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ABSTRACT: The development of cytosolic 5-nucleats@ Il (cN-1l) inhibitors is essential to
validate cN-Il as a potential target for the rei@rsof resistance to cytotoxic nucleoside analogues
We previously reported a fragment-based approaotbowed with molecular modelling, herein, the
selected hit-fragments were used again in anothmpatational approach based on the llib-diverse
(a software enabling to build virtual molecule &bes through fragment based de novo design)
program to generate a focused library of potentailbitors. A molecular scaffold related to a
previously identified compound was selected andtted novel series of compounds. Ten out of
nineteen derivatives showed 50 to 75% inhibitiortt@purified recombinant protein at 200 uM and
among them three derivatives2( 13and18) exhibitedK; in the sub-millimolar range (0.84, 2.4 and
0.58 mM, respectively). Despite their only modestepcy, the cN-Il inhibitors showed synergistic
effects when used in combination with cytotoxic ipernucleoside analogues on cancer cells.
Therefore, these derivatives represent a familpaf-nucleos(t)idic cN-II inhibitors with potential
usefulness to overcome cancer drug resistance iabpen hematological malignancies in which

cN-I1l activity has been described.



INTRODUCTION

5’-nucleotidases (EC 3.1.3.5) are a family of enegrthat catalyze the hydrolysis of 5’-nucleoside
monophosphates (5’-nucleotides) into their corregptg parent nucleosides and inorganic
phosphate, and thereby play a key role in the noéitab of nucleotides. The membrane-bound ecto-
5’-nucleotidase, CD73, is mainly responsible foe tbonversion of extracellular adenosine 5'-
monophopshate (AMP) into adenosine, whereas intuae 5’-nucleotidases (CN-I, cN-1I, cN-Il,
cdN, mdN) regulate the intracellular pools of bptirine- and pyrimidine-based 5’-nucleotides and
nucleosides, depending on their substrate spegifésid intracellular compartments [1] [2]. cN-IA
uses both AMP and pyrimidines and is expresseduscias, whereas its homologue cN-IB is AMP
specific and ubiquitously expressed. The cytostiNell and cN-IlIIA are GMP/IMP and pyrimidine
preferring, respectively. cN-Il is ubiquitously egpsed and at a higher level in highly prolifergtin
cells, whereas cN-IIIB is important in erythrocytest has also been found in many other tissues.
More recently, a cN-11IB was described and found&ospecific to 7-methyl-GMP [3]. Finally, the
cytosolic cdN and the mitochondrial mdN are actiwedeoxyribonucleosides phosphorylated on 3’

or 5', with a preference towards pyrimidine derives.

Several studies have shown that deficiencies aktlpeoteins are associated to severe diseases. For
example, deficiency in cN-lll due to genetic mutas leads to hemolytic anemia [4], CD73
deficiency is associated to arterial calcificati®) and theNT5C2 (coding for cN-1l) containing
locus has been associated with autosomal recesgastic paraplegia and psychiatric disorders [6-
8]. In addition, high expression level or activif/cN-II in tumor cells is associated with resistan
to cytotoxic nucleoside analogues and nucleob#@sé4]. Its direct role in this resistance was shown
by the sensitization of human cancer cells to umocleoside analogues after inhibition of its
expression by shRNA [12]. Based on these obsenstioN-Il represents an attractive target to
revert cancer resistance, and the use of cN-Ibitdrs in combination with chemotherapy involving
cytotoxic nucleosides may be of great interest.

Purine ribonucleoside analogues modified at th@dsiion were the first inhibitors of cN-II
reported in the literature (Fig. 1) [13]. 5’-Deo&Hsobutylthio derivatives of adenosine and inesin
inhibited 50% of the nucleotidase activity (extexttfrom rat liver) at 2-10 mM. Recently, it was
shown that fludarabine was able to interfere witimhn cN-Il as a mixed-inhibitoK({ 0.5 mM and
Ki' 9 mM) [14]. Over the last decade, we have alentified, developed and studied cN-II inhibitors
by using virtual screening [15], a substrate anadelased approach [16-18], and finally a fragment-
based drug discovery (FBDD) strategy [19]. All thekerivatives behaved as weak to modest cN-II

inhibitors with K; in the millimolar range (Fig. 1). Since these compds act as competitive



inhibitors and taking into account that cN-Il iss@lnamed higliy 5’-nucleotidase, it is not
surprising to observe such high values Ky for inosine 5-monophosphate (IMP) is ~ 0.5 mM).
Despite this, co-exposure of cancer cells to nsitkioanalogues and some of these cN-Il inhibitors

potentiated the effect of cytotoxic nucleoside agaks [14, 15].
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Figure 1. Chemical structures of the cN-Il inhibitors regakin the literature. IBTA: 5’-Isobutyl
thioadenosine; IBTI: 5’-Isobutylthioinosine; Adi&nthraquinone-2,6-disulfonic acid, disodium salt;
C: cytosine; Y=H and X=0OH, or Y=0OH and X=H.

Herein, we pursue the development of cN-Il inhitgtasing a small set of fragment hits, which
have been previously selected by a FBDD approa@h {a build up a virtual library. The latter was
generated using the llib-diverse software (httpsWwinteligand.com), and involved the random
association of various fragments and chemical ggdnporder to enhance binding affinity and/or
retain drug-like properties such as water soluhilithesan silico approaches have been successfully
applied to the design of potential lead compound$h sas creatine kinase [20] and phospholipase
[21] inhibitors. In silico virtual screening was performed on the basis pearmental cN-Il crystal
structures [22] and compounds with the most faVeralmcking scores were carefully analyzed.
Thus, one derivative was hand-picked to guide sirat optimization, on the basis of its

resemblance with a previously identified inhibitor.



RESULTS AND DISCUSSION

In silico drug design, library generation and selection proess.We combinedin silico drug
design approaches including virtual library generatollowed byin silico screening by molecular
docking to identify potential inhibitors [23, 24Briefly, virtual flasks containing the most active
fragments previously identified by nuclear magneéisonance (NMR) screening and measurement
of the inhibition of the enzyme activiip vitro [19], were used for the combinatorial generation of
novel chemical scaffolds. An overview of the pracespresented in Figure 2. Flask 1 contained 21
fragments, whereas flasks 2 and 3 contained 1%nkats each (structures of the components are
listed in table S1 and mainly include aromatic dmdyclic derivatives, nitrogen-containing
heterocycles such as benzimidazoles, purines...nlliFinflask 4 contained 43 polar or ionisable
building blocks (alcohols, carboxylic acids, phosgsters..., see Table S1) available from the llib-
diverse software.
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Figure 2. Schematic view of the focused library generatidintual flasks 1, 2 and 3 contain hit
fragments previously identified as cN-1l binders MWIR. Combination of one fragment from each
flask with an additional functional polar groupa@k 4) is achieveth silico using the llib-diverse
software and leading to a virtual library of 3,000mpounds. All obtained compounds were

evaluated for their theoretical binding affinity dgcking on cN-Il crystal structure.

The llib-diverse tool generated a focused virtultary by using a Monte-Carlo-based random
fragment connection including general rules of civamsynthesis feasibility. During this process,
the software is randomly selecting fragments fraoheflask and generates molecules with a broad
molecular diversity. In our setup, we defined ahleigimportance for experimentally validated hit
fragments (cN-1l binders identified by NMR) meanitigat the frequency of insertion of these



fragments in the final library will be higher commpd to the low-active fragments (underlined
fragments in Table S1). To further increase themity and also to improve the aqueous solubility
of compounds, combination of one fragment takemfeach of the three flasks was followed by the
addition of a fourth ionisable chemical group (duib blocks already included in the program that
can be also considered as a fourth flask). Thusta of 3,000 compounds was generated (llib-
diverse virtual library), all meeting the criten orally-delivered drug like compounds according t
Lipinski’s rule of five (one exception was the maléar weight with an upper limit at 600 Da instead
of 500 Da). Then, all compounds were evaluated bleaular docking on cN-Il. The ones showing
a lower score than that of our previously identifiead compound (Fig. 1JA2132) and hitherto
most potent cN-II inhibitor reported were discardeshving a total of 884 compounds for further
consideration. To narrow the number of moleculesadurther examined for synthetic accessibility,
we focused on compounds with highest docking sc@uesg a cut-off value of 125, which is
approximately 20 points above the docking scordA2132) resulting in a selection of 25 chemical
structures (Table S2).

The analysis of structure similarity and fragmerasposition of these 25 selected hits indicates
that some skeletons were privileged during theaftyprgeneration and filtering process. Indeed,
numerous assemblies consisting of polycyclic aramstructures linked to a phenyl or biphenyl
fragment were found to promote a favorable bindingording to the docking results. Among these,
one derivative particularly attracted our attent{fig. 3B, Ilib-72) due to its structural similarity
with the previously identified cN-Il inhibitod A2132 (Fig. 3A). In addition, several hit compounds
with docking scores being slightly lower than out-off value (125) were identified as structural
analogues 0bUA2132 or at least holding an adenine moiety linked tcaemmatic cycle through an
amide link (see Table S2, hits highlighted in boldracters). Therefore, instead of performing the
chemical synthesis of all 25 best-ranked hit conmgisu we prioritized the structure optimization of
our lead compound considering the structural vianatobserved iflib-72 as it was the best-ranked
analogue ofJA2132

In this respect, molecular docking studies werdopered to predict and compare the potential
binding modes oflib-72 with UA2132



A - cN-ll inhibitor identified through FBDD B - Molecule belonging to the llibdiverse
focused library, llib-72
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Figure 3. Chemical structures of the potential cN-1l inhiog. (A) Previously identified derivative
UA2132 with inhibition mode and constant; (B) Hand-pickaetivative (lib-72) from the focused
library; (C) Generic structure proposed for struatwptimization.

Since UA2132 is a competitive inhibitor, the docking of hit cppunds was achieved in the
substrate binding site (Fig. 4). One should not¢ the crystal structure used for modelling (PDB
2XCW) was an inactive mutant in which one of theéalyic residues D52 was mutated to N.
Compared to other crystal structures, this mutatioas not change the coordination of ®ipn
(hexa-coordinated with D/N52, D54, D351, 2 waterlenales and one phosphate oxygen from
IMP). This mutation was used by Wallden and collessgin order to prevent substrate hydrolysis
during crystallization, thereby giving an imagetlo¢ position of the substrate [25]. Similar docking
poses have been obtained using the wild-type enZ23@9). FolUA2132 the prediction suggests
only one binding mode with the adenine moiety ribar catalytic residues which interact with the
magnesium ion (the two firsia coordination bonds and the latiea a water molecule). In contrast
to UA2132 two binding orientations were predicted tbb-72 (Fig. 4A & 4B) with comparable
docking scores (126.9 and 126.1). The most faverablding mode is shown in Figure 4A with the
purine and the benzyloxymethyl group near the msigne ion. However, in the second binding
mode thea-hydroxyacetic acid chain is chelating the magmasian within a more compressed

structure (Fig. 4B). This latter may reflect thalrbinding orientation of this compound since the



natural substrate (IMP) also carries a negativegehan the phosphate oxygen. Interestintily;72
occupies a large space which extends beyond tteratébinding cavity (Fig. 4C).

