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X-Ray Co-Crystal Structure Guides the Way to Subnanomolar
Competitive Ecto-5’-Nucleotidase (CD73) Inhibitors

for Cancer Immunotherapy

Sanjay Bhattarai, Jan Pippel, Anne Meyer, Marianne Freundlieb, Constanze Schmies,
Aliaa Abdelrahman, Amelie Fiene, Sang-Yong Lee, Herbert Zimmermann, Ali El-Tayeb,
Gennady G. Yegutkin, Norbert Striter,* and Christa E. Miiller*

Ecto-5'-nucleotidase (CD73, EC 3.1.3.5) catalyzes the extracellular hydrolysis
of AMP yielding adenosine, which induces immunosuppression,
angiogenesis, metastasis, and proliferation of cancer cells. CD73 inhibition is
therefore proposed as a novel strategy for cancer (immuno)therapy, and CD73
antibodies are currently undergoing clinical trials. Despite considerable
efforts, the development of small molecule CD73 inhibitors has met with
limited success. To develop a suitable drug candidate, a high resolution

(2.05 A) co-crystal structure of the CD73 inhibitor PSB-12379, a nucleotide
analogue, in complex with human CD73 is determined. This allows the
rational design and development of a novel inhibitor (PSB-12489) with
subnanomolar inhibitory potency toward human and rat CD73, high
selectivity, as well as high metabolic stability. A co-crystal structure of
PSB-12489 with CD73 (1.85 A) reveals the interactions responsible for
increased potency. PSB-12489 is the most potent CD73 inhibitor to date
representing a powerful tool compound and novel lead structure.

Adenosine is one of the strongest immunosuppressive agents
of the innate immune system by activating G protein-coupled
adenosine Ay and A,p receptors.!l In addition to mediating
immune escape, adenosine stimulates angiogenesis, metasta-
sis, and proliferation of cancer.'¥ Large amounts of extracel-
lular adenosine are produced by cancer cells through the up-
regulation of ecto-5'-nucleotidase (CD73, EC 3.1.3.5), which

catalyzes the hydrolysis of adenosine-
5‘“monophosphate (AMP). CD73 is a
~140 kDa Zn?*-binding glycosylphospha-
tidylinositol-anchored homodimeric mem-
brane protein.?! It can also be cleaved and
released as a soluble enzyme,” whose
crystal structure has been published (pdb:
4H21).5

CD73 was recently proposed as a novel
drug target for the (immuno)therapy of
cancer,>®”! and antibodies against CD73
are currently evaluated in clinical trials.®
However, those antibodies typically show
only partial inhibition of CD73, and more-
over, they may not penetrate well into solid
tumors. Thus, small molecule CD73 in-
hibitors would be superior for therapeu-
tic application. However, despite consid-
erable efforts, only few inhibitors have
been reported so farl®'>) and most of them
appear unsuitable for in vivo application due to low potency, low
selectivity, metabolic instability, low water-solubility, and/or high
plasma protein binding.%l

In a quest to develop suitable candidates, we selected the
moderately potent competitive CD73 inhibitor 1, «,8-Methylene-
ADP [AOPCP (1)], a more stable analog of the natural inhibitor
adenosine diphosphate (ADP), as lead structure. Substitution of
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Figure 1. A) Binding modes of PSB12379 (2) and PSB12489 (5) to human CD73. Superposition of AOPCP (yellow, pdb code: 4H2l), PSB12379
(turquoise), and PSB12489 (purple) bound to CD73 (molecular surface colored by electrostatic potential). Interactions of B) PSB12379 and C) PSB12489
within the substrate binding site formed by the N-terminal (blue) and C-terminal (green) domains. Difference electron density omit maps (contoured at
2.0 o) are shown in blue. D) Close-up of the interactions of the chloro substituent (green) in PSB12489. Distances (in A) and angles (°) are indicated.
The NH group of N390 is positioned for a favorable side-on interaction with the chloro substituent. The carbonyl oxygen of N390 is too far away from a

linear C—Cl---O arrangement for a halogen bonding interaction.

