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ABSTRACT

To obtain potential A, adenosine receptor agonists, a series of 2-hyddarienosine
derivatives were synthesized and assayed for agtenesceptors activity using radioligand
binding activity assays. The binding activity ofethsubtypes was examined, and the
structure-activity relationship of this class ohm@ounds at the A receptor was investigated. A
fragment-based computer-aided design method was tasenodify the 2-position side chain
structures with different structural fragments, amel newly generated molecules were docked to
the Apa receptor to assess scoring and screening actiMitysynthesize compounds with better
scoring activity, the newly synthesized compoundseaested for in vitro receptor binding
activity. 2-Hydrazinyladenosine derivatives of 32wn structural types were designed and
synthesized, with the most potent adenosine déerev@&3 exhibiting a Kvalue of 1.8 nM for
A2xAR and significant selectivity for the A receptor compared to the, Aeceptor. In addition
to, compound 23, 24, 30, 31, and 42 also exhibitetént A receptor selectivity, with Ki
values for the An receptor of 6.4, 20, 67 and 6.3 nM, respectivéle also found that
compound 35 has a highy Aeceptor selectivity, with a;Kalue for the A receptor of 4.5 nM.

Further functional assays also demonstrated thedetttompounds have potengaAreceptor



agonist activity. The study shows the applicability an in silico fragment-based molecular

design for rational lead optimization inAAR.

Keywords: G Protein-Coupled Receptorsz8Agonist; Fragment-Based Drug Design.

1. Introduction

Adenosine (1Figurel) is a well-known intermediate of purine synthemisl energy
metabolism, and is one of the human body’s mosbntapt neuromodulators that interacts with
four pharmacologically classified G protein-couptedeptors (GPCRS), including the, Aga,
A,g and A; adenosine receptors (ARS) [1, 2]. The key rolthefA,AR in various
pathophysiological conditions, especially immungsegsive disorders, inflammatory tissue
damage, and neurodegenerative diseases such assBaikdisease (PD), Huntington’s disease,
and Alzheimer’s disease, has been extensively figated [3-6]. Since the AAR is widely
distributed in the human body, agonists and antagoof the A,AR are recommended for the
treatment of various pathological conditions. Adgne (1, hA,a Ki = 700 nM) [7] mediates the
A2AAR to produce potent immunosuppressive and hyptemsfects. Some of the major
potential therapeutic effects 0L AR agonists are anti-inflammatory and immunosuppves
effects, which occur through modulation of theattiof neutrophils, macrophages, and T
lymphocytes. In the cellular signaling pathway,AR activation suppresses the NF-kB
pathway, diminishes inflammatory cytokines, suchuasor necrosis factar (TNF-o),
interleukin-1p (IL-1 B), IL-8, and IL-6, and inhibits metalloproteinas¢MMP-1) and MMP-3
release. Therefore, selective agonists have besriaped to potentially treat related conditions
such as allergic rhinitis, asthma, and chronicroigsitye pulmonary disease [3, 8]. However, the
systemic use of AAR agonists as anti-inflammatory drugs is limitdde to stimulation of the
heart and blood vessels and potent hypotensivetgcas activation of the AAR produces an
anti-inflammatory effect [9]. On the other hand,AR agonists are potent vasodilators that are
applied as diagnostic agents for pharmacologisstiesting of the heart. Although AR
agonists as potent vasodilators have been assbevdtesystemic side effects, low doses
reportedly may not produce significant cardiovaacside effects. In addition, further potential
therapeutic applications for,AAR agonists include treatment of psychosis and iHgtan’s

disease [10, 11]. AAR agonists have been shown to have neuroproteetigets in



neurodegenerative disorder models by reducingaecit neurotransmitter release, apoptosis

and inflammatory responses [5, 12].

Figurel.

Currently, the crystal structures o MR in complex with its ligand or inhibitor have bree
delineated in several successive studies in thédasyears [13-21], and the situation is rapidly
changing with breakthroughs in AR crystallograpimes the X-ray crystal structures discussed
here represent the best tools to inspire ratiogahtl design. The crystal structures of thaAR
complex show the patterns of binding to differanti molecules and changes in the structural
conformations of the AAR including the inactive state, the intermedidatdesand the active
state. The conformationally selectivgesAR agonist, 2-(3-(1-(pyridin-2-yl)piperidin-4-yl)
ureido)ethyl-6-N-(2,2-diphenylethyl)-5’-N-ethyl-dawxamido- adenosine-2-carboxamide
(UK-432097,5, Figure 1)[21] is capable of receptor stabilization in agfie active state
configuration (PDB ID: 3QAK), while the conformatially selective AAAR antagonist
4-(2-[7-amino-2-(2-furyl)- [1,2,4]triazolo[2,8]- [1,3,5]triazin-5-ylamino]ethyl)phenol
(ZM241385) [14-16, 19] can stabilize the inactitats of the receptor (PDB ID: 3EML, 3PWH,
3VGA, 4EIY). In addition, in the X-ray structure§tbe A,nAR bound to its endogenous agonist
adenosinel)[18], the synthetic analogue 5’-(N-ethylcarboxao)ablenosine (NECA2, Figure
1, hAza Ki = 20 nM) [18], and the agonist CGS2168(Kigure 1)[17], the A,AR retains an
intermediate state conformation. The crystal stmectomplex has recently been determined,
revealing that agonists induce motion of heliceS 8nd 7 while antagonists prevent
conformational change of the receptor [21]. The@uesidues of the AAR within the seven
TM domains interacting with the ligand are orientedard the extracellular portion of the
receptor and are highly conserved [16]. In addjttbe hydrophilic binding pocket occupied by
the ribose residue of agonists is different from plosition occupied by antagonists.

