (s, 3H); HRMS calcd for C1gH»oN407 (M
+ H)* 407.1567, found 407.1567.

General Procedure for the Synthesis of Derivatives 60 and 61 by Amination

of Methyl Ester 56.—A solution of compound 56 (20 mg, 0.047 mmol; 50 mg, 0.119
mmol) in the required amine (ethylene diamine for compound 60 or 1,4-diaminobutine for
compound 61, 2 mL) was stirred at rt for 2 h. LC-MS analysis showed full conversion to the
amide product. The solvent was removed under reduced pressure, and the so obtained crude
mixture directly used for the next step.

Synthesis of the B-Alanine-ethyl Ester Derivative 62.—A mixture of compound
57 (50 mg, 0.2 mmol), B-alanine-ethyl ester hydrochloride (18 mg, 0.2 mmol), HATU (68
mg, 0.2 mmol), and DIPEA (32 zL, 0.2 mmol) in DMF (4 mL) was stirred at rt for 12

h. Next, the solvent was removed, and the crude product purified by a silica gel column
(2% methanol in dichloromethane) to afford the pure compound as a white powder (60 mg,
quantitative): TH NMR (MeOD, 400 Hz) §7.77 (d, J= 8.1 Hz, 2H), 7.44 (d, /= 8.0 Hz,
2H), 7.31 (d, J=8.3 Hz, 1H), 6.25 (d, /= 8.3 Hz, 1H), 5.88 (d, J= 4.7 Hz, 1H), 5.04 (s,
2H), 4.10-4.17 (m, 4H), 3.96 (d, /= 3.2 Hz, 1H), 3.81-3.82 (m, 1H), 3.78-3.79 (m, 1H),
3.62-3.69 (m, 2H), 3.15 (s, 3H), 2.65 (t, J= 7.4 Hz, 2H), 1.24 (t, J= 7.1 Hz, 3H); HRMS
calcd for Cp3H31N4Og (M + H)* 507.2091, found 507.2093.

Synthesis of the p-Alanine Derivatives 63.—Compound 62 (40 mg, 0.1 mmol) was
dissolved in a mixture of methanol (1 mL) and a 1 N NaOH water solution (1 mL), and the
mixture was stirred at rt for 12 h. Next, phosphate buffer (pH 7.4) was added to neutralize
the mixture. The solvent was removed, and the crude product dissolved in MeOH with
formation of a precipitate that was removed by filtration. The collected filtrate was dried
under reduced pressure to afford the desired compound as a white solid (38 mg, 92%): 1H
NMR (MeOD, 400 Hz) 67.78 (d, J= 8.1 Hz, 2H), 7.44 (d, J= 8.0 Hz, 2H), 7.32 (d, /= 8.3
Hz, 1H), 6.26 (d, J= 8.3 Hz, 1H), 5.88 (d, /= 4.7 Hz, 1H), 5.04 (s, 2H), 4.13 (s, 2H), 3.96
(d, /=3.2 Hz, 1H), 3.78-3.81 (m, 1H), 3.72-3.73 (m, 1H), 3.61-3.64 (m, 2H), 3.16 (s, 3H),
2.62 (t, J= 6.7 Hz, 2H): HRMS calcd for Co1H,7N4Og (M + H)* 479.1778, found 479.1777.

(2R,3S,4R,5S)-1-(Acetoxymethyl)-4-[2,4-dioxo-3,4-dihydropyrimidin-1(2H)-
yl]-1A5-bicyclo[3.1.0]hexane-2,3-diyl Diacetate (65).—Compound 64 was
prepared following the reported procedure.34 A mixture of compound 64 (100

mg, 0.4 mmol), acetic anhydride (148 L, 1.6 mmol), triethylamine (219 /L, 1.6 mmol),
and DMAP (24 mg, 0.2 mmol) in acetonitrile (3 mL) was stirred at rt for 2 h. The solvent
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was removed under reduced pressure, and the residue purified by a silica gel column (50%
ethyl acetate in hexane) to afford 100.0 mg of the pure compound as a white solid (67%): 1H
NMR (CDCls3, 400 Hz) 69.95 (s, 1H), 7.36 (d, J= 7.9 Hz, 1H), 5.67 (dd, J= 7.7, 12.9 Hz,
2H), 5.15 (d, J= 7.2 Hz, 1H), 4.58 (s, 1H), 4.34 (d, /= 12.0 Hz, 1H), 3.96 (d, J= 12.0 Hz,
1H), 2.04 (s, 3H), 1.99 (s, 6H), 1.47 (dd, J= 3.8, 8.4 Hz, 1H), 1.21 (dd, J=5.3, 9.6 Hz, 2H),
0.95 (t, J=7.0 Hz, 1H); HRMS calcd for C17H2oN»Og (M + H)* 382.1381, found 382.1384.