Based on this docking information, we decided tegktheN-6 biaryl substituted adenine skeleton
(present iNJA2132) and to add various groups either on k@& or N-9 position of the purine, and/or
a five-membered nitrogen containing heterocycle tio@ biaryl moiety (Fig. 3C and 5). Both
substituents were chosen for their ability to eitimerease affinity and/or improve solubility ofeth
final derivatives. Indeed, under physiological citinds tetrazole and phosphonate groups would be

partially or completely protonated (Fig. 5).

Figure 4. A) Preferential binding mode predicted by molecudlacking forUA2132 (orange sticks)
and llib-72 (cyan sticks).B) Second binding mode identified fdlib-72 showing an inversed
orientation allowing the ionic interaction betwesarboxylic group and magnesium ion (depicted as
a green spheref’) Same docking as in panel (B) with cN-Il in sudaepresentation to appreciate

the substrate binding site. Catalytic residuesshoavn in grey thin sticks.
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25 paralortho, R = CH,CO,Et
Figure 5. Structures of the studied compoutd$3, 18-2Q 24a-eand25.

Synthesis. The targeted compounds, presented in Figure 5, Ipeagivided into three groups
corresponding to: (iN-7 or N-9 substituted derivatives &JA2132 (6-13), (ii) Ilib-72 analogues
incorporating a polar substituent on the imidazuhg (18-20) and (iii) analogues incorporating a
tetrazole ring as ionisable five-membered rig425).

First, different substitutions on positiomMé7 or N-9 of the purine heterocycle (Fig. 5) were
envisaged: (i) a hydroxyethyl chairB (and 11), a methyl phosphonatel and 13) or a
methylcarboxylate 4 and 12) in order to improve the aqueous solubility WA2132 as this was
identified as a limit for itsin vivo evaluation (unpublished data); (i) a benzg@a{b) or a
benzyloxymethyl Ta-b) as observed within the structurelbb-72 for better affinity to the target
protein. Then, due to synthetic issues we envisagsdthe closest analogues Itb-72, the

replacement of thex-hydroxyacetic acid chain by non-classical bio-dsoss such as a methyl



phosphonate group (compountl8, 19 and 20) mimicking the acetate anion and being partially
ionized at physiological pH. Another modificatioonsisted in the replacement of both the imidazole
ring and then-hydroxyacetic acid chain by a tetrazole ring (compds24a-g. Indeed, tetrazole is
known to present similar physicochemical properéies carboxyl group, and it is increasingly used
in drug development. Furthermore, tetrazole castari both neutral and anionic states. The latter
would allow the formation of salts that may be addie for water solubility.

The general synthetic approach used to preparehianyl carboxamide derivatives of adenine
incorporating variousN-7/N-9-substituants §-13), N-methylphosphonate and imidazole moieties
(18-20 or C-branched tetrazol€4a-eand 25) consists of coupling adenine Nr7/N-9-substituted
adenine 1-5) with commercially available biphenyl carbonyl ahtles (Scheme 1) or substituted
biphenyl carboxylic acidsl{, 23a-¢ (Schemes 2 and 3). When using carboxylic acidgxaess of
the activation reagenl,N’-carbonyldiimidazole (CDI), was required as wellaasatalytic amount
of 4-dimethylaminopyridine (DMAP), and the couplingaction was performed in anhydrous
dimethylformamide (DMF) at 100 °C until starting t@aal was consumed (HPLC monitoring). In
addition, due to the limited thermal stability ofMPB at elevated temperature (leading to side
reactions such as dimethyl amination and/or fortighg, DMF was replaced byN-
methylpyrrolidinone (NMP) for prolonged reactiom@ at temperatures over 100 °C. In a few cases,
low yields were observed for this coupling step amie associated to the fact that chromatographic
separation of the starting material and the desb@udpound was difficult. In addition, chemical
instability was observed for compouidd, which was only obtained in 81.8% purity.

Alkylation reactions (Scheme 1) were carried out feycting adenine with the appropriate
commercially available alkyl halide in DMF, usingtpssium carbonate as base. When using benzyl
bromide or benzylchloromethyl bromide, formationbaith N-7/N-9-regioisomers (compounds-b
andZ2a-b) was observed and they were separated by silicehgematography. Thil-7-derivatives
la and2a were obtained in 20 and 43% yield, respectivelye Tegioselectivity of alkylation was
unequivocally assigned BJAINMR and UV spectra. In DMSOgdpronounced downfield shifts were
observed for the signals corresponding to the HeéBMNH, of N-7 when compared with those Nf9
regioisomers. UV absorption spectra {7 isomers showed slight bathochromic shifts (2-3 nm)
compared taN-9 regioisomers. All these data are in agreemertt @éta from the literature and
corresponding to similaX-7 andN-9 purine isomers [26, 27].

The synthesis di-(phosphonomethyl) derivativés(scheme 1 foN-9 adenine substitution) dib
(scheme 2 for N-ldimidazole substitution) was performed employing tldge p-

toluenesulfonyloxymethylphosphonate as requireglaling reagent [28].



Scheme 1Synthesis oN-7 or N-9 substituted derivatives &fA2132
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3 R=CH,CH,0COCH;(60%) 8 R=CH,CH,OCOCH; (62%) | (iii) 11 R = CH,CH,OH (66%)
4 R = CH,CO,CH,CH; (68%) 9 R = CH,CO,CH,CH; (57%) 12 R' = CH,CO,H (93%)
5 R = CH,PO(OEt), (58%) 10 R = CH,PO(OEt), (42%) 13 R' = CH,PO(OH), (13%)

Reagents and conditions: (i®0Os;, benzyl bromide (fodab) or benzylchloromethyl ether (for
2a-b) or 2-bromoethylacetate (f@) or ethyl-2-bromoacetate (fot), DMF, rt, 1-48 h or NaH,
diethyl p-toluenesulfonyloxymethylphosphonate @ DMF, 50 °C, 17 h; (ii) biphenyl-3-carbonyl
chloride, pyridine, rt or 100 °C, 1-4 h. (iii) NaORM, MeOH, 0 °C, 30 min (fodl and12) or
trimethylsilyl bromide (TMSBr), DMF, rt, 48 h (fdk3).

Cleavage of the phosphonate diethyl ether grougkedrfinal step of synthesis of compouriss
(scheme 1) and0 (scheme 2) was carried out using trimethylsilgrbme (TMSBr) and the desired
compounds were obtained as their correspondingpbloosc acids following purification on i@
reverse phase and eventually cation-exchange chognaghy to isolate them as sodium salts. One
should notice that during the saponification of pound16 (Scheme 2), concomitant loss of one
ethyl group occurred and led to the phosphonateoetbyl derivativel7. Moreover, attempts to
obtain N-imidazolylmethylphosphonate derivativé9 incorporating a benzyloxymethyl group
(BOM) on theN-7 position of adenine was tedious (yield 6%) duetcelative instability of the
BOM group.

For the series of compounds containing a tetramalg (compound24a-e and 25, scheme 3),
intermediate22a-e have been prepared by 1,3-dipolar cycloadditiomitifle precursorsdla-9
with sodium azide and trimethylamine hydrochloriddNMP. The cyano-substituted biphenyl esters
21a-e were obtained beforehand according to the preilyjodsscribed Suzuki cross-coupling

protocol [19] using commercially available startim@terials such as 2-, 3- or 4-bromobenzonitrile

10



and 2-, 3- or 4-ethoxycarbonylbenzeneboronic a¢tds.compound24a 24d, and25, the coupling
reaction with the adenine moiety did not go to ctatipn and low yields may be attributed to the
steric hindrance associated to the ortho orientaifdhe substituents.

Scheme 2Synthesis of llib-72 analogues incorporating apsubstituent on the imidazole ring.

COzEt 002H
j/@ ]/© RO _ (i) (|v)
0, J

o,
EtO OEt Et0 OEt Eto’ OH g
RO OH _ 4gR=H, R= Et (63%)
o 9 9 -
14 15 (86%) 16 (86%) 17 (76%) “’)E 19 R = CH,0CH,Ph, R' = Et (6%)
20R = H, R = H (20%)

Reagents and conditions: (i) Napttoluenesulfonyloxymethylphosphonate, DMF, 80 °8 hi (ii)
3-ethoxycarbonylbenzeneboronic acid, PA@RLK.CO;, DMF, 100 °C; (iii) NaOH 2 M, EtOH,

1,4-dioxane, 80 °C. (iv) CDI, DMAP, adenine (fb8) or 2a (for 19), DMF, 100 °C. (v) TMSBtr,
DMF, rt.

Scheme 3Synthesis of derivatives incorporating a tetrazivlg.

N:N N:N N:N
CN — NH NH — NH
on O " Bk
X ) (ii) (iii) (iv)
5 —_— y——~ —_—
X o N
Br | NR
P> N A
COzEt CO4Et CO,H |
O NN

CO,Et/CN CO,Et / tetrazole CO,H / tetrazole CONH / tetrazole
21a (74%) ortho /para  22a (83%) ortho / para 23a ortho / para 24a (15%) ortho / para
21b (74%) meta/meta  22b (74%) meta / meta 23b meta / meta 24b (45%) meta / meta
21c (71%) meta / para 22c (84%) meta / para 23c meta / para 24c (53%) meta/para |R=H
21d (95%) para / ortho 22d (75%) para / ortho 23d para / ortho 24d (17%) para / ortho
21e (92%) meta/ortho  22e (57%) meta / ortho 23e meta / ortho 24e (56%) meta / ortho
(90-100%) 25 (15%) para/ R = CH,CO,Et
ortho

Reagents and conditions: (i) 2-, 3- or 4-ethoxyoagtbenzeneboronic acid, Pd(RRh K,CO;,
DMF, 100 °C; (ii) NaN, NEt.HCI, NMP, 150 °C (iii) NaOH 2 M, EtOH, 1,4-dioxan&0 °C; (iv)
CDI, DMAP, adenine o4 or 5, DMF or NMP, 80-150 °C.

Enzymatic studies.All synthesized compounds were evaluated for thmiibitory effect against

recombinant cN-Il using the malachite green-bassayawith quantification of inorganic phosphate
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produced from IMP (Tables 1-3) and the cLogP weileutated in order to estimate the impact of
the various modifications on aqueous solubilitygamparison t&JA2132 used as a reference.