Although a few nonselective,A ligands have been used as tools to understand the
pharmacology of A\ receptors, we focused onAselective agonists, such as CGS21680t6
reduce the complexity of associated pharmacologitatts. Similar to CGS21688@,(hAza K =
27 nM[22, 23], hAAR K| = 290 nM[24]), the main feature of other knowrestive A AR

agonists is the presence of bulky substituentseaPtposition of the adenine bicycle. In our



current research, we focused on 2-[N-1-(4-N-metydloxamidopyrazolyl)]-adenosine
(Regadenoson, LexiscBh 3, Figure 1) [25]. Regadenosor8), an A»AR agonist, was
approved in 2008 by the Food and Drug administnati€DA) for stress testing in conjunction
with myocardial perfusion imaging because of itsodilatory effects via activation of the
A2AAR [26, 27]. For the design of new, AR agonists, we analyzed the crystal structure
complex, which provided fundamental informationaeting the receptor-ligand interaction
based on the crystal structures of knownA#R agonists. Then, we resynthesized and evaluated
regadenosorBj and optimized 2-hydrazinoadenosine of the syitietermediate of
regadenosor] as a starting template for modifications. Onaetdmplate was determined, we
started a research program to design a seriesno€ompounds that could serve as potent and
selective AxAR agonists for BBBD through a structure-based dtegign (SBDD) approach to
comprehensively explore and replace the 4-N-meéhigtzxamidopyrazolyl moiety of
regadenosorB] with different alkyl or aralkyl moieties. Finallyhe designed compounds were
synthesized, and the effects of the new modificatiof the A,AR as well as the /AR were

evaluated and are reported in the present study.

2. Results and Discussion
2.1 Fragment-Based Structure Design.

The direct design and synthesis of a large numbstractural derivatives to discover new
active compounds represent a very economical amel¢onsuming task. Structural optimization
and prediction through computational methods aeebtrst options for reducing experiment costs
and saving time. Fragment-based drug design metisxisne or more fragment libraries to
construct ligands, and the generated small molsarke very likely to have strong interactions
with biological targets. The success of these nagluepends on two main aspects: the
effectiveness of the design strategy and the geaeraf fragments with a rational structure
design. As fragment databases play an importaatinaihe drug design of a fragment, we prefer
the construction of a set of molecular fragmentlites. For molecular fragment libraries, the
separation rules of compound molecules are verpitapt for the quality of the generated
fragment library and application purposes. For gdairRECAP[28] is a classical method of
splitting molecular fragments, which include 11itplg rules based on inverse synthetic

chemistry that facilitate the synthesis and desigstructural molecules. When designing new



molecules, we can select the appropriate flexibtgreent structure to construct the derivative
group; thus, we need the split-segment rule tondjatsh between rigid and flexible structures.
Therefore, we use the ring and chain splitting[29¢ According to the predefined splitting
rules[29], we extracted 337,441 compound molecutes the MDDR database and
decomposed all the compounds to 741706 rigid reggreents, 6666155 flexible side chains and
358023 flexible link chain structures while remayiduplicates of the same structure. The
fragment, which is a uniquely structured, has al tot 31197 structures (9404 rigid ring
segments, 11222 side chains, and 10571 linkagedstyéor construction of the fragment library.
Energy optimization and structural assessmentdi &agment is performed while building the
fragment library. Extraction of molecular fragmefrtsm known drug molecules or candidate
drug molecules using the MDDR database can redgcpdssibility of toxic fragment structures
and increase the probability of successful druggtes

High economic and time costs are barriers to tinéhggis of a large quantity of structural
derivatives. Computational approaches are thedieshative to experimental methods. We
developed molecule design strategies using Comipkidesign derivative compounds based on
the three-dimensional structure of the active sifdarget enzymes. An overview of our strategy
in CombLig is schematically illustrated gure 2. The CombLig program provides two
strategies to build derivative molecules and rexpufragment libraries to generate ligand
structures (see the Experimental Section). We hopesate some high-quality structural
derivatives that include the structural informatadra known drug, including the molecular

stability, toxicity, bioavailability, synthetic fegility, and other related information.