(2R,3S,4R,5S)-1-(Acetoxymethyl)-4-(4-{[(4-chlorobenzyl)oxy]-imino}-2-oxo-3,4-
dihydropyrimidin-1(2H)-yl)-1A°-bicyclo[3.1.0]-hexane-2,3-diyl Diacetate (66).—
Compound 66 was synthesized following the reported procedure33 starting from compound
65 and O-4-chlorobenzylhydroxylamine hydrochloride (38). Purification was performed

by a silica gel column (50% ethyl acetate in hexane) to afford 36 mg of the pure product

as a white powder (26% yield for two steps): 1H NMR (CDCl3, 400 Hz) 68.13 (s, 1H),
7.30 (dd, /= 8.3, 19.6 Hz, 4H), 6.77 (d, /= 8.1 Hz, 1H), 5.65 (d, /= 6.3 Hz, 1H),

5.56 (dd, /= 2.0, 8.1 Hz, 1H), 5.14 (d, J= 7.1 Hz, 1H), 4.97 (s, 2H), 4.62 (s, 1H),

4.42 (d, J=12.0 Hz, 1H), 3.90 (d, J= 12.0 Hz, 1H), 2.07 (s, 3H), 2.04 (s, 6H), 1.42

(dd, /=4.0, 8.7 Hz, 1H), 1.22-1.29 (m, 2H), 0.94 (t, /= 6.8 Hz, 1H); HRMS calcd

for Co4HgCIN3Og (M + H)* 520.1487, found 520.1481.

1-(Acetoxymethyl)-4-(4-{[(4-chlorobenzyl)oxy]imino}-3-methyl-2-o0x0-3,4-
dihydropyrimidin-1(2H)-yl)-1A5-bicyclo[3.1.0]hexane-2,3-diyl Diacetate (67).
—To a mixture of compound 66 (36.0 mg, 0.07 mmol) and K,CO3 (15 mg, 0.10 mmol)

in NV,AV-dimethylacetamide (DMAc, 2.0 mL) was added methyl iodide (13 x4, 0.20 mmol),
and the mixture was stirred at rt for 18 h. The solvent was removed under reduced pressure,
and the resulting crude mixture purified by a silica gel column (50% ethyl acetate in hexane)
to afford 31 mg of the pure product (83%): 1H NMR (CDCl3, 400 Hz) 67.30 (s, 4H), 6.80
(d, /=8.2 Hz, 1H), 6.16 (d, /= 8.2 Hz, 1H), 5.69 (d, J= 7.2 Hz, 1H), 5.14 (d, J= 7.2 Hz,
1H), 4.96 (s, 2H), 4.58 (s, 1H), 4.41 (d, J= 12.0 Hz, 1H), 3.92 (d, /= 12.0 Hz, 1H), 3.19 (s,
3H), 2.10 (s, 3H), 2.04 (s, 6H), 1.42 (dd, J= 4.0, 8.7 Hz, 1H), 1.25 (t, /= 4.9 Hz, 2H), 0.94
(t, /= 7.3 Hz, 1H); HRMS calcd for Cy5H3pCIN3Og (M + H)* 534.1643, found 534.1647.

4-{[(4-Chlorobenzyl)oxy]imino}-1-[(1S,2R,3S,4R)-3,4-dihydroxy-
(hydroxymethyl)-5A°-bicyclo[3.1.0]hexan-2-yl]-3-methyl-3,4-di-
hydropyrimidin-2(1H)-one (68).—A solution of

compound 67 (30.7 mg, 0.06 mmol) in a NH3 methanol solution

(2.0 mL) was stirred at rt for 18 h. The solvent was removed, and the crude purified by

a silica gel column (5% methanol in dichloromethane) to afford 21 mg of the pure product
(91%): IH NMR (MeOD, 400 Hz) §7.38 (d, J= 8.2 Hz, 1H), 7.32 (d, /= 1.0 Hz, 4H), 6.17
(d, J=8.2 Hz, 1H), 4.95 (s, 2H), 4.65 (s, 1H), 4.55 (d, /= 6.7 Hz, 1H), 4.16 (d, J=11.7 Hz,
1H), 3.75 (d, /= 6.7 Hz, 1H), 3.23 (d, J=11.7 Hz, 1H), 3.17 (s, 3H), 26-1.33 (m, 2H), 0.64
(t, /= 3.3 Hz, 1H); HRMS calcd for C1gH24CIN3O5 (M + H)* 408.1326, found 408.1330.

Synthesis of Compound 70 by Acylation of Cytidine.—A mixture of cytidine (200

mg, 0.8 mmol), acetic anhydride (310 gL, 3.3 mmol), triethylamine (458 /1, 3.3 mmol), and
DMAP (50 mg, 0.4 mmol) in acetonitrile (4 mL) was stirred at rt for 10 min with formation

J Med Chem. Author manuscript; available in PMC 2023 February 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Scortichini et al.