When introducing modifications in thBl-7 position (Table 1), no real improvement of the
inhibitory effect could be observedd, 2a, 6a, 6b, and7a) as compared tb/A2132 An equivalent
inhibition was observed at 200 uM for derivativés and 7a which were substituted at tH¢-7
position either by a benzyl or benzyloxymethyl groarhis may be explained by a different
orientation adopted by these derivatives in thelibigp site when compared to the compounds with
N-9 modifications. Substitutions on thM-9 position of the purine heterocycle by aromatic
substituents was found to reduce the activity #esd compoundstp and7b), whereas small and
linear substituents (ethyl chain f8and11 or methylcarboxylat® and12, or methylphosphonat)
and13) increased the inhibition of the enzyme. Indeed e best inhibitors in this series (>60% at
200 puM) substitutions were including a carboxyli@)(or a phosphonatel®) group, especially
when the negative charge was unmasked. Indeedyrésence of a carboxylate or a phosphonate
group is expected to increase the overall aquenlubitity as anticipated (cf. cLogP). The presence
of a biphenyl moiety was mandatory for the inhimtisince smaller compounds lacking this group
were almost- or fully inactivelp, 2b, and3).

In addition, substitution of the biphenyl moiety byfive-membered ring seems to play a major
role as shown by the derivatii® incorporating an imidazole and a (monoethyl)-migthgsphonate
group (without any modification ifN-7 or N-9, derivative 19 was less efficient thari8).
Surprisingly, the fully unprotected compou@ (with the closest similarity withlib-72) did not
inhibit cN-11 activity suggesting that the negatiglarges affect the binding mode of this compound
(Table 2). According to the enzymatic inhibitiorgnepoundl18 appeared more advantageous (75%
at 200 uM) and this may be explained by the partegative charge compared to a fully charged
compound?0 (harboring a double negative charge).

Table 1 Data forN-7 andN-9-substituted analogues 0A2132

Inhibition (%) at 200 puMor
N-7/N-9 1 mM when no inhibition at 200
Compound Structure _ cLogP*
substituent HM)
Ki (mM)
0 O 68 + 5%
2132%* » YO none 3.4 Ki=0.89 +0.23
NN (Competitive)
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¢\ NH, 26 £ 10%
1la N PhCH-(N7) 1.1
A (1 mM)
N
NH,
</ij‘ 23 + 4%
1b NN PhCH-(N9) 1.9
K® (1 mM)
NH BnOCH,- No inhibition
2a QAO?NfN 1.1
S (N7) (1 mM)
NH,
ST
o0 b W BnOCH,- 13+ 3%
5 (N9) 1.9 (1 mM)
)
6a @N " PhCHx(N7) | 4.3 52 + 2%
SN
S
N
(0]
HN O O
N~—">N
6b ¢ALJ PhCH-(N9) | 5.1 57 + 9%
(0]
BNOCH.-
7a | (o T Tl a2 50 + 1%
N (N7)
S
NN
(0]
oLs g
P BnOCH-
7b AL 5.0 34 £ 4%
c " (N9)

13




N—~ N . o
<o No inhibition
3 NTSN (N9) 0.4 L
07\/0 (1 mM)
NH,
¢ o 3 +3%
4 NN N9
0.5
OLO
N
NH,
</ij‘ No inhibition
5 NTSN (N9) 0.3
! (1 mM)
o
L
HN
N SN O
8 <1 (N9) 3.6 62 + 4%
N™ N
Ca
>]/
(e}
Y
HN
11 <,NfN o (N9) 2.8 46 + 7%
N N/
Lom
[e]
KWW |
N 60 + 1%
9 ¢1 ) (N9) 3.7
NT N
bl
(0]
(0]
12 «Nf\j (N9) 2.7 Ki = 0.84 £ 0.16
N7 N
»OH (competitive)
[¢]
i
HN
N O 47 +5%
10 1) (N9) 3.5
2‘ N




Y
HN O n.a.
13 «ij (N9) 2.2 Ki=2.4+0.41
N" N iy
<p—OH (competitive)
& oH
*clogP values were calculated with Mollnspirationfreély available online software:

http://www.molinspiration.com/cgi-bin/properties)
**Data for UA2132 are from [19]. n.a. when precgiibn occurs upon addition of the green malachite
reagent. Compounds promoting significant enzyméitibn are indicated in bold.

*** Compound 7a was 81.8% pure.

Table 2 Data for analogues incorporating a polar suletitwn the imidazole ring

N-7/N-9 | cLogP* | Inhibition (%) at 200 uM
Compound Structure .
substituent Ki (mM)
o/ o
R ONa 75 5%
//*N 6]
N Ki= 0.58 + 0.08
18 o O None 2.5 (competitive)
) O Single negative charge as
an
AL llib-72
H
OH
/—R-ONa
FN o
\NZ
20 0 O None 1.8 49 + 4%
1O
N N
<)
N"°N
o/
ﬁR(ONa
//*N [e]
- e BnOCH,- | 3.33 0+ 500
+ 5%
O, ()
has
N N
<\N \N/)
Compounds promoting significant enzyme inhibitioa edicated in bold
*clogP values were calculated with Molinspirationfreély available online software:

http://mww.molinspiration.com/cgi-bin/properties)
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Finally, tetrazolo derivativ@4c (and to a lower extend@4b) was a good mimicry of carboxylate
group, when introduced in tlmeetaor para orientation, confirming the improvement observethwa
carboxylate group which promotes an increased gsijubf these compounds associated with an
enhanced activity (Table 3). According to the positof the tetrazolo groupoftho, metaor para
regarding to the biaryl group), there was a larger@nce in terms of enzymatic inhibition. The
most favorable substitution was in tpara position @4c) followed by metawith less efficiency
(24b).

Table 3 Data for analogues incorporating a tetrazolevasrhembered ring
N-7/N-9 cLogP* Inhibition (%) at 200 uM

Compound Structure _
substituent Ki (mM)
N=N
HN__N
24a Q None 2.8 30 +4%

HN N

24b \ IgN O Nepf None 2.8 50 + 2%
|
N

</N g
H
HN-N,
\/N
0 ‘ N
24c¢ HN O None 2.8 60 + 3%
<f
NN

24d None 2.8 10 + 2%

24e HN O None 2.8 27 + 5%
e
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N |
o N O
. f

¢ (N9) 3.1 27 £ 6%
OVN N/)
//O
Compounds promoting significant enzyme inhibitioa endicated in bold
*clogP values were calculated with Mollnspiration fre€ly available online software:

http://www.molinspiration.com/cgi-bin/properties)

Thus, inhibition of the 5’-nucleotidase activity svabserved for ten derivatives, showing 50 to 75%

inhibition of the purified recombinant protein &@uM. Among these, two derivativek2(and18)

were further studied to determine inhibition constaand mode of inhibition. They both exhibited

in the sub-millimolar range, respectively 0.84 #n88 mM (Fig. 6) and were found as competitive

inhibitors (Figure S1). In addition, they appeaesdpotent as our reference compolw#R2132 (K;

=0.89 mM) with a slight advantage b8 which is very close to thidib-72 chemical structure.

40
a 5 b y
i o . -
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‘:.'\ ] o o ‘:'|\ — o
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Figure 6. Michaelis-Menten kinetic profiles (with the corpesmding Lineweaver-Burk plots)
obtained by using a competitive inhibition mode éompound2JA2132 (a), 12 (b), 13 (c) and 18
(d). Analysis of the kinetic inhibition curves (ibition modes and equations used for fitting) are

detailed in supporting information.

Crystallography. A selection of the potential inhibitors (dependiog theirin vitro activity,
availability and solubility) was used for co-crytation and soaking experiments at final ligand
concentrations of 5 and 10 mM. Diffraction data eveollected on crystals soaked in solutions
containingUA2132, 2a, 7a, 12 and 20, respectivelyAll crystal structures solved within this study,
display the same overall fold as those previousported with am/p core-domain and a cap-domain
(Figure 7). Of the various studied crystal struetu(Table S3) only those determined from crystals
soaked in a solution containing 10 mM 24 or UA2132 displayed electron densities which partly
could be interpreted as being the two respectiyantil (Fig. S2), at least in regions being visible
within the electron density map. Indeed, the regd@®1-416 is always reported as being highly
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disordered in form | crystals [15, 22, 25] whergawas visible in the electron density of form Il
crystals [19].

When taking the data from the previous enzyme ldrstidies into account, one cannot exclude
binding of the other flexible parts of the enzyroethe other molecules for which electron densty i
lacking, at least foRa, 13 and 18 for which no crystals could be obtained by co-al&ation in

either forms.

Figure 7. Overall three-dimensional structure of cN-1l wttie core-domain colored in red and the
cap-domain colored in teal. Binding sites obsersedfar within various crystal structures are in
purple the active site [22], in orange the “AdiShdiing site,[15] in dark blue effector site 1 amd i
yellow effector site 2 [25], in wheat the “2¢” siémd in pink spanning over a longer range the “3c”
binding site [19].

Binding mode prediction to understand the inhibition mechanism.As no crystal structure with
a ligand bound in an unequivocal manner could bmioed, molecular docking was used to
understand the mechanism by which the most efti@empounds inhibit the enzyme. Compounds
12 and 13 exhibit very similar binding modes as predicteddogking (Fig. 8A). Both compounds
were found superimposed in the active site with dadboxylic or phosphoric acid chain pointing
towards the magnesium ion. This prediction canxpiaen the difference in terms of enzymatic
inhibition (K; of 0.84 and 2.4 mM, respectively). However, thekilog score was a good indication
of the binding strength with 112.6 versus 145.9%tf@r carboxylic acid group and the phosphoric acid
chain, respectively. This stronger theoretical bigdaffinity for derivative 13 can be easily
explained by the overall negative charge of themaund (-2) and it should have been predicted as a
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better inhibitor. However, and according to theilition values, the inhibition efficiency seems to
be governed by a more complicated mechanism. Oméntagine that the higher water solubility of
compoundl3 may prevent or limit the access to the targetibmdite as the surrounding residues
are aromatic (F157, H209 and Y210) and also bechease inhibitors were highly hydrophobic.

When comparing their binding mode with Ilib72 (F&B), no obvious similarity was observed with
a large shift of the biaryl moiety likely due tcetllifferential positioning of the negative charge o

these compounds.