the adenine core and modification of the ribose and diphosphate
moieties revealed initial structure-activity relationships.[!”!
Pyrimidine analogs of 1 were also evaluated, but were generally
less potent than corresponding purine derivatives, and their se-
lectivity versus P2Y nucleotide receptors was mostly moderate.'8l
N¢-benzyladenosine-5'-O-[(phosphonomethyl)phosphonic acid]
(2, PSB-12379, K; 9.03 nM) was discovered by our group as a more
potent inhibitor than 1,7 and 2 is now widely employed as a
(commercially available) tool compound. One of its drawbacks is
the potential hydrolysis of the 5'-phosphonic acid ester resulting
in the formation of N°-benzyladenosine, which is an agonist of
adenosine receptors and would thus result in undesired effects.
In the present study, we describe the preparation of a co-crystal
structure of inhibitor 2 with human CD73. This first structure
of CD73 in complex with a potent inhibitor was utilized to
design significantly improved inhibitors. Finally, we obtained an
additional co-crystal structure of the optimized CD73 inhibitor

Adv. Therap. 2019, 2, 1900075 1900075 (2 of 8)

5 to evaluate our design hypothesis and to explain its improved
potency.

The co-crystal structures of human CD73 in the closed state
with compound 2 (PSB-12379) and 5 (PSB-12489) was obtained
by crystallizing the protein in the presence of 100 um Zn** and
the respective inhibitor in analogy to Knapp et al.®! For both
data sets, relatively high-resolution limits were achieved, and
thus well-defined electron densities for the inhibitors and the
two Zn?* ions were obtained in the active site. These co-crystal
structures allow for a rational explanation of the inhibitory po-
tency improvements on a structural level (Table S1, Supporting
Information). Previously described inhibitor 2 (PSB-12379)
showed an ~40-fold improved K;-value compared to AOPCP
(1).7) AOPCP binds to the closed conformation of CD73 with
the adenine base forming a hydrophobic stacking interaction
with F417 and F500 of the specificity pocket in the C-terminal
domain, whereas the terminal phosphate group is coordinated

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Potency of inhibitors at rat and human CD73.

1 1
NH; e R\N/R2
N N N N
o </ \A“/‘\/)N O O </ ' \/N 0O O </ I \)N\
i Lo NTN oo NT>N nooon N “>al
HO >~ \OH o} HO') \/P\Oa o HO’P\/P\ (o] o
HO HO
OH OH OH OH OH OH
1 AOPCP 2,3 4,5
Compd. R! R? rat CD73 K; & SEM [nm] human CD73 K; + SEM [nwm]
1071 (AOPCP) See structure above 197 £5 88.44 4.0
2171 (PSB-12379) Benzyl H 9.03 + 1.24
3 (PSB-12437) Benzyl Methyl 4.64 +0.23
4 (PSB-12651) Benzyl H 1.23 £ 0.04
5 (PSB-12489) Benzyl Methyl 0.746 + 0.246 0.318 4 0.020
HsCo
3 N/\©
N X
B Boo o1 M
LA ee e ~P \_ le)
NB: disubstitution: HO™ & " "oH
improves potency, selectivity and stability
OH OH
3 PSB-12437
|
U
NH HsC
7 6 2 3 \N
</N , \Nl </N N
8 AN
O B W R g WL
HO N o} 3 ~P._PR-0 o N el
OH OH, " ~ HOTLH o 0
3 2
OH OH OH OH
1 AOPCP 2 PSB-12379 OH OH
5 PSB-12489
‘ HN/\©
2-substitution: improves potenc </N I N
- Imp p y 9 9 N N/)\m
no R ROT_o
OH OH
OH OH
4 PSB-12651