Page 24

of both tri- O-acetyl-cytidine and tetra- O, A#-acetyl-cytidine. The solvent was removed under
reduced pressure, and the two derivatives were separated by a silica gel column (10%
methanol in dichlomethane). Next, the tetra- O, A\*-acetyl-cytidine was dissolved in MeOH (3
mL) and heated at 105 °C for 3 h in a microwave reactor with full conversion of the latter to
tri- O-acetyl-cytidine (purified by the same method used previously).®> The total yield for two
steps was 95% (289 mg).

tri-O-Acetyl-3-methylcytidine (71).—Compound 71 was synthesized as reported above
for the 3-methylcytidine, starting from compound 70: 1H NMR (CDClg, 400 Hz) §7.4 (s,
1H), 7.05 (d, /= 8.0 Hz, 1H), 6.00 (d, /= 8.0 Hz, 1H), 5.95 (d, /= 4.7 Hz, 1H), 5.27-5.36
(m, 2H), 4.29-4.33 (m, 3H), 3.44 (s, 3H), 2.12 (s, 3H), 2.08 (t, /= 4.9 Hz, 6H); HRMS calcd
for C16H23N30g (M + H)+ 384.1407, found 384.1410.

tri-O-Acetyl-4-[(benzylcarbamoyl)imino]-3-methylcytidine (72).—A-Benzyl-1H-
imidazole-1-carboxamide (69) was synthesized as reported previously.38 A solution of
compound 71 (73 mg, 0.2 mmol), compound 69 (77 mg, 0.4 mmol), and triethylamine

(27 p, 0.2 mmol) in THF (3 mL) was stirred at reflux for 12 h. The solvent was removed
under reduced pressure, and the crude mixture purified by a silica gel column (2% methanol
in dichloromethane) to afford the pure product as a white solid (72 mg, 72%): 1H NMR
(CDCl3, 400 Hz) 67.26-7.33 (m, 5H), 7.13 (d, /= 8.2 Hz, 1H), 6.78 (d, /= 8.2 Hz, 1H),
6.00 (d, /=4.4 Hz, 1H), 5.27-5.36 (m, 2H), 4.45 (d, J= 5.9 Hz, 2H), 4.32 (s, 3H), 3.33

(s, 3H), 2.12 (s, 3H), 2.09 (s, 3H), 2.08 (s, 3H); HRMS calcd for Cy4HygN4Og (M + H)*
517.1935, found 517.1940.

4-[(Benzylcarbamoyl)imino]-3-methylcytidine (73).—A suspension of compound 72
(72 mg, 0.1 mmol) in a methanolic ammonia solution (2 mL) was stirred at rt for 12 h. The
solvent was removed, and the crude mixture purified by a silica gel column (7% methanol
in dichloromethane) to afford the pure product as a white solid (47 mg, 87%): 1H NMR
(MeOD, 400 Hz) §7.72 (d, J= 8.2 Hz, 1H),7.22-7.33 (m, 5H), 6.18 (d, J= 8.2 Hz, 1H),
5.90 (d, /=3.7 Hz, 1H), 4.38 (s, 2H), 4.12 (dd, /= 4.4, 8.2 Hz, 2H), 3.98 (d, /= 3.0 Hz,
1H), 3.83 (dd, /= 2.8, 12.2 Hz, 1H), 3.71 (dd, /= 2.8, 12.2 Hz, 1H), 3.35 (s, 3H); HRMS
calcd for C1gH23N4Og (M + H)* 391.1618, found 391.1616.

Tissue Collection.—A human tumor was obtained from a 44-year-old male patient with
squamous cell carcinoma of mobile tongue (oral cavity, T3N2cMO, grade I1) undergoing
surgery at the Department of Otorhinolaryngology-Head and Neck Surgery of Turku
University Hospital. The collection of the tissues is part of an ongoing sample collection
performed under the license ETMK 166/2015 with written informed consent from the
patients. Palatine tonsils were obtained from an adult patient with chronic tonsillitis
undergoing routine tonsillectomy at Turku University Hospital (permission TO6/033/18
from the Hospital Research Council). The excised tumor and tonsil samples were embedded
in the cryo-mold with Tissue-Tek O.C.T. compound (Sakura Finetek Europe B.V., Alphen
aan den Rijn, The Netherlands), cut at 10 zm onto superfrost glass slides using a cryostat,
and stored at —80 °C.
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Immunofluorescence Staining.—Tumor cryosections were processed for the
immunofluorescence analysis of CD73 expression, as described elsewhere.*8 Briefly, the
slides were incubated overnight at 4 °C in a Shandon Sequenza Staining System (Thermo
Scientific) with the rabbit anti-human CD73 antibody (h5NT-1, http://ectonucleotidases-
ab.com/) diluted at 1/400 in 200 £ of PBS containing 2% bovine serum albumin

(BSA) and 0.1% (v/v) Triton X-100 (blocking buffer). The samples were washed and
subsequently incubated for 2 h at rt with the Alexa Fluor-546-conjugated goat anti-rabbit
antibody (ThermoFisher Life Technologies), diluted 1/800 in blocking buffer. The Alexa
Fluor 488-conjugated pan-cytokeratin monoclonal antibody (catalogue no. MA5-18156,
ThermoFisher) was added during the incubation with the secondary antibody for labeling
the well-differentiated epithelial tumor cells. The slides were mounted with a ProLong Gold
Antifade reagent with DAPI (ThermoFisher) and imaged using a Pannoramic Midi FL Slide
Scanner (3DHistech Ltd., Budapest, Hungary) with a 20x objective.