In contrast to compounds? and13, the overlay between llib-72 ardd or 20 (Fig. 8C) showed
interesting resemblances with nearby positioningheir adenine and biaryl groups. Intriguingly,
derivative18 was determined more actiue vitro than20. This raises the question about the overall
negative charge of the compound and may indicatealsingle negative charge is more suitable for
enzymatic inhibition (identically to llib-72). Intestingly, the coordination of the magnesium ion
changed depending on the compoubd ¢r 20), probably due to the different electron distribat
around the phosphate-bound oxygen atoms. Sevetat walecules were displaced and involved in

this coordination. Moreover, an important hydrogeond network formed between the carbonyl

oxygen and water molecule is present for compoli@dvhile these interactions are absent for
compound20 (Fig. 8D).

e . o
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i « Y
Figure 8. Prediction of the binding modes of selected commgs by docking on 2XCW structure.
(A) Superimposition 0fJA2132 (orange)12 (pink) and13 (yellow) with negative charge near fig
ion. (B) Same as in A with Ilib-72 (cyan sticks)(Binding modes of compounds8 (blue), 20
(green) and llib-72 (cyan sticks). (D) Hydrogen dimg network with water molecules connecting
compoundl8 (blue stick) to the magnesium ion (depicted asiplp sphere) whereas compoll

is making only hydrogen bonds with N158 and T155.

Concerning derivative®4a-eincorporating a tetrazole group, their bindingeatation seems to be
governed by this group. Indeed, its interactiorhwiiie magnesium ion is thought to be strong and
the orientation of the rest of the molecule wilpdad on theortho, metaor para position of this
substituent on the biaryl skeleton (Fig. 9A). Indlethe five derivatives were predicted with the
tetrazolo group near the metallic ion with variargentation of the adenine moiety depending on
biaryl substitution. According to the docking pretdins, compound24a, 24d and24e bind to the
enzyme in a complete different manner, which magicate a large variation in their binding
affinity. Attempting to explain the higher efficacf compound24c compared t®4b (Fig. 9B), a
similar hypothesis as previously expressed for ammps18 and 20 can be postulated with the
implication of water molecules reinforcing the iratetions between protein amino acids and the
inhibitor (Fig. 9B).

21



R20

B v21

D35

Figure 9. (A) Effect of the tetrazole group (highlighted hyred circle) on the final orientation of
derivatives24a (green),24b (blue),24c (yellow) and24d (cyan) and24e(white). (B) Close-up view
of the binding mode prediction of the two most aetcompounds from the tetrazolo seri24b
(blue) and24c (yellow). The magnesium ion is depicted as a gig#rere and surrounding protein

amino acids are in thin sticks. Distances are eototed for each compound.

In vitro biological evaluation.The effect of the newly synthesized compounds watuated on
the survival of different human cancer cell linesng a MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) based colorimetricagsélable S4). 16 values ranged from 36 uM
to >300 puM, similarly as for compounds previousgparted [19]. FouN7- or N9-substituted
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compounds &a, 6b, 7a and10) and one tetrazolo-compoung4) had IGy below 100 uM on RL
cells. These derivatives showed cN-II inhibitionagiproximately 50% at 200 uM and cLogP values
allowing diffusion through cell membrane (>2.8)f there was no clear structural explanation of this
antiproliferative activity in regard to cN-II inhiion.

Intrinsic antiproliferative activity allowed us tperform synergy experiments with selected
compounds and purine nucleoside analogues as qaothesis states that cN-Il inhibitors would
enhance the effect of cytotoxic nucleoside analsgoeco-exposure conditions (Fig. 10). Synergy
(defined as Cl95<0.9) was observed with cladridore6a (RL and HL-60),6b (CCRF-CEM and
HL-60), 7a (RL) and10 (RL), with clofarabine for6a (RL), 6b (HL-60) and7a (RL) and with
fludarabine for6a (RL and CCRF-CEM) an&b (RL, CCRF-CEM and HL-60). The differences
between the cell lines is consistent with earlibseyvations showing that shRNA-mediated cN-II
inhibition is associated with a higher level of siémation to purine nucleoside analogues in RL and
HL-60 cells as compared to CCRF-CEM cells [10]. §hbased on these resuléa could be
considered as a good candidate and clearly bdttar bur previous inhibitorJA2132). It is
however noteworthy that no co-incubation experimmemith non-toxic compounds were performed

and could have allowed the identification of othetive associations.
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Figure 10. Combination index 95 for associationpuine nucleoside analogues cladribine (black
bars), clofarabine (dark grey bars) or fludaral(inght grey bars) and cN-Il inhibitors on RL (A),
CCRF-CEM (B) and HL-60 (C) cells. gl values (a parameter for the quantification of the
combinatory effect of the two compounds to achi@v® inhibition of cell survival) were calculated
with the CompuSyn software based on the Chou atalayamethod [29] as indicated in Material
and Methods, and expressed as 10"(mean(iggdtom at least three independent experiments.
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Error bars indicate GJ-SEM and Cds+SEM. Drug combinations with g < 0.9 are considered

synergistic, whereas they are additive for 0.9 &5 €11.1 and antagonistic for &> 1.1.

CONCLUSION

By using a combination of various silico approaches, we designed a large chemical library o
potential cN-II inhibitors with numerous differeataffolds of which some leading to inaccessible
chemical synthesis. Consequently, we focused onsthectural optimization of a previously
characterized inhibitor that was also part of titedenerated compoundlib-72). This allowed us
to explore the chemical diversity of this lead cammpd in order to improve its affinity for the
targeted protein and/or physico-chemical propedigsh as solubility. Twenty-six derivatives were
synthesized, evaluated toward the purified recoarttienzyme. About ten compounds could inhibit
more than 50% of the enzymatic activity at a cotregion of 200 pM. In comparison with our
reference compoundJA2132 a previously identified competitive inhibitorjyree derivatives1@,
13 and18) displayed similar potency, witk; in the micromolar range and a competitive mechmanis
of action. All three compounds have a polar andrmini substituent (either a carboxylate or a
phosphonate) and derivatit8 presented the closest structural similarity Viiith-72 , the derivative
selected from the library generation andsilico screening process. Molecular modelling and X-ray
crystallography studies were carried out to predintl assess the binding modes of these novel
derivatives. When tested in cell culture experimgemtynergistic effects were observed with all
cytotoxic nucleoside analogues tested and compouwa®. Some compounds had minor
cytotoxicity, and their complete toxicity profilenanon-cancerous cells will be needed for further
development. These results are therefore encowaginnvestigate further the potential of these

compounds as to our knowledge they appeared asdbepotent cN-II inhibitors reported to date.

EXPERIMENTAL SECTION

Library generation and molecular docking studies Using hit fragments previously identified by
NMR screening [19], a focused library of final comnds targeting cN-1l was generated using llib-
diverse program_(www.inteligand.com) by randomlgembling three different hit fragments. A

weighting percentage has been attributed for thgnfients that were previously identified as cN-II
inhibitors (Table S1 in Sl). In addition, severahé€tional or polar groups were included to increase
the solubility of the final compounds (hydroxyl |femate, phosphate and phosphonate groups). This
procedure allowed us to generate 3,000 compounpisosed to be chemically synthesizable (the

program includes general rules of chemical synshdsiring the linkage process). All derivatives
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were analyzed and their coordination and geometnyected by using the VegaZZ molecular
modelling program [30]. Atomic charges were assijnging the Gasteiger-Marsili empirical atomic
partial charges [31] and the potential energy bftampounds was minimized using 500 steps of
steepest descent followed by 5,000 steps of cotgugadient (tolerance of 0.01 kcal/mol. A). For
compounds comprising a tetrazole group, only ondotaer has been evaluated by docking.
Molecular docking was carried out with the GOLD 2/program (Genetic Optimization for Ligand
Docking) from Cambridge Crystallographic Data Cenf€CDC) Software Limited [32, 33] with
partial flexibility of protein amino acid sidechairand full flexibility of lIlib-diverse generated
compounds. Docking was performed on the cN-II alystructure in which the nucleotidase was
complexed with IMP (PDB 2XCW) by applying 50 gewadigorithm steps for conformational poses
searching with a radius of 12 A around the targetma Md* ion (located in the substrate binding
site). Although the 2XCW crystal structure harbtire D52N mutation, it was chosen among the
numerous available structures because of the @ectinaracterization of the substrate binding mode.
Our earlier docking studies performed using the@gt@ucture without substrate bound in the active
site and compared to those performed using 2XCWiigstudy showed highly similar results, thus
giving a proof-of-concept for using this structwfean inactive mutant. Structural water molecules
present in the crystal structure near the IMP Inigdiite were retained and allowed to contributé wit
a 2 A cut-off of translational and rotational freeal Docking poses were analyzed by the clustering
method (complete linkage) from the rmsd matrix afking solutions. Solutions were classified
according to their respective scores calculatethbyGoldscore scoring function. Structural analysis
and visualization of docking poses were achieveth whe PyMOL Molecular Graphics System
(version 1.3, Schrodinger, LLC).

Enzyme inhibition and steady state kinetics assay3he nucleotidase activity was measured
using the Green Malachite Phosphate Assay kit @ephts previously described [16, 19]. Briefly,
in 96-wells plate arranged on ice, recombinantf@eaicN-Il was added to a final concentration of
0.1 uM in 80 pL buffer containing 50 mM imidazold 6.5, 500 mM NaCl, 10 mM Mgghnd then
incubated for 10 min with the different compound$é evaluated as potential cN-II inhibitors. The
reaction was started by addition of the substra@e (M of IMP with an equimolar amount of Mg)
and incubated at 37° C for 5 min. The reaction stapped by addition of 20 pL of Green malachite
reagent (strong acid) and free phosphate was dueanby reading the absorbance at 630 nm on a
plate reader (Tecan Sunrise). The percentage gfraatc inhibition has been calculated by using
the following formula: % inhibition = 1 - [(x — Min/ (Max - Min)]. Min and Max refer to the

absorbance of full-inhibition and Max the signalabsence of inhibitor, respectively. For the most
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active compounds, Michaélis-Menten kinetics wendquened to determine the inhibition mode and
inhibition constants, as previously described [1Bliefly, enzyme (alone or in presence of
compounds) and substrate (IMP at different coneéintrs varying from 0.2 to 3 mM) were mixed in
a thermostatically controlled beaker under magrstirdng at 37 °C (same buffer as for the previous
assay). Every 7 s, samples were taken from theunei>xdnd reaction was stopped by adding 10% of
perchloric acid. Quantification of IMP and inoswas performed by HPLC (Waters Alliance) using
a Partisphere 5-SAX column (AIT France) and 10 mimeonium phosphate buffer pH 5.5 as
mobile phase. The raw data (IMP and inosine pesda iategrated with Empower software, Waters)
were analyzed using Grafit 7 (Erithacus Softwanedl &tted with equations describing either a
competitive, a non-competitive, an uncompetitiveaomixed inhibition mechanism. The equation
that reproduced best the experimental data wastsdléor the determination of the inhibition mode
by also taking into account the chi square valuwnfidence computed from the fitting giving the

independence statistical test between experimanththeoretical values).