Figure 2. Schematic design of the inhibitor 5 based on the co-crystal structure of 2 with human CD73. Addition of an exocyclic methyl group at the N°-
position to lock the conformation of 2 resulted in 3. N® N°-di-substituted derivatives will not yield adenosine receptor-activating metabolites. Addition
of a chloro substituent at position 2 of the adenine core structure resulted in 4, based on the rationale to trap an additional water-filled cavity of ~210 A3.
PSB-12489 (5) was designed by combining the improved features of 3 and 4.
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Scheme 1. Synthesis of 2- and N®-substituted purine riboside-5'-O-[(phosphonomethyl) phosphonic acid] derivatives. Reagents and conditions: a) Acetic
anhydride, dimethylaminopyridine (DMAP), ethyl(dimethyl)amine (EDMA), 40 °C, 1 h, yield 97%; b) POCl3, N,N-dimethylaniline, TEAC, reflux, 110 °C,
15 min, yield 75%; c) two steps: i) benzylamine or methyl-1-phenylmethanamine, triethylamine, absolute ethanol, reflux, 60 °C, 4 h, yield 95%, ii) 2%
NaOCHj3 in methanol, rt, 24 h, yield 70%,; d) benzyltriethylammonium nitrite, acetyl chloride, dichloromethane (DCM), 2 h, yield 70%; €) two steps: i)
methylenebis (phosphonic dichloride), trimethyl phosphate, 4 °C, 40 min, ii) TEAC buffer pH 7.4-7.6, rt, 15 min, yield 60-70%. For detailed synthetic

procedure, see Supporting Information.

to the two catalytic zinc ions of the N-terminal domain.”! This
binding mode is maintained for 2 (Figure 1). In addition, posi-
tions of residues in spatial proximity to the active site of CD73
also remain unchanged, except for N186 which is shifted to
provide space for the N°-benzyl substituent. The benzyl moiety
forms hydrophobic interactions with the N-terminal domain
involving the carbon atoms of D121, S185, and N186 (Figure 1).
The benzyl group exhibits weaker electron density and higher
Debye-Waller factor (B-values) compared to the core structure of
2, indicating a greater flexibility of this group.

To further improve the inhibitory potency of 2, combinations
of the NS-benzyl substituent with an additional alkyl group at the
exocyclic amino group were tested. This modification would, in
addition, abolish the interaction of the adenosine derivatives with
adenosine receptors.'”) Various combinations were tried, N°-
benzyl, N6-methyl-substitution (3, PSB-12437) yielding the best
results (Table 1).

The co-crystal structure of 2 indicates a pocket next to the
adenine base with a volume of ~210 A’. This pocket has a
mostly polar surface formed by N390, D524, NH™Y7, NHF®,
and CO%**, and a hydrophobic base formed by the side chains of
F412, P498, 1415, L389, and 1364. Since this pocket is expected
to be best accessible via substitution at the C2-position of the
adenine nucleobase, we synthesized 2-substituted AOPCP
derivatives exploring this modification to enhance the inhibitory
potency. Various substituents were tried, but only halogens
(chloro and iodo) resulted in (similarly) improved inhibitory ac-
tivity. Therefore, we combined the N°-benzyl group of inhibitor 2

Adv. Therap. 2019, 2, 1900075 1900075 (4 of 8)

with a 2-chloro substituent resulting in the very potent inhibitor
4 (PSB-12651, Table 1). Finally, the optimized inhibitor 5 (PSB-
12489) was designed by combining the improved features of both
inhibitors 3 and 4 (Figure 2). The resulting compound 5 (Table 1),
a hybrid of 3 and 4, in fact showed increased potency as predicted
based on the X-ray co-crystal structure of inhibitor 2 with CD73.