In Situ ecto-5"-Nucleotidase Activity Assay.—For localization of AMPase activities
in human tumors and tonsils, the lead nitrate-based enzyme histochemistry was
employed.2849 |n brief, tissue cryosections were preincubated for 60 min at rt in 40
mmol/L Trizma-maleate buffer (TMB, pH 7.3) supplemented with 250 mmol/L sucrose,
the alkaline phosphatase inhibitor levamisole (2 mmol/L), and different concentrations of
CD73 inhibitors. The enzymatic reaction was then performed for 45 minat 37 °C ina

final volume of 20 mL of TMB containing 250 mmol/L sucrose, 2 mmol/L levamisole, 1.5
mmol/L Pb(NO3),, 1 mmol/L CaCl, 100 gmol/L AMP, and tested CD73 inhibitors at the
same concentrations as during the preincubation step. The lead orthophosphate precipitated
over the course of nucleotidase activity was visualized as a brown deposit by incubating
sections in 0.5% (NH,),S for 10 s, followed by three washes in TMB for 5 min each.
Slides were mounted with Aquatex medium (Merck). Tissue sections were also stained with
H&E. Whole slide imaging was performed using a Pannoramic-250 Flash slide scanner
(3DHistech Ltd.) with a 20x objective. AMPase activity was determined by measuring
AMP-specific brown staining intensities from the images using QuPath version 0.2.3.52
Shortly, a project including all images was created. Tissue areas were detected using the
threshold classifier. The classifier was run with full resolution (240 nm/pixel) for the whole
project. The DAB channel and Gaussian prefiltering were selected. The threshold was set
to 1.15 without smoothing, and areas above the threshold were classified as “positive”.
Representative areas were manually selected, and the average DAB intensity level was used
for AMPase intensity quantification. The script for intensity analysis is shown in Table S3.

X-ray Crystallographic Studies.—For the crystallographic experiments, two constructs
of human CD73 were used. These constructs were generated by gene synthesis of the natural
signal peptide and the coding region of human CD73 with several variations as indicated in
Figures S1 and S2. The synthesized gene included the residues up to the linkers highlighted
in green. The remaining C-terminal residues were coded by the expression vectors, pHLsec
for the 8.01His construct and pHLsec_Strepll for the 8.1Strep construct, using the £coR/
and Kpnl restriction sites.>® For small-scale expression tests, HEK293S Gntl~ cells were
grown in an adherent culture in 24-well TPP plates at 310 K in a humidified atmosphere
containing 5% CO,. The cell viability was supported by Dulbecco’s modified Eagle’s
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medium (Gibco) supplemented with 10% (v/v) fetal bovine serum (Gibco), 1% Glutmax
(Gibco), and 1% non-essential amino acids (Gibco). The cells were transfected with the
expression plasmid after growth to 90% confluency using polyethylenimine (Sigma-Aldrich)
as a transfection reagent in a 1.5-fold excess (w/w) with respect to plasmid DNA. For
preparative expression, cells from one confluent T175 bottle (Greiner) were seeded into
roller bottles (Greiner) with a surface of 2125 cm? per bottle for 5 days before transfection.
The roller bottles were incubated at 310 K with a rotation speed of 0.9 rpm and filled with
250 mL of medium per bottle.

Both constructs were purified using similar procedures as follows. The culture supernatant
(1-2 L) was collected 5 days after transfection and separated from detached cells by
centrifugation and filtration using a 0.22 um bottle-top filter (TPP). To prepare the
supernatant for purification by immobilized metal affinity chromatography (construct
8.01His), the buffer was exchanged via an ultrafiltration unit (10 kDa molecular weight
cutoff, GE Healthcare) using 5 L of buffer A [50 mM Tris and 400 mM NaCl (pH 8.0)].
The resulting protein solution (volume of ~100 mL) was adjusted to 20 mM imidazole by
adding elution buffer B [50 mM Tris, 400 mM NaCl, and 500 mM imidazole (pH 8.0)].
After this, the protein solution was loaded onto a HisTrap HP column (1 mL volume, GE
Healthcare), washed with 30 mL of 50 mM imidazole in buffer A, and eluted with a linear
gradient from buffer A to buffer B over 5 mL. For purification of the 8.1Strep construct,
the supernatant of the roller bottle expression was also concentrated to a volume of ~100
mL by ultrafiltration. Then 0.6 mL of a DMEM/biotin blocking solution was added, and
the solution was centrifuged at 20000g or filtered through a 0.45 um filter. The protein was
applied in a buffer of 50 mM Tris (pH 8.0) and 150 mM NaCl to a 5 mL StrepTrap HP
column (GE Healthcare) and eluted with the same buffer containing 2.5 mM desthiobiotin.
After affinity chromatography, fractions containing CD73 were pooled and concentrated to
2 mL using Amicon Ultra centrifugal filter units (10 kDa molecular weight cutoff, Merck
Millipore) and further purified on a Superdex 200 16/60 gel-filtration column (120 mL
volume, GE Healthcare) using a buffer consisting of 50 mM Tris (pH 8.0) and 100 mM
NaCl. Pure protein fractions were pooled, concentrated to 5-10 mg mL~2, and stored at —80
°C in aliquots for further use.