Cell-based experiments Cell survival in presence of cN-Il inhibitors andirme nucleoside
analogues alone (intrinsic cytotoxicity) or in camddion (synergy experiments) was determined
with human follicular lymphoma cells (RL), humanuge lymphoblastic leukemia cells (CCRF-
CEM) and human acute promyelocytic leukemia céllls-60). as described earlier [15, 19]. Briefly,
ten thousand cells were seeded per well in 96-plates and incubated with different concentrations
of drugs and inhibitors alone or in fixed ratio dmmations for 72 hours, and cell survival was
determined with the MTT assay. Inhibitory concetitras 50 (IGo, concentrations associated with
50% cell survival as compared to unexposed cefld)@mbination index 95 (6 a parameter for
the quantification of the combinatory effect of time® compounds to achieve 95% inhibition of cell
survival) were calculated with the CompuSyn sofevaased on the Chou and Talalay method. [29]
Drug combinations with G4 < 0.9 are considered synergistic, whereas theyaddéive for 0.9 <

Clgs < 1.1 and antagonistic for &> 1.1.

Crystallization, data reduction, structure determination and refinement Protein used for X-
ray crystallography studies was prepared as destmarlier [34] and concentrated to 8 mg/ml for
crystallization. All compounds used for crystaltiva were dissolved in 1% DMSO to a
concentration of 50 mM. Both nanoliter- (1:1 ratio200 nL protein: reservoir solution employing a
Mosquito™ robot (TTP Labtech) with 96 well plategdamicroliter crystallization experiments with
24 well plates were performed using the sittingodvapor diffusion method, and “form 17 [22]) and

“form II” [19] experimental conditions. Freshly pfied C-terminal truncated cN-II (see ref. [15] 8
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mg/mL) was mixed with compoundi$A2132, 2a, 7a, 12, 13, 18 and20 to final concentrations of 5
and 10 mM of these latter and incubated &CAfor 20 minutes prior to co-crystallization setup.
Crystals grown in the presence of compounds (cstallization) appeared upon 1-2 weeks. Only
compounds/a and 20 could be co-crystallized, and in forms Il and éspectively. For soaking
experiments (conducted in parallel), native crgsta@loth forms) appeared after approximately one
week at £C. Only form | crystals were further studies duatoextreme fragility of form Il crystals
which fell apart upon soaking. For cryo-protectiorystals were transferred to a drop containing the
crystallization reservoir solution (at the aboventiened conditions) supplemented with 10% and
15% glycerol for “form I” and “form II” crystals,aspectively, and flash-frozen in liquid nitrogen.
Hereafter, X-ray diffraction data were collected thé European Synchrotron radiation facility
(ESRF Grenoble France), and integrated and scaled programs from the XDS package [35]. All
crystal structures were determined using the mddecteplacement method and the program
“Phaser” [36] as implemented in the “Phenix” softevauite [37] and the previously reported cN-II
structures (2J2C) [22] and (5CQZ) [19] as searcdetwofor forms | and Il, respectively. Refinement
was performed using the programs “Refmac5” [38] drtoenix” [37], altering with iterative model
re-building and analysis with “COOT” [39]. Ligandsd water molecules displayed 2Fo-Fc and Fo-
Fc electron densities contoured at tlednd 3 level, respectively, prior to refinement. The pdb
coordinates and topology of the compounds teste@ifming during refinement (though lacking in
final three-dimensional structures) were obtainsimhgthe PRODRG2 server [40] and the program
“eLBOW” as implemented in “Phenix”. Libraries foeflnement of these molecules were generated
using the program LIBCHECK as implemented in theP@@rogram package [41]. Composite omit
maps were calculated (“Phenix”) in order to redoa®lel bias, and rmsd’s were calculated with the
program TM-score [42]. Data collection and refinen&atistics are given in Table S3.

Coordinates and structure factors of the cN-Il &trres have been deposited at the RCSB
(Research Collaboratory for Structural Bioinformaji Protein Data Bank (http://www.rcsb.org)
under the entry codes 6FIR (CN-11-2132, 5 mM), 6FX¢N-11-2132, 10 mM), 6FIS (cN-IRa),
6FIW (cN-II-20) and 6FIU (cN-1112), respectively.

Description of general methods for chemical synthésis already published[19]

Diethyl p-toluenesulfonyloxymethylphosphonatg28], compoundd.a-b, [43], 2a-b [44], 3 [45]

and4 [46] were prepared according to previously puldiprocedures.
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General Procedure for Synthesis of Compounds (1-4Y.0 a stirred solution of adenine (7.40
mmol) in DMF (30 mL) was added under argon drCKj; (10.73 mmol) and the corresponding
alkyl halide (8.88 mmol). The mixture was stirred som temperature until thin layer
chromatography (TLC) revealed that the starting emalt was consumed. The solvent was
evaporated under reduced pressure and the resakipwified on silica gel column chromatography
(CH.CI/MeOH, 0-10%) to provide compounds-3 whereas compound was isolated after
precipitation in water and filtration.

7-Benzyl-7H-adenine(1a): yield = 20 %; white powder'H NMR (DMSO-dg): 6 = 5.50 (s, 2H),
7.29-7.36 (m, 3H), 7.44-7.46 (m, 2H), 7.75 (s, 1HY5 (bs, 2H), 8.55 (s, 1H); MS (ESHYz226.0
[M+H] ™.

9-Benzyl-9H-adenine(1b): yield = 24 %; white powderH NMR (DMSO-d): § = 5.36 (s, 2H),
7.24-7.33 (m, 7H), 8.14 (s, 1H), 8.25 (s, 1H); NES() m/z226.1 [M+HT.

7-Benzyloxymethyl-7H-adenine(2a): yield = 43 %; white powderH NMR (DMSO-dg): 6 =
4.70 (s, 2H), 5.79 (s, 2H), 7.30 (s, 5H), 7.791(3), 8.12 (bs, 2H), 8.48 (s, 1H); MS (E$t)z256.1
[M+H] "

9-Benzyloxymethyl-9H-adenine(2b): yield = 22 %; white powdertH NMR (DMSO-dg): 6 =
4.58 (s, 2H), 5.63 (s, 2H), 7.29-7.32 (m, 7H), §201H), 8.31 (s, 1H); MS (ESM/z256.0 [M+HT.

2-(Adenin-9-yl)ethyl acetate(3): yield = 60 %: white powdefH NMR (DMSO-dg): 6 = 1.97 (s,
3H), 4.42 (s, 4H), 7.27 (bs, 2H), 8.17 (s, 2H); KESI)m/z222.0 [M+HT".

Ethyl-2-(adenin-9-yl) acetate(4): yield = 28 %; white powderH NMR (DMSO<g): 6 = 1.12 (t,
3H,3J = 7.2 Hz), 4.07 (q, 2H) = 7.2 Hz), 4.97 (s, 2H), 7.18 (bs, 2H), 8.02 (4),18.04 (s, 1H); MS
(ESI)m/z222.2 [M+HT".

Synthesis of 9-(diethoxyphosphorylmethyl) adening5): To a stirred solution of adenine (7.40
mmol) in DMF (45 mL) was added under argon NaH 6@8®0 mmol) and diethyl p-
toluenesulfonyloxymethylphosphonate (8.97 mmol)e Thixture was stirred at 50 °C for 17 h. The
solvent was evaporated and the residue was purifiedsilica gel column chromatography
(CH.Cl,/MeOH, 0-10%) to provide compounl in a 56% yield as a white powdeitd NMR
(DMSO-dg): 6 = 1.19 (t, 6H3J = 7.2 Hz), 4.08 (q, 4HJ = 7.2 Hz), 4.74 (d, 2HJ = 11.6 Hz), 7.36
(bs, 2H), 8.08 (s, 1H), 8.21 (s, 1P NMR (DMSO#): 6 = 19.0; MS (ESIM/z286.1 [M+HT.

General Procedure for Synthesis of Compounds (6-10Jo0 a stirred solution oN7- or N9-

substituted adenine derivativés, 1b, 2a, 2b, 3, 4 or 5 (1.05 mmol) in pyridine (3 mL) was added

portion wise under argon the biphenyl-3-carbonybite (1.15 mmol). The solution was stirred at
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rt or 100 °C until TLC revealed that the startingterial was consumed. Solvents were removed
under reduced pressure and the residue was purdiedsilica gel column chromatography
(CH.CIx/MeOH, 0-10%) to provide compounds10. Additional precipitation of a methanolic
solution of compound3a and 7b in diethyl ether was required to obtain samplethwsufficient
purity.

N-(7-Benzyl-MH-purin-6-yl)-[1,1'-biphenyl]-3-carboxamide (6a): yield = 94 %; white powder;
'H NMR (DMSO-e): 6 = 5.95 (s, 2H), 7.41-8.19 (m, 13H), 8.48 (s, 1HP9B(s, 1H), 9.71 (s, 1H),
13.33 (bs, 1H)**C NMR (DMSO«): § = 51.3, 113.5, 124.5 (2C), 125.0, 125.6, 125.7,.0.28C),
126.2, 126.3 (2C), 126.6 (2C), 127.0, 129.4, 1293,.7, 136.6, 137.9, 144.5, 146.5, 146.7, 149.9,
164.3; MS (ESI)m/z 406.2 [M+H]; HRMS: calcd for GsHNsO [M+H]" 406.1668, found
406.1675; HPLGR = 8.1 min, 98.5%.

N-(9-Benzyl-H-purin-6-yl)-[1,1'-biphenyl]-3-carboxamide (6b): yield = 59 %; white powder;
'H NMR (DMSO-dg): 6 = 5.55 (s, 2H), 7.36-8.07 (m, 13H), 8.40 (s, 1HH83(s, 1H), 8.80 (s, 1H),
11.43 (bs, 1H)**C NMR (DMSO«): 6 = 44.4, 123.2, 124.5, 124.8 (2C), 125.4, 125.5 (A5.7,
125.8, 126.7 (2C), 126.9 (2C), 127.1, 128.5, 1313.5, 137.3, 138.2, 142.6, 148.1, 149.5, 150.2,
163.3; MS (ESIl)m/z 406.2 [M+H]; HRMS: calcd for GsHxoNsO [M+H]" 406.1668, found
406.1653; HPLGR = 8.6 min, 97.3%.