For the preparation of the target compounds 3-5, a convergent
synthetic strategy!'”) was applied, which involved the synthesis
of the intermediate nucleosides 6-8 followed by phosphonyla-
tion to the desired nucleotide analogs (Scheme 1). Inosine (9a)
and guanosine (9b) were acetylated with acetic anhydride to yield
2',3',5'-O-acetyl-inosine (10a) and -guanosine (10b). Chlorination
in position 6 yielded 11a-b. Intermediate 11a was treated with
N-methyl-1-phenylmethanamine followed by acetyl deprotection
resulting in nucleoside 6. Compound 11b was diazotized® us-
ing benzyltriethylammonium nitrite followed by reaction with
acetyl chloride to furnish 2',3',5'-O-acetyl-2,6-dichloropurine ri-
boside (12). Intermediate 12 was reacted with benzylamine or
with N-methyl-1-phenylmethanamine followed by acetyl depro-
tection resulting in nucleosides 7 and 8. Reaction of nucleosides
6-8 with methylenebis(phosphonic dichloride)!'”! followed by hy-
drolysis with triethylammonium chloride (TEAC) yielded the fi-
nal nucleotides 3-5. The products were obtained in overall yields
of 30-35% (Scheme 1).

The synthesis of 2',3',5'-O-acetyl-2,6-dichloropurine riboside
(12) from guanosine (9b), a precursor for the potent inhibitor
5, requires a tedious five-step procedure. Since 5 was re-
quired in gram amounts for biological studies, we upscaled its

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Improved synthesis of 2/,3',5'-O-acetyl-2,6-dichloropurine ri-
boside. Reagents and conditions: a) 2,6-dichloropurine, trifluoromethane-
sulfonic acid, 85 °C, 1 h, yield 69%. For detailed synthetic procedure, see
Supporting Information.

synthesis, and for this purpose, the synthetic access to nucleo-
side 12 was significantly improved.?!! This key compound was
obtained in a single step by reaction of tetraacetylribose (13) with
2,6-dichloropurine in the presence of trifluoromethanesulfonic
acid affording 12 in high yield and purity after simple crystal-
lization (Scheme 2). Compound 5 was thus obtained in 45-50%
overall yield.

The CD73-inhibitory potency of the new compounds was ini-
tially determined using recombinant soluble rat CD73 expressed
in Sf9 insect cells?? via a sensitive radiometric assay which allows
the use of substrate concentrations around the low K, value of
CD73.2%1 Full concentration-response curves were determined,
and K; values were calculated from the obtained ICs, values us-
ing the Cheng—Prusoff equation (see Table 1 and Figure S4, Sup-
porting Information).*l The CD73 inhibitors ADP, 1 and 2 had
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previously been characterized in the same assay showing K; val-
ues of 3880, 197, and 9.03 nm, respectively.'”) The new inhibitors
3 and 4 displayed improved K; values of 4.64 and 1.23 nw, re-
spectively. The hybrid inhibitor 5 having the N°-benzyl- N®-methyl
disubstitution of 3 combined with 2-chloro substitution as in 4
resulted in the first subnanomolar CD73 inhibitor showing a
K; value of 0.746 nm, which corresponds to a 264-fold improve-
ment in potency as compared to the standard CD73 inhibitor
AOPCP (1).

Subsequently, the most potent inhibitor 5 was broadly investi-
gated. When tested at human recombinant soluble CD73 in a ra-
diometric assay,®! it displayed an even lower K; value of 0.318 nm
as compared to the rat enzyme (see Table 1 and Figure 3). Native
human serum CD73P% was also potently inhibited by 5 with a K;
value of 2.51 nMm (as compared to a K; value of 487 nm determined
for AOPCP) (Figure 3).