For crystallization, vapor diffusion trials were set up at 19 °C. One microliter of the protein
solution containing the respective inhibitor (1 mM) and ZnCl, (100 £M) was mixed with
an equal amount of a reservoir buffer solution to give the concentrations listed in Table S1.
Crystals were transferred in a stepwise manner to a cryo buffer composed as reported in
Table 2 and Table S1 and finally flash-frozen in liquid nitrogen.

X-ray data collection was carried out at 100 K as specified in Table S1. Data were collected
at a Rigaku Synergy R home source and at the BESSY beamlines BL14.1 and BL14.2.

The diffraction data were indexed, integrated, and scaled with XDS.%4 Coordinates of
human CD73 in the closed conformation (PDB entry 4H2I) or in the open conformation
(PDB entry 4H2G) were taken as starting models for rigid body refinement. In addition,

the pipedream software was used for automatic refinement and ligand placement.>® The
models were further improved by iterative cycles of TLS refinement using BUSTER-TNT®®
and manual rebuilding with COOT.56 Restraint dictionaries for inhibitors were generated
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using the GRADE web server (http://grade.globalphasing.org). Relevant crystallographic
parameters of the structures are listed in Table S1. Figures were prepared using PYMOL
(http://pymol.org).

Molecular Modeling.

Protein Preparation.—The X-ray structures of the complexes between hCD73 and
compounds 16 and 21 were prepared using the Protein Preparation Wizard tool of the
Schrédinger suite (Maestro 2020-1).57-58 Missing residues (residues 376-382 and 374-382)
were built using Prime (knowledge-based method),5%:60 used also to revert the Asn residues
at positions 53, 311, 333, and 403 into wild-type Asp. The following protomeric and
tautomeric states were predicted for His residues: hydrogen at N & for His38, His118,
His220, His304, His383, and His440; hydrogen at Ne for His33, His103, His243, His437,
His456, and His518; and hydrogens at N& and N e for His375. The protein was capped at
the N-terminal position with an acetyl group (ACE) and at the C-terminal position with

an A-methyl amide (NME). The two catalytic zinc ions and the calcium ion present in the
X-ray structures were maintained during the simulations. The ligands were monoprotonated
at the B-phosphonate.

Docking.—Compounds 24 and 27 were drawn using the Schrodinger suite (Maestro
2020-1)°7 starting from compound 21 and then minimized using the OPLS3 force field and
implicit solvent (water).51 The compounds were docked to the hCD73 structure prepared
starting from the X-ray complex with compound 21. Glide XP%2 was used for docking,
employing a grid centered on compound 21, with an inner box of 10 A and an outer

box of 30 A. Maximum 20 poses were generated for each compound, and a postdocking
minimization of the ligand was included in the docking protocol. The poses with the highest
score were selected.

Molecular Dynamics Simulations.—The systems for molecular dynamics (MD)
simulations were prepared using AmberTools20.63 Antechamber® was used to assign AM1-
BCC® charges and atom types to the ligands. Few modifications were manually introduced
to the atom types: cd, cd, and cc were assigned to carbon atoms at positions 4, 5 and 6 of the
pyrimidine ring, respectively, and op, oq, and or atom types were adopted for deprotonated
and protonated phosphonate oxygens and the bridging 5 -oxygens.%6

The complexes were inserted in a cubic water box (TIP3PS7 explicit solvent) with a distance
of at least 30 A between any atom and the edge of the box, and the systems were neutralized
with NaCl (concentration of 0.15 M), by using tleap (AmberTools20). The Amber ff14SB68

and GAFF99 force fields were used for the simulations, and the MD simulations were carried
out with Acemd3.70

After 500 steps of minimization, each system was subjected to an equilibration stage of 4

ns in the MPT ensemble, with atomic restraints on protein and ligand atoms in the first 3

ns of the simulation. Specifically, restraints of 1 kcal mol~1 A2 were applied and gradually
decreased (in the case of protein Ca atoms, the restraints were kept fixed to 1 kcal mol~1
A~2in the first nanosecond and subsequently gradually decreased from 1 to 3 ns). Starting
from each equilibrated system, three 50 ns simulations were collected in the AVV/T ensemble.
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A Langevin thermostat was used to keep the temperature at 310 K during the simulations
(damping constants of 1 and 0.1 ps~2 for equilibration and production, respectively), and a
Monte Carlo barostat was employed to keep the pressure at 1 atm during the equilibration
phase. In all of the simulations, a 9 A cutoff was used for nonbonded interactions, with a
switching distance of 7.5 A for van der Waals interactions, and the particle-mesh Ewald
(PME)’! summation was enabled for long-range electrostatic interactions. A time step of 2
fs was adopted, and simulations were saved with a stride of 20 ps (or of 50 ps, in the case of
equilibration simulations).