N-(7-((Benzyloxy)methyl)-H-purin-6-yl)-[1,1'-biphenyl]-3-carboxamide (7a): yield = 12 %;
white powder; = 4.72 (s, 2H), 5.88 (s, 2H), 7.30-7.76 (m, 11H8978.03 (m, 2H), 8.29 (m, 2H),
8.71 (s, 1H), 12.56 (bs, 1H)*C NMR (DMSO«): 6 = 71.4, 78.2, 126.8 (2C), 127.1, 127.6 (2C),
127.8 (2C), 128.0 (2C), 128.3 (2C), 129.1 (2C),.43QC), 135.6, 137.1, 139.6, 140.2, 144.5, 149.9
(3C), 171.1; MS (ESIM/z436.3 [M+H]; HRMS: calcd for GgH22NsO, [M+H] " 436.1774, found
436.1761; HPLGR = 6.9 min, 81.8% (unstable).

N-(9-((Benzyloxy)methyl)-H-purin-6-yl)-[1,1'-biphenyl]-3-carboxamide (7b): yield = 27 %;
white powderH NMR (DMSO-d): 6 = 4.64 (s, 2H), 5.79 (s, 2H), 7.31-7.56 (m, 8HB67(t, 1H,%)
=8.0 Hz), 7.82 (d, 2HJ = 8.0 Hz), 7.94-8.05 (m, 2H), 8.38 (s, 1H), 8.681(d), 8.82 (s, 1H), 11.40
(bs, 1H);**C NMR (DMSO«): 6 = 70.7, 72.2, 125.2, 126.7, 126.9 (2C), 127.5 (AQY.6, 127.7,
127.9 (2C), 128.3 (2C), 129.0, 129.2, 130.6, 138¥,.1, 139.3, 140.3, 144.9, 150.3, 152.0, 152.7,
163.3; MS (ESI)m/z 436.1 [M+H]; HRMS: calcd for GgH,oNsO, [M+H]" 436.1774, found
436.1762; HPLGR = 9.1 min, 97.7%.

2-(6-([1,1'-Biphenyl]-3-carboxamido)-H-purin-9-yl)ethyl acetate (8): yield = 62 %,; white
powder;"H NMR (DMSO-dg): 6 = 1.98 (s, 3H), 4.49-4.59 (m, 4H), 7.44-8.18 (iH),83.41 (s, 1H),
8.55 (s, 1H), 8.80 (s, 1H), 11.41 (bs, 1 NMR (DMSO4dg): 6 = 20.5, 42.5, 61.9, 125.2, 126.6,
126.9 (2C), 127.5, 127.9, 129.0 (2C), 129.2, 1303%.0, 139.3, 140.3, 144.8, 150.1, 151.4, 152.6,
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165.4, 170.1; MS (ESIn/z402.1 [M+H]; HRMS: calcd for GoH2oNsOs [M+H] ™ 402.1566, found
402.1565; HPLGR = 7.6 min, 98.8%.

Ethyl 2-(6-([1,1'-biphenyl]-3-carboxamido)-H-purin-9-yl)acetate (9): yield = 57 %; white
powder;"H NMR (DMSO-dg): 6 = 1.26 (t, 3H2J = 7.0 Hz), 4.23 (q, 2HJ = 7.0 Hz), 5.27 (s, 2H),
7.40-8.08 (m, 8H), 8.41 (s, 1H), 8.51 (s, 1H), F9LH), 11.36 (bs, 1H}’C NMR (DMSO+g): 6 =
14.0, 44.3, 61.5, 125.0, 126.7, 126.9 (2C), 121%.9, 129.0 (2C), 129.2, 130.6, 134.0, 139.4,
140.3, 145.1, 150.2, 151.7, 152.6, 165.5, 167.7; (BSI) m/z 402.2 [M+H]; HRMS: calcd for
C2oH20Ns03 [M+H] " 402.1566, found 402.1561; HPIltE= 8.0 min, 100%.

Diethyl ((6-([1,1'-biphenyl]-3-carboxamido)-H-purin-9-yl)methyl)phosphonate (10): yield =
42 %; white powder*H NMR (DMSO-dg): 6 = 1.21 (t, 6H2J = 6.8 Hz), 4.08-4.16 (m, 4H), 4.91 (d,
2H, 3J = 11.6 Hz), 7.30-8.10 (m, 8H), 8.42 (s, 1H), 8(831H), 8.83 (s, 1H), 11.41 (bs, 1HJC
NMR (DMSO-ds): 6 = 16.1 (2C, ), 37.0 , 62.5 (2C), 124.7, 126.7, 92@€C), 127.5, 127.9, 129.0
(2C), 129.2, 130.6, 134.0, 139.3, 140.3, 144.4,34861.6, 152.2, 165.4'P NMR (DMSOds): J =
18.6; MS (ESIl)m/z 466.3 [M+H]; HRMS: calcd for GsHsNsO4P [M+H]" 466.1644, found
466.1631; HPLGR = 8.0 min, 99.5%.

General Procedure for Synthesis of Compounds (11)nd (12) To a stirred solution of
compound8 or 9 (0.40 mmol) in MeOH (2 mL) at 0 °C was added augoh of NaOH 2M (4.0
mmol). The solution was stirred at O °C for 30 mamd then the mixture was acidified until pH 1
with a solution of HCI 4M. The precipitate was diled, washed with water, and dried to provide
compoundLlor12.

N-(9-(2-Hydroxyethyl)-9H-purin-6-yl)-[1,1'-biphenyl]-3-carboxamide (11): yield = 66 %;
white powderH NMR (DMSO-dg): 6 = 3.87 (m, 2H), 4.45 (m, 2H), 7.45-7.60 (m, 3HY T/ (t, 1H,
3)= 7.8 Hz), 7.84-8.11 (m, 4H), 8.45 (s, 1H), 8.921(d), 9.04 (s, 1H)**C NMR (DMSO): J =
47.0, 58.5, 119.4, 126.9 (3C), 127.7, 127.9, 129@0), 129.3, 131.0, 132.2, 139.2, 140.3, 144.7,
148.5, 151.6, 152.3, 166.3; MS (EStyz 360.2 [M+H]; HRMS: calcd for GoH1gNsO, [M+H] ™
360.1461, found 360.1455; HPltg= 6.9 min, 98.9%.

2-(6-([1,1'-Biphenyl]-3-carboxamido)-H-purin-9-yl)acetic acid (12): yield = 93 %; white
powder;*"H NMR (DMSO-dg): 6 = 5.16 (s, 2H), 7.44-7.72 (m, 4H), 7. 85 (d, 28Iz 7.2 Hz), 7.97-
8.08 (m, 2H), 8.41 (s, 1H), 8.53 (s, 1H), 8.791(H), 11.36 (bs, 1H)*C NMR (DMSOds): 6 =
45.3, 125.5, 127.6, 127.8 (2C), 128.5, 128.8, 129, 130.2, 131.5, 134.8, 140.2, 141.2, 146.1,
150.8, 152.5, 153.5, 166.4, 169.9; MS (EBijz 374.1 [M+H]; HRMS: calcd for GoH1sNsO3
[M+H]" 374.1253, found 374.1243; HPIltg= 7.1 min, 99.0%.
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((6-([1,1'-Biphenyl]-3-carboxamido)-9H-purin-9-yl)methyl)phosphonic acid(13): To a stirred
solution of compoundO0 (0.32 mmol) in DMF (4.5 mL) at 0 °C was added unaigon TMSBr (4.0
mmol). The solution was stirred at room temperaturéer argon for 48 h, then the reaction mixture
was cooled to 0 °C and pH was adjusted to 7 wisolation of triethylammonium bicarbonate
(TEAB) 1M. The mixture was concentrated under redupressure and the residue was successively
purified by reverse phase (RP-18) chromatographwpdignt: HO to MeOH) then silica gel
chromatography using isocratic conditions (IPrOH/®OH/H,O, 7/2/1). Finally, a fraction of the
compound was purified again by RP-18 chromatografgmadient: HO to MeOH) to provide
compoundL3 as a white powder (11%) and with sufficient puritt NMR (DMSO-dg): 6 = 4.48 (d,
2H,3J = 11.8 Hz), 7.44-7.71 (m, 4H), 7.84 (d, 2= 7.0 Hz), 7.95-8.05 (m, 2H), 8.39 (s, 1H), 8.50
(s, 1H), 8.77 (s, 1H), 11.36 (bs, 1HJC NMR (DMSO«k): = 42.7 (d,*J = 133 Hz), 123.3, 126.8,
128.1, 128.4, 128.5, 129.8, 130.3 (2C), 133.1,7,3310.2, 141.3, 146.0, 148.5, 151.3, 152.5, 162.1,
166.9; MS (ESI)m/z 410.2 [M+H]; HRMS: calcd for GoH:17NsOsP [M+H]" 410.1018, found
410.1012; HPLGR = 6.3 min, 97.8%.

(4-(3-Bromophenyl)-1H-imidazol-1-yl)methyl diethyl phosphate (15):To a stirred solutiori4
[19] (4.48 mmol) in DMF (15 mL) was added underardNaH 60% (8.21 mmol). After stirring at
room temperature for 30 min, a solution of dietpytbluenesulfonyloxymethylphosphonate (2.5 eq.)
in DMF (12.5 mL) was added over a 15 min periode Téaction mixture was stirred at 80 °C for 17
h. The volatiles were evaporated and the residusepmafied on silica gel column chromatography
(CH.CIl/MeOH, 0-5%) to provide compouridb.
yield = 86 %;'H NMR (CDCk): 6 = 1.30 (t,J = 7.2 Hz, 6H), 4.11 (q] = 6.9 Hz, 4H), 4.31 (d, 2H,
3) = 12.3 Hz), 7.13-7.87 (m, 6HJ'P NMR: 17.5. MS (ESI/z 749, 747, 745 [2M+H} 375, 373
[M+H]"

Ethyl 3'-(1-(((diethoxyphosphoryl)oxy)methyl)-1H-imidazol-4-yl)-[1,1'-biphenyl]-3-carbo-
xylate (16): To a three-neck round-bottom flask under argon aphere was added Pd(RBRH0.1
eqd.), DMF (27 mL) and compoundss (3.65 mmol). KCO; (3 eq.) and the corresponding 3-
ethoxycarbonylbenzeneboronic acid (1.7 eq.) weceessively added and the reaction mixture was
stirred under argon at 100 °C until TLC revealedt tthe starting material was consumed. The
mixture was cooled to room temperature, dilutechwiiterand product was extracted with EtOAc.
The organic layers were combined, dried over MgS0ncentratedth vacuumand the residue was
purified by silica gel column chromatography (&HY/MeOH, 0-5%) to provide the desired

compoundL6.
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yield = 86%;'H NMR (CDCk): o = 1.31 (t,J = 7.2 Hz, 6H), 1.42 (1] = 7.2 Hz, 3H), 4.13 (g] = 6.9
Hz, 4H), 4.34 (d, 2H3] = 12.3 Hz), 4.40 (g = 6.9 Hz, 2H), 7.34-8.32 (m, 10H}'P NMR: 17.5.
MS (ESI)m/z885 [2M+H]'; 443 [M+H]