In vivo, CD73 is known to be present in soluble as well as in
membrane-bound form. Thus, we studied inhibition of natively
expressed CD73 in a human breast cancer cell line, MDA-MB-
231, and in human umbilical vein endothelial cells (HUVECs)
by compound 5 in comparison to 1 (see Figure 3) using the same
assay.®®! The 1Cs, value of 5 was 104 nm in MDA-MB-231 cells
and 73.5 nm in HUVEC cells, corresponding to K; values of 3—
5 nM, while that for 1 was determined to be 150-200 nm. Inhibitor
5 was additionally tested at several other CD73-expressing cell
lines. In all experiments, concentration-dependent inhibition of
CD73 was observed with similar high potencies (see Figure S6,
Supporting Information).
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Figure 3. Concentration-dependent inhibition of different preparations of human CD73 by the standard inhibitor 1 and the new inhibitor 5. A) Soluble
human recombinant CD73 (Ky, 40 pm), K; 88.4 nm for 1,0.318 nm for 5. B) Native soluble CD73 in human serum (K, 65 pm), K 487 nm for 1, 2.51 nm for
5. C) Human breast cancer cells, ICsg 5720 nm for 1, 104 nm for 5 (substrate concentration: 400 pm AMP). D) HUVEC cells, ICso 1860 nm for 1, 73.5 nm
for 5 (substrate concentration: 200 pm AMP). Concentration—inhibition curves were performed in 2—4 separate experiments in duplicates, and the results
are presented as mean =+ standard deviation (SD). K; values were calculated from the obtained ICsg values by using the Cheng—Prusoff equation. For
complete results see Table S2, Supporting Information. For comparison, inhibition constants of 1 and 5 at the recombinant human enzyme have also
been determined by Michaelis—Menten plots, and the results, which are in the same range, are presented in Figure S5, Supporting Information.
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Figure 4. Enzyme histochemical staining of human tonsil and mouse spleen tissue section. CD73 substrate AMP (1 mm) was added in the absence or
presence of the standard inhibitor AOPCP (1, 20 pm) or 5 (600 nm). On the lower panel, the tissue sections were stained with hematoxylin and eosin
(H&E) for visualization of tissue structures. Inhibitor 5 blocked CD73 activity at a concentration of 600 nm and was significantly more efficient than the
standard inhibitor 1 utilized at a higher concentration of 20 ym as shown by reduced brown staining.

To go one step further, we tested CD73 inhibition by com-
pound 5 in mouse and human tissues. We utilized human ton-
sil and mouse spleen sections since both of these tissues are
known to express CD73.%°l To this end, the Pb(NO3), staining
technique was used for the detection of phosphate as a prod-
uct of CD73-mediated AMP hydrolysis resulting in the precipi-
tation of Pb;(POy),. After wash-out of excess Pb(NOs),, (NH4),S
was added resulting in PbS precipitation, which is detectable as
brown precipitation.’) Human tonsils and mouse spleen tissue
sections were incubated with 1 mm AMP in the absence or pres-
ence of 20 pm AOPCP, or 600 nm of 5 (and also with hema-
toxylin/eosin dyes to distinguish different tissue structures). Es-
pecially in the regions of the central arteries and the capsule, in-
tensive brown staining—corresponding to high CD73 activity—
was observed in both tissues. This activity was clearly reduced in
the inhibitor-treated samples. Inhibitor 5 was significantly more
potentand efficacious than 1 as shown by reduced brown staining
(Figure 4). In fact, inhibitor 5 was identified as the most potent
CD73 inhibitor observed so far also in this type of assay.

Next, we determined the binding mode of inhibitor 5 to human
CD73 by X-ray analysis to understand the basis of its outstanding

Adv. Therap. 2019, 2, 1900075 1900075 (6 of 8)

potency. The chlorine atom at C2 forms a hydrogen bond with the
N390 side chain and with a water molecule coordinated to CON*%
(Figure 1). Both donors are perfectly positioned in a side-on ori-
entation. Furthermore, two CH-groups are positioned to interact
with the chloro substituent, which thus has a very favorable en-
vironment for biomolecular interactions.?”) The Cl substituent
is not involved in halogen bonding interactions as the carbonyl
oxygen of N390 as the only nearby interaction partner is not po-
sitioned for a favorable halogen bond. The C—Cl---O angle devi-
ates too much from linearity (Figure 1D).?¥) The presence of the
Cl-substituent in 5 also causes a relocation of a water molecule
in the C2 pocket to an adjacent previously unoccupied binding
site. Taken together, the chloro substitution at C2 results in over-
all more favorable interactions in the C2 pocket explaining the
increase in inhibitory potency.