The simulations were carried out on the NIH HPC Biowulf cluster (http://hpc.nih.gov,
accessed May/June 15, 2021) using Tesla P100 GPUs.

Trajectory Analysis.—Before the RMSD of the ligand (or ligand nucleotide-like scaffold)
heavy atoms was measured, each trajectory was aligned superposing the protein Ca atoms
on the starting conformation. Calculation of the RMSFs of the ligand heavy atoms was
performed using the average trajectory structure as reference. RMSD and RMSF analysis
was conducted with Wordom.4’

For the cluster analysis, the three replicates of each system were sampled every 200 ps,
aligned superposing the ligand nucleotide-like scaffold heavy atoms, and the RMSD of the
para-substituted benzyl moiety was used to build the distance matrix. Wordom’s QT-like
method with a 2 A cutoff was employed for clustering analysis.

Contacts and H-bonds were computed with an in-house script written in Tcl, employing
VMD 1.9.3.72 Contacts were calculated as the presence of any residue atom within 4 A

of any ligand atom. H-Bonds were computed using the H-bonds plugin, applying a donor-
acceptor distance of 3.5 A and a donor—H—acceptor angle of 30°.

Puckering analysis was accomplished with an in-house python script, with minor
modification of what was reported previously.3748

Averages and standard deviations were computed through a python script employing Pandas
functions.”® Plots were generated using matplotlib’ and gnuplot.”

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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POM polyoxometalate

PSB Pharmaceutical Sciences Bonn

RMSF root-mean-square fluctuation

SF9 Spodoptera frugiperda 9

TEA triethylamine

TEAC triethylammonium hydrogen carbonate

TMB Trizma-maleate buffer

TME tumor microenvironment

TPSCI 2,4,6-triisopropylbenzenesulfonyl chloride
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Figure 1.
Concentration—response curve for inhibition of soluble hCD73 by 16 (A; Kj = 0.673 £ 0.091

nM) and 18 (B; K; = 0.436 + 0.078 nM) (mean of three independent determinations, each in
duplicate).
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Figure 2.
X-ray structures of the complex of 16 and 21 with the closed form of hCD73. (A) Binding

mode of 21. (B) Superposition of the binding modes of 16 and 21 based on the Ca atoms

of the C-terminal protein domains. (C) Interactions of the A# substituent of 21 at the

cleft between the two domains. (D) Superposition of the crystal structures of 21, 4 (PDB
entry 6S7F),2” 5 (PDB entry 657H),2” and 6 (AB680, PDB entry 629D)!! based on the
C-terminal domains. For 6, the AP substituent and the Phe417 side chain have been modeled
in alternative conformations, labeled A and B.
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Figure 3.

(A) Superposition of the last frames of three 50 ns trajectories of the compound 16-hCD73
complex in the closed form. The trajectories have been aligned by superposing the Ca
atoms on the initial state. Proteins are represented by a gray ribbon, interacting residues
as gray lines, and ligands of replicates 1-3 as orange, green, and blue sticks, respectively.
(B) Percentage of H-bonds between compound 16 and hCD73 residues during the three
replicates. Only residues interacting on average >10% of the simulations are shown. (C)
RMSDs of compound 16 heavy atoms over time in the three replicates. (D) RMSF of
compound 16 heavy atoms in the three replicates. The atom numbers of atoms with
higher RMSFs are reported in the two-dimensional depiction of the p-Cl-benzyl moiety.
(E) RMSDs of the heavy atoms of the nucleotide scaffold (all heavy atoms except the
p-Cl-benzyl) in the three replicates.
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ASN390
= )
G prois W

~AsSNI8

MD simulation of compound 16 bound to the closed form of hCD73. (A) Conformational
distance (RMSD) matrix, reporting the frame number on the x- and y~axes, and RMSDs

of p-Cl-benzyl heavy atoms on a colorimetric scale going from dark to bright colors [low