3'-(1-((Ethoxy(hydroxy)phosphoryl)methyl)-1H-imidazol-4-yl)-[1,1'-biphenyl]-3-carboxylic
acid (17): To a stirred solution of compourd (1.38 mmol) in EtOH/dioxane (7.6 mL, 2:1, v:v)Qat
°C was added a solution of NaOH 2M (5 eq.). Thetsmh was stirred at 80 °C until TLC revealed
that the starting material was consumed. The m@aatnixture was acidified until pH 2 with a
solution of HCI 1N. The precipitate was filteredasted with water, and dried to provide compound
17 as partially deprotected phosphonate.
yield = 76%;"H NMR (DMSO-dg): § = 1.19 (t,J = 9 Hz, 3H), 3.93 (qJ = 9 Hz, 2H), 4.40 (d, 2H)
=12 Hz), 7.45-7.95 (m, 8H), 8.19 (s, 1H), 8.3714); *'P NMR: 12.1. MS (ESlin/z773 [2M+H],
387 [M+H]"

Synthesis of compounds (18) and (19) a stirred solution of carboxylic acid (1.42 mmol) in
DMF (13 mL) was added under argdw,N'-carbonyldiimidazole (1.5 eq.)N,N-dimethyl-4-
aminopyridine (0.2 eq.), adenine 2a (1.5 eq.). The reaction mixture was stirred at A0Qntil the
starting material disappeared (checked by HPLCIve®b was removed under reduced pressure and
column chromatography of the crude materials onens¥ phase (RP18, gradient: water to
acetonitrile 100%) gave the expected ethylphospieowhich was passed through a Dowex Na
exchange column. The desired fractions were celk@nd freeze dried leading to the desired
compoundd8or 19 as sodium salt.

Sodium  ethyl  ((4-(3'-((H-purin-6-yl)carbamoyl)-[1,1'-biphenyl]-3-yl)-1 H-imidazol-1-yl)
methyl) phosphonate(18): yield = 63%:'*H NMR (DMSO-dg): 6 = 1.03 (t,J = 7 Hz, 3H), 3.65 (qJ
=7 Hz, 2H), 3.89 (d) = 12 Hz, 2H), 7.40-8.47 (m, 10H), 8.53 (s, 1H)3B(s, 1H), 11.80 (bs, 1H),
12.5 (bs, 1H)*C NMR (DMSO4ds): 6 = 16.9 (d,2J = 6 Hz), 44.7 (d*J = 137 Hz), 59.2 (£J=5.7
Hz), 117.5, 122.5, 123.7, 124.5, 126.0, 127.6,2,2030.8, 135.8, 139.1, 139.5, 140.5, 146.1, 151.2,
166.5; *P NMR (DMSO#k): 6 = 8.35; MS (ESI)m/z 504 [M-Na+2H]; HRMS: calcd for
C24H23N704P [M-Na+2H] 504.1468, found 504.1549.

Sodium ethyl ((4-(3'-((7-((benzyloxy)methyl)-7H-pum-6-yl)carbamoyl)-[1,1'-biphenyl]-3-yl)-
1H-imidazol-1-yl)methyl)phosphonate (19)yield = 6%;*H NMR (DMSO-dg): 6 = 1.03 (t,J = 7
Hz, 3H), 3.65 (qJ = 7 Hz, 2H), 3.91 (dJ = 12 Hz, 2H), 4.68 (s, 2H), 5.72 (s, 2H), 7.32-@n,
10H), 8.26 (s, 1H), 8.39 (s, 1HYC NMR (DMSO+4y): 6 = 16.9, 44.7 (d*J = 136 Hz), 59.2 (fJ =
5.2 Hz), 70.9, 77.27, 117.4, 122.3, 123.1, 12424.2, 124.8, 127.1, 127.7, 128.1, 128.3, 129.1,
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135.7, 137.5, 138.2, 139.1, 139.7, 140.2, 140.8,614.49.2, 150.4, 157.8, 173%P NMR (DMSO-
de): 6 = 8.55; MS (ESI)m/z 623 [M-Na+2H[; HRMS: calcd for G,HzN;OsP [M-Na+2H]
624.2129, found 624.2124.

Sodium ((4-(3'-((H-purin-6-yl)carbamoyl)-[1,1'-biphenyl]-3-yl)-1 H-imidazol-1-yl) methyl)
phosphonate(20): The partially deprotected derivatii® (1 eq.) was dissolved in anhydrous DMF
(20 mL/mmol) and excess trimethylsilyl bromide (2®-eq.) was added dropwise at 0 °C. The
reaction mixture was stirred at room temperaturid sompletion of the reaction was indicated by
HPLC. Then, the reaction was stopped by addinthgri@mmonium bicarbonate buffer (TEAB 1 M,
pH 7) and concentrated to dryness under high vacu@olumn chromatography of the crude
materials on reverse phase (gradient: water to aneth100%) gave the expected phosphonic acid
(as triethylammonium salt), which was passed thmoagDowex N&ion exchange column. The
desired fractions were collected and freeze deadihg to the title compoun@8 as sodium salt.
yield = 20%;'H NMR (D,0): 6 = 3.84 (d, J = 9 Hz, 2H), 6.82-7.5 (m, 10H), 8.01(d), 8.2 (s, 1H);
13C NMR (D:0): 6 = 46.9 (d, J = 137 Hz), 117.5, 121.4, 123.4, 124%5.3, 126.8, 129.0, 129.3,
131.1, 131.7, 133.3, 138.4, 138.5, 139.8, 145.9,7.5.66.7'P NMR (D,O): 6 = 10.7; MS (ESI)
m/z476.1 [M-Na+2H]; HPLCtg = 5.2 min, 100%.

General procedure for Suzuki coupling reaction,Compounds2la-e: To a three-neck round-
bottom flask under argon atmosphere was added Rg¢P@®.14 mmol), DMF (9.5 mL) and
commercially available 2-, 3- or 4-bromobenzorgtr{t.41 mmol). KCO; (4.24 mmol) and the
corresponding 2-, 3- or 4-ethoxycarbonylbenzenatioracid (2.40 mmol) were successively added
and the reaction mixture was stirred under argodC& °C until TLC revealed that the starting
material was consumed. The mixture was cooled tomrdaemperature, diluted with watand
product was extracted with EtOAc. Organic layerseadried over MgS@) concentrateth vacuum
and the residue was purified by silica gel colurhromatography (petroleum ether/ EtOAc, 0-60%)
to provide the desired compounds.

Ethyl 4'-cyano-[1,1'-biphenyl]-2-carboxylate (21a): yield = 74%;*H NMR (CDCk): & 1.06 (t,
3H,J = 7.2 Hz), 4.12 (q, 2HJ = 7.2 Hz), 7.30 (dd®J = 7.5 Hz,"J = 0.9 Hz, 1H), 7.41 (fJ = 8.4
Hz, 2H), 7.48 (td3) = 7.5 Hz,*J = 1.5 Hz, 1H), 7.57 (td) = 7.5 Hz,*J = 1.5 Hz, 1H), 7.69 (¢J =
8.1 Hz, 2H), 7.94 (dd®J = 7.8 Hz,*J = 1.2 Hz 1H); MS (ESI+) 252.1 [M+H] 224.1 [M-HCN],
206.1 [M-OEt]

Ethyl 3'-cyano-[1,1'-biphenyl]-3-carboxylate (21b):yield = 74%:*H NMR (CDCk): & 1.34 (t,
3H, %) = 6.9 Hz), 4.33 (q, 2HJ = 7.2 Hz), 7.47 (28] = 7.5 Hz, 2H), 7.54-7.75 (3d) = 7.5 Hz,
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3H), 7.80 (s, 1H), 7.99 (¢J = 7.5 Hz, 1H), 8.14 (s, 1H); MS (ESI+) 252.1 [M¥HP24.1 [M-
HCN], 206.1 [M-OE{]

Ethyl 4'-cyano-[1,1'-biphenyl]-3-carboxylate (21c): yield = 71%;'H NMR (CDCk): & 1.34 (t,
3H, %) = 6.9 Hz), 4.35 (q, 2HJ = 7.2 Hz), 7.49 (t) = 7.5 Hz, 1H), 7.66 (m, 5H), 8.02 (@= 7.8
Hz, 1H), 8.2 (s, 1H); MS (ESI+) 252.1 [M+H]224.1 [M-HCN]

Ethyl 2'-cyano-[1,1'-biphenyl]-4-carboxylate (21d): yield = 95%;'H NMR (DMSO<g): J =
1.35 (t,J = 7.1 Hz, 3H), 4.35 (q] = 7.1 Hz, 2H), 7.62-8.11 (m, 8H}H NMR (CDCk): 6 = 1.42 (t,
J=7.1Hz, 3H), 4.41 (q] = 7.1 Hz, 2H), 7.49 (dd) = 7.5 Hz,"3 = 0.9 Hz 1H), 7.53 (FJ = 8.1
Hz, 1H), 7.63 (d2J = 8.4 Hz, 2H), 7.68 (dd) = 7.5 Hz,*J = 0.9 Hz 1H), 7.79 (cfJ = 7.8 Hz, 1H),
8.16 (d,*J = 8.4 Hz, 2H); MS (ESI+) 252.1 [M+F]206.1 [M-OEt]

Ethyl 2'-cyano-[1,1'-biphenyl]-3-carboxylate (21e):yield = 92%:'H NMR (DMSO-dg): 6 = 1.35
(t, J=7.1 Hz, 3H), 4.35 (q] = 7.1 Hz, 2H), 7.61-8.12 (m, 8H). MS (ESI+) 25vi+H] *, 206.1 [M-
OFEt]"

General procedure for synthesis of tetrazolo deriviives 22a-e:To a mixture of benzonitrile
ester derivatives21a-e (0.453g, 1.8 mmol), sodium azide (0.351 g, 3eqnd triethylamine
hydrochloride (0.743 g, 3eq.) in NMP (18 ml) wasteel at 150 °C for 20 h. The progress of the
reaction was monitored by TLC (methanol: dichlortmaee, 1:9, v:v). After completion, the
reaction mixture was cooled to 0 °C, the pH wasustéd with concentrated HCI 3N. The solid
precipitate was extracted with ethyl acetate twiwgmin, it was washed with brine solution and dried
over anhydrous sodium sulfate and evaporate td yied product. The residue was purified by silica
gel column chromatography (petroleum ether/ EtQ&e60%) to provide the desired compounds.