A comparison of the binding modes of 2 and 5 shows that
the common AOPCP core structures superimpose closely, but
the NS-benzyl substituents differ by 37.8° in their torsion an-
gle around the bond between N° and the methylene carbon of
the benzyl group (Figure 1A). This moderate reorientation of
the phenyl ring is in line with the generally somewhat flexible

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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interaction of this group with the N-terminal domain, which is
also apparent in the co-crystal structure of 5 by the weaker elec-
tron density of this group. The reorientation may be caused by
the presence of the N® methyl group in 5 and/or by a slight
0.3 A shift of the adenine ring of 5 compared to 2 toward the
C2 pocket.

As a next step, we investigated the selectivity of inhibitor 5
for CD73 versus related targets. Inhibition of other important
ectonucleotidases, including the ectonucleoside triphosphate
diphosphohydrolases (NTPDases) 1-3 and the nucleotide
pyrophosphatases/phosphodiesterases (NPPs) 1-3, was investi-
gated according to described procedures.!¥ The standard CD73
inhibitor 1 was previously found to additionally inhibit NPP1.[!7
The new inhibitor 5 did not inhibit any of these ectonucleoti-
dases nor did it activate or inhibit any of the ADP-activated P2
receptors, P2Y; and P2Y;,, at a concentration of 10 pm (see
Tables S3 and S4, Supporting Information).

Finally, inhibitor 5 was further investigated for its stability in
human blood plasma and in rat liver microsomes. Known CD73
inhibitors (ADP, 1, and 2) were included for comparison. The ex-
periments were performed as previously described'”) incubating
the samples at 37 °C and analyzing them by LC-MS. In human
blood plasma, 5 was completely stable within the incubation pe-
riod of 5 h. Compound 2 was less stable (8% degradation), 1 was
metabolized by approximately 50%, while ADP was completely
degraded within 30 min. Thus, the order of stability in human
blood plasma was 5 = 2 > 1 > ADP (see Figure S7, Support-
ing Information). Incubation with rat liver microsomes demon-
strated that 5 is metabolically highly stable. Only less than 5%
were metabolized under the applied conditions after incubation
for 8 h. Inhibitor 2 was less stable (25% degradation), while ADP
and 1 were completely degraded within 5-15 min. Thus, the or-
der of stability in rat liver microsomes was 5 > 2 > 1 > ADP (for
details see Figure S7, Supporting Information).

In conclusion, we obtained an X-ray co-crystal structure of
human ecto-5nucleotidase (CD73) in complex with inhibitor
2, which allowed us to design nucleotide analogue 5. The new
CD73 inhibitor 5 shows outstanding potency, selectivity, and
metabolic stability, with a subnanomolar K; value at the human
and the rat enzyme. Compound 5 is the most potent CD73 in-
hibitor described to date as demonstrated for recombinant CD73
as well as for native CD73-containing preparations including
soluble enzyme in blood plasma, and membrane-bound CD73
in epithelial and cancer cells, and in mouse and human tis-
sue sections. Importantly, for 5 there is no risk of the forma-
tion of adenosine receptor-activating compounds, which could
lead to serious side effects. Therefore, 5 is an excellent tool com-
pound for in vitro and in vivo studies. Based on our results, the
first clinical candidate (AB680, see Figure S10, Supporting In-
formation) has recently been announced.?*3% Small molecule
CD73 inhibitors are novel check-point inhibitors, which are
expected to be superior to antibodies for the immunotherapy
of cancer.

[Final coordinates and structure factors of co-crystals with in-
hibitors PSB-12379 (2) and PSB-12489 (5) have been deposited in
the Protein Data Bank (www.rcsb.org) under the accession codes
6s7f and 6s7h).
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