to high RMSD values (A)]. The frames of three 50 ns replicates have been merged for the
sake of the analysis and sampled every 200 ps (750 frames total) after superposition of the
nucleotide-like scaffold of compound 16 to the starting conformation. The frames of each
replicate are identified by bars parallel to the x- and )y~axes (replicates 1-3 in orange, green,
and blue, respectively). White numbers on the matrix highlight the most represented clusters
(population of >5%): cluster 1 (349 frames, ~47%), cluster 2 (183 frames, ~24%), and
cluster 3 (145 frames, ~19%). (B) Residues in contact (distance of <4 A) with compound 16
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in cluster 1. The persistence of each contact is indicated by the percentage of frames of the
cluster where that contact is present. (C) Center of cluster 1 (replicate 1, frame 1, 0.02 ns).
The ligand is depicted as cyan sticks, and the protein is colored gray. Residues in contact
with the ligand in >40% frames of the cluster are shown. (D) Residues in contact (distance
of <4 A) with compound 16 in cluster 2. (E) Center of cluster 2 (replicate 3, frame 1611,
32.22 ns). The ligand is depicted as cyan sticks, and the protein is colored gray. Residues
in contact with the ligand in >40% frames of the cluster are shown. (F) Residues in contact
(distance of <4 A) with compound 16 in cluster 3. (G) Center of cluster 3 (replicate 1,
frame 991, 19.82 ns). The ligand is depicted as cyan sticks, and the protein is colored gray.
Residues in contact with the ligand in >40% frames of the cluster are shown.
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Figure 5.

(A) Superposition of the last frames of three 50 ns trajectories of the compound 18-hCD73
complex in the closed form. The trajectories have been aligned by superposing the Ca
atoms to the initial state. Proteins are represented as a gray ribbon, interacting residues

as gray lines, and ligands of replicates 1-3 as orange, green, and blue sticks, respectively.
(B) Percentage of H-bonds between compound 18 and hCD73 residues during the three
replicates. Only residues interacting with on average >10% of the simulations are shown.
(C) RMSDs of compound 18 heavy atoms over time in the three replicates. (D) RMSFs of
compound 18 heavy atoms in the three replicates. The atom numbers of atoms with higher
RMSFs are reported in the two-dimensional depiction of the p-1-benzyl moiety. (E) RMSDs
of the heavy atoms of the nucleotide scaffold (all heavy atoms except the p-1-benzyl) in the
three replicates.
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(A) Superposition of the last frames of three 50 ns trajectories of the compound 21-hCD73
complex in the closed form. The trajectories have been aligned by superposing the Ca
atoms with the initial state. Proteins are represented as a gray ribbon, interacting residues
as gray lines, and ligands of replicates 1-3 as orange, green, and blue sticks, respectively.
(B) Percentage of H-bonds between compound 21 and hCD73 residues during the three
replicates. Only residues interacting with on average >10% of the simulations are shown.
(C) RMSDs of compound 21 heavy atoms over time in the three replicates. (D) RMSFs of
compound 21 heavy atoms in the three replicates. The atom numbers of atoms with higher
RMSFs are reported in the two-dimensional depiction of the p-methoxycarbonyl-benzyl
moiety. (E) RMSDs of the heavy atoms of the nucleotide scaffold (all heavy atoms except
the p-methoxycarbonyl-benzyl) in the three replicates.
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Residue

(A, C, and E) Puckering of the ribose ring of compounds 16, 18, and 21, respectively, during
MD simulations (combination of three 50 ns replicates). The phase angle of pseudorotation
(P) and degree of deformation of the plane (vinax) are reported on the angular and

radial coordinates, respectively. (B) Puckering of the ribose ring of compounds 16 (dark
green) and 21 (light green), in the X-ray structures. (D) Puckering of all of the nucleoside/
nucleotide-like ligands bound to hCD73 deposited so far in the PDB. (F) Number of contacts
(percentage of frames) between the 04 atom of compounds 16, 18, and 21 and hCD73

residues during the three MD replicates.

J Med Chem. Author manuscript; available in PMC 2023 February 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Scortichini et al.

Page 43

o

ASNINE . /JGLY393

/5/\) \\o) ). \

\

Figure 8.
(A) Docking pose of compound 24 at the closed form hCD73 active site. (B) Docking pose

of compound 27 at the hCD73 active site. In both cases, the ligand is shown as cyan sticks,
with the protein colored gray. Protein residues within 4 A of the ligand are shown as sticks.
Hydrogen bonds are shown as yellow dashed lines, ionic interactions as magenta dashed
lines, and 7z—r interactions as cyan dashed lines.
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Figure 9.
Distribution of AMPase activity and the expression level of CD73 in the TME. A tumor

was obtained from the patient with squamous cell carcinoma of mobile tongue. (A)