Ethyl 4'-(2H-tetrazol-5-yl)-[1,1'-biphenyl]-2-carboxylate (22a): yield: 83%;H NMR (CDCh):

5 =1.18 (t2J = 6.9 Hz, 3H), 4.24 () = 6.9 Hz, 2H), 7.36 (ddJ = 7.5 Hz,"J= 0.9 Hz 1H), 7.41
(d,%J = 8.4 Hz, 2H), 7.48 (tdfJ = 7.5 Hz,*J = 1.5 Hz, 1H), 7.57 (tffJ = 7.5 Hz,*J = 1.5 Hz, 1H),
7.94 (dd*J = 7.8 Hz,*J = 1.2 Hz, 1H), 7.98 (J = 8.1 Hz, 2H); MS (ESI+) 883.3 [3M+F{]589.2
[2M+H]", 295.1 [M+H], MS (ESI-) 881.3 [3M-H] 587.2 [2M-H], 293.1 [M-H]

Ethyl 3'-(2H-tetrazol-5-yl)-[1,1'-biphenyl]-3-carboxylate (22b): yield: 74%:'H NMR (DMSO-
dg): 0 = 1.42 (t,J = 7.2 Hz, 3H), 4.44 (q] = 7.2 Hz, 2H), 7.73-8.18 (m, 6H), 8.35 (s, 1H}3B(s,
1H). MS (ESI+) 589.2 [2M+H], 295.1 [M+H]

Ethyl 2'-(2H-tetrazol-5-yl)-[1,1'-biphenyl]-3-carboxylate (22c): yield: 84%;:'H NMR (DMSO-
de): 6 = 1.35 (t,J = 7.1 Hz, 3H), 4.36 (q] = 7.1 Hz, 2H), 7.67 () = 8 Hz, 1H), 7.96 (dJ = 8 Hz,
2H), 8.01 (dJ = 8 Hz, 1H), 8.05 (dJ = 8 Hz, 1H), 8.17 (d) = 8 Hz, 2H), 8.27 (s, 1H); MS (ESI+)
589.2 [2M+HTJ, 295.1 [M+HT, MS (ESI-) 587.2 [2M-H]293.1 [M-HJ, 265.1 [M-Et]
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Ethyl 2'-(2H-tetrazol-5-yl)-[1,1"-biphenyl]-4-carboxylate (22d): yield: 75%:*H NMR (DMSO-
dg): 0 =1.32 (t,J = 7.1 Hz, 3H), 4.32 (¢] = 7.1 Hz, 2H), 7.24 (d, J = 8.1 Hz, 2H), 7.60Jd; 7.5
Hz, 2H), 7.65 (d, J = 7.3 Hz, 2H), 7.89 (d, J = B4, 2H). MS (ESI+) 295.1 [M+H] 249.1 [M-
OEt]" MS (ESI-) 293.1 [M-H], 265.1 [M-Et]

Ethyl 2'-(2H-tetrazol-5-yl)-[1,1'-biphenyl]-3-carboxylate (22e): yield: 57%;*H NMR (DMSO-
ds): 0 = 1.30 (t,J = 7.1 Hz, 3H), 4.29 (¢J = 7.1 Hz, 2H), 7.33-7.91 (m, 8H). MS (ESI+) 295.1
[M+H]*, 249.1 [M-OEt] MS (ESI-) 293.1 [M-H], 265.1 [M-Ef]

General procedure for saponification of methyl estederivatives, compounds 23a-eTo a
stirred solution of compoun2la-e(4.82 mmol) in a mixture of EtOH and dioxane (3B,12:3, V:v)
at 0 °C was added a solution of NaOH 2M (5 eq.e $blution was stirred at 60-80 °C until TLC
revealed that the starting material has disappedree reaction mixture was acidified until pH 2
with a solution of HCI 2N. The precipitate wasdikd, extracted with ethyl acetate and dried over
anhydrous magnesium sulfate to provide carboxytid @erivatives23a-e in nearly quantitative
yields (90 to 100%). All compounds were considgpace enough (as determined by HPLC) to be
used without further purification.

General procedure for synthesis of compounds 24aamd 25.To a stirred solution of carboxylic
acid 23a-e(400 mg, 1.5 mmol) in DMF (15 mL) was added unaegonN,N'-carbonyldiimidazole
(1.5 eq.),N,N-dimethyl-4-aminopyridine (0.2 eq.), adenineNs® substituted adeningé(3 eq.). The
reaction mixture was stirred at 100 °C until HPlevealed that the starting material was consumed.
Volatiles were removed under reduced pressure.d5xgkadenine was precipitated in isopropanol,
filtered off and the filtrate was evaporated. Tlesidue was firstly purified by silica gel column
chromatography (C¥Cl/EtOH/AcOH,90/5/5, viviv) and then on reverse ph@R€&18 using a
gradient of water to methanol containing 1% AcOdlptovide the desired compounds.

N-(9H-Purin-6-yl)-4'-(2 H-tetrazol-5-yl)-[1,1"-biphenyl]-2-carboxamide (24a) yield = 15%:'H
NMR (DMSO-dg): § = 7.07-8.09 (m, 9H), 8.40 (s, 1H), 8.57 (s, 1H),4D (bs, 1H)"C NMR
(DMSO-dg): 0 = 126.5, 127.7, 129.2, 130.2, 130.5, 131.2, 13639,8, 140.2, 146.4, 151.6, 152.9,
159.5, 169.8 MS (ESI-)n/z 765.2 [2M-H], 382.1 [M-H], MS (ESI+) 767.3 [2M+H] 384.1
[M+H]*; HRMS: calcd for GoH14NgO [M+H]* 384.1321, found 384.1324; HPLG = 9.16 min,
100%.

N-(9H-Purin-6-yl)-3'-(2 H-tetrazol-5-yl)-[1,1"-biphenyl]-3-carboxamide (24b): yield = 45%;'H
NMR (DMSO-ds): 6 = 6.92-8.12 (m, 7H), 8.47 (s, 1H), 8.51 (s, 1Hy58(s, 1H), 11.78 (bs, 1HJC
NMR (DMSO-): 6 = 107.0, 124.7, 125.8, 126.9, 127.0, 127.8, 12028.6, 130.4, 130.9, 133.6,
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139.7, 140.1, 145.9, 151.2, 152.5, 158.8, 166.5(MSI-) m/z 765.2 [2M-H], 382.1 [M-H], MS
(ESI+) 384.1 [M+H][; HRMS: calcd for GoH14NgO [M+H]" 384.1321, found 384.1318; HPlig =
10.5 min, 96.4 %

N-(9H-Purin-6-yl)-4'-(2 H-tetrazol-5-yl)-[1,1'-biphenyl]-3-carboxamide (24c): yield = 53%:;'H
NMR (DMSO-dg): 6 = 6.95-8.19 (m, 7H), 8.52 (s, 1H), 8.55 (s, 1HY85(s, 1H); 11.78 (bs, 1H)*C
NMR (DMSO-): 6 = 107.0, 125.5, 126.8, 127.3, 127.7, 128.2, 12838,9, 133.6, 139.3, 139.4,
140.1, 145.9, 151.2, 152.4, 156.3, 166.3 MS (ES¥) 382.1 [M-H], MS (ESI+) 384.1 [M+H];
HRMS: calcd for GgH14NgO [M+H]" 384.1321, found 384.1327; HPItg= 9.6 min, 96.5%.

N-(9H-Purin-6-yl)-2'-(2 H-tetrazol-5-yl)-[1,1"-biphenyl]-4-carboxamide (24d): yield = 17%;'H
NMR (DMSO-g): 6 = 7.27-8.06 (m, 8H), 8.49 (s, 1H), 8.72 (s, 1H),54 (bs, 1H); 12.39 (bs, 1H);
13C NMR (DMSO«k): 6 = 124.4, 128.9, 129.0, 129.4, 131.1, 131.5, 13240.9, 144.2, 146.5,
151.6, 155.8, 166.5, MS (ESh)/z1148.4 [3M-H], 765.2 [2M-H], 382.1 [M-H], MS (ESI+) 767.3
[2M+H]" 384.1 [M+H]; HRMS: calcd for GoH14NgO [M+H]" 384.1321, found 384.1327; HPUE
= 9.26 min, 100%.

N-(9H-Purin-6-yl)-2'-(2 H-tetrazol-5-yl)-[1,1'-biphenyl]-3-carboxamide (24e) yield = 56%:;'H
NMR (DMSO-ds): § = 7.20-8.08 (m, 8H), 8.48 (s, 1H), 8.71 (s, 1H),55 (bs, 1H); 12.37 (bs, 1H);
¥C NMR (DMSO4g): 6 = 124.4, 128.1, 128.7, 128.8, 129.5, 129.6, 13131,.4, 133.4, 140.2,
141.0, 146.4, 151.6, 155.9, 166.7, MS (E&1/71148.4 [3M-H], 765.2 [2M-H], 382.1 [M-H], MS
(ESI+) 767.3 [2M+H] 384.1 [M+H] ; HRMS: calcd for @H1NsO [M+H]* 384.1321, found
384.1320; HPLGR = 9.24 min, 100%.

Ethyl 2-(6-(2'-(2H-tetrazol-5-yl)-[1,1'-biphenyl]-4-carboxamido)-9H-purin-9-yl)acetate (25):
yield = 15%:'H NMR (DMSO-de): 6 = 1.24 (t, 3H3J = 7.0 Hz), 4.21 (q, 2HJ = 7.0 Hz), 5.25 (s,
2H), 7.27-7.98 (m, 8H), 8.48 (s, 1H), 8.74 (s, 1H),24 (bs, 1H)**C NMR (DMSO«): 6 = 14.5,
44.8, 62.0, 125.4, 128.4, 128.5, 128.6, 129.5,8,280.8, 131.0, 132.1, 140.4, 141.2, 145.3, 150.7,
152.1, 158.3, 165.9, 168.2; MS (EShk)z 1406.5 [3M-H], 937.3 [2M-H], 468.15 [M-H], MS
(ESI+) 939.3 [2M+H] 470.2 [M+H] ; HRMS: calcd for GH20NgOz [M+H]" 470.1692, found
470.1689; HPLGR = 9.49 min, 96.6%.
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cytosolic 3',5’-deoxy-nucleotidase; cN-I, cN-II, aN-Ill , cytosolic 5'-nucleotidase I, Il or lll;
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temperature; shRNA, short hairpin ribonucleic acidSBr, trimethylsilyl bromine; UV, Ultra-
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Highlights
A virtual computational laboratory software was used to generate a focused library
cN-Il competitive inhibitors were identified

Selected derivatives exhibited synergy with cytotoxic nucleosides