Staining of tissue cryosections with H&E enabled the visualization of the malignant and
benign cells in the TME. (B) Tissue-specific distribution of AMPase activity determined

by incubating the slides with 100 x/M AMP in the presence of Pb(NO3), followed

by microscopic detection of the nucleotide-derived inorganic phosphate (P;) as a brown
precipitate. (C) For immunofluorescence staining, tumor sections were stained with the anti-
CD73 antibody, together with Alexa Fluor-488-conjugated pan-cytokeratin mAb serving

as a marker of well-differentiated epithelial tumor cells. Single channels are shown in
grayscale, and the right-hand panels display merged images with nuclei counterstained

with DAPI. Abbreviations: BEL, basal epithelial layer; BV, blood vessels; MC(I), muscular
cells (longitudinally oriented); MC(t), muscular cells (transverse orientation); TC(p), tumor
cells (poorly differentiated); TC(w), tumor cells (well differentiated); TIL, tumor-infiltrating
leukocytes. Scale bars are 1 mm (A-C) and 300 xm (top and bottom insets).
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Figure 10.
Effect of CD73 inhibitors on AMPase activity in human tumors and tonsils. The effect

of CD73 inhibitors on AMPase activity was determined in situ by incubating human (A)
HNSCC and (B) tonsillar cryosections with 100 4/M AMP and 1.5 mM Pb(NO3), in

the absence (Control) and presence of the indicated concentrations of tested compounds.
AMPase activity was determined in the selected regions, corresponding to pan-cytokeratin™/
CD73" poorly differentiated tumor cells (A) and CD73* tonsillar germinal centers (B).

(C) Mean pixel intensities of AMP-specific brown staining were quantified in the selected
regions using QuPath version 0.2.3 and expressed as arbitrary units (AU) (mean + standard
error of the mean). Compared with the control, *£< 0.05 and **P < 0.01, determined by
one-way analysis of variance with Dunnett’s multiple-comparison test. Scale bars are 1 mm
(A, top image; B, inset), 4 mm (B, top image), and 300 xm (A, insets).
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Chart 1. Structures of CD73 Inhibitors [showing the ICgq or Ké' at membrane-bound human (h)
CD73, except for 7, which was measured at soluble hCD73]26‘ 9.31-33a

@ Compound 8 is a dual-acting A,aAR inverse agonist and CD73 inhibitor. The linker
moiety of 8 consists of various alkylamino and cycloalkylamino groups.
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Scheme 1. Substitution of the Pyrimidine Scaffold with Diverse 4-Benzyloxyimino Substituents®
a Reagents and conditions: (i) (Boc),NOH,33 DBU, DMF, 50 °C, 2 h; (ii) 4 N HCl in
dioxane, rt, 12 h; (iii) Mel, DMACc, rt, 4 h, 95%; (iv) the desired benzylhydroxylamine (32—
43), pyridine, 80 °C, 12 h, 35-97%; (v) methylenebis(phosphonic dichloride), (CH30)3PO,
0°C, 3 h, 5-40%.
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Scheme 2. Synthetic Strategies for Extension at the 4-Carboxyl Group on a 4-Benzyloxyimino
Substituent®

@ Reagents and conditions: (i) 1 N NaOH, MeOH, rt, 20 min, 77%; (ii) ethylenediamine, rt,
2 h, 95%; (iii) 1,4-diaminobutane, rt, 2 h, 90%; (iv) MeNH,, HATU, DIPEA, DMF, rt, 12 h;
(v) NH3/MeOH, rt, 12 h, 64% for steps iv and v; (vi) methylenebis(phosphonic dichloride),
(CH30)3PO, 0 °C, 3 h, 8-30%.
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Scheme 3. g-Alanine Derivatives for Introduction of Distal H-Bonding Groups to Reach Polar
and Charged Amino Acid Residues Adjacent to the CD73 Binding Site?

@ Reagents and conditions: (i) S-alanine ethyl ester hydrochloride, HATU, DIPEA, DMF,
12 h, rt, ~100%; (ii) 1 N NaOH, MeOH, rt, 12 h, 92%; (iii) methylenebis(phosphonic

dichloride), (CH30)3PO, 0 °C, 3 h, 10%.
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Scheme 4. Substitution of the Flexible Ribose Moiety of 16 with the Conformationally
Constrained (N)-Methanocarba Group?

@ Reagents and conditions: (i) acetic anhydride, EtsN, DMAP, CH3CN, 2 h, rt, 67%; (ii)
TPSCI, EtzN, DMAP, CH3CN, rt, 18 h; (iii) p~Cl- O-benzylhydroxylamine hydrochloride,
Et3N, CH3CN, rt, 18 h, 26% for steps ii and iii; (iv) Mel, K,CO3, DMAC, 18 h, rt, 83%; (V)
NH3/MeOH, rt, 12 h, 91%; (vi) methylenebis(phosphonic dichloride), (CH30)3PO, 0 °C, 3
h, 6-16%.
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Scheme 5. Introduction of a Distal Urea-Type Substituent on the 4-Benzyloxyimino Group of
tsk;::egyrimidine Scaffold, to Potentially Enhance H-Bonding in That Region of the CD73 Binding
@ Reagents and conditions: (i) EtOH, reflux, 12 h, 72%; (ii) acetic anhydride, EtzN, DMAP,
CH3CN, 10 min, rt, 95%; (iii) Mel, DMACc, rt, 4 h, 95%; (iv) 69, EtzN, THF, reflux, 12 h,
72%; (v) NH3/MeOH, rt, 12 h, 87%; (vi) methylenebis(phosphonic dichloride), (CH30)3PO,
0°C, 3 h, 8.4%.
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