Figure 2.

In further design research, we used the crystatttre of the AAAR complex from the
Protein Data Bank (entry 3QAK). In this complexusture, agonist molecule UK4320%) (s
present (seBigure 3a), which appropriately fits the binding pocket, opes most of the
A2AAR ligand-binding site, and shows high bindingmitff and subtype selectivity. The binding
site reveals a well-characterized protein-ligartdrisction map in this case, including 11
hydrogen bonds, one aromatic stacking integratiad,several nonpolar (van der Waals)

interactionf21]. However, UK432097 (778 daltons) is too large tvses a seed substructure to



designh new molecules because it occupied almosggibhns in the active site. We found that
UK432097 b) and RegadenosoB)(have a common scaffold of the bicyclic adeninecavhich

is present in almost all AAR agonists. Regadenosd) {s an FDA-approved AAR agonist

for cardiac contrast auxiliaries, and its adening B-position side structure is much smaller than
that of UK43209715); thus the space for structural design is rel&tilerger. Therefore, the
compound Regadenosad) (vas docked into the binding pocket of thes AR by DOCKG6 to
determine the complex conformation of RegadenoS3par(d the AsAR (SeeFigure 3a). The
docking structure study showed that the 2-posiigmthetic intermediate of Regadenosa) (
2-hydrazinoadenosindl), could be used as a good design starting streittecause the ideal
lead compound should consist of smaller structanesremain at the receptor binding sites with
a reasonable position and orientation. Additiondhym a synthetic point of view, the hydrazino
structure is easy to connect with new structures.

Therefore, we used CombLig strategies A and B desdrabove to construct new
2-hydrazinoadenosine derivatives starting from2he&mino group of 2-hydrazinoadenosine, and
the designed compounds were further docked, s@rédcreened. In strategy A, the fragment is
grown on the 2’ amino group of 2-mercaptoadenosiaehas been docked to thesAR active
site, and the characteristics of the active sit@aconstraints to filter the new molecules to
retain molecules that interact with key areas efabtive pocket. At this time, the newly
generated molecules are not subjected to energynmation, and the conformations of the new
molecules maintain a pattern of speculated bindiitly the receptor. The resulting new
molecules achieved their energy-optimized confoiwnahrough an energy minimization
process, and the root-mean-squisgation (rmsd) values between the energy-optimized
conformations of the new molecules and the confaons of estimated combined modes were
calculated. The purpose of calculating the rmsdesls to examine the deviation between the
speculated-bound conformation and the energy-op#idhconformation to determine whether
the conformation of the fragment maintains theioabbinding pattern in the final molecule,
which indicates whether the linking fragment sigraihtly alters its binding to the receptor in the
final combined mode of the compound. Thereforeythed values reflecting the differences
between the energy-optimized conformations andadnebined conformations are used as
scoring functions to evaluate the new moleculed,tha molecules with less deviation from the

conformation of the original constituent fragmeint$he active site are ultimately selected.



Compounds with rmsd values below a certain thresm considered high-potency active
ligands, and this rmsd-based scoring function iftatd#s compound selection in new compound
libraries. The advantage of using this strateghas the best fragments that interact with
residues in the active site can be found baseti®nlharacteristics of the receptor site.

Design strategy B in CombLig mainly aims to imprakie structural diversity of the newly
generated molecules. We directly connected therfeag with the starting structure, the 2’
amino group of 2-hydrazinoadenosine, the newly gerd molecules were docked to the
A2AAR active site, and the scoring function was usee¥aluation and entered to the design
program to continue the next construction procedline energy minimization process is not
performed with this strategy to enable the constitiragments of the final compounds to retain
their docking binding conformations at the actiite.sSThe scoring function implemented in the
molecular docking program is used to sort new maésc Compared to strategy A, strategy B
can better reflect changes in the overall bindirgglenof the new molecule at the active site of
the receptor. This strategy may yield more comipnatof fragments. However, the
disadvantage of strategy B is that the proces&oéating new molecules is not subject to
receptor constraints, and the number of new modsgotoduced can be considerably larger than
the number produced using strategy A. We usediatyaf methods to limit and filter new
molecules according to basic properties and keynpaeodynamics, for example, Lipinskis’ rule,
ADMET (absorption, distribution, metabolism, eliration, toxicity) limits or other standard
methods which can reduce molecule production. Tgindbese two strategies, according to the
receptor binding mode and synthetic treatabilityhef new molecules, we finally designed and
selected 32 new moleculeB{43) as synthetic research objects and verified theiogical

activity as potent AR agonists.

2.2 Chemistry.

The general synthetic approach used to prepanecive
N’-substituted-2-hydrazinyladenosin&z-43 is depicted irbcheme 1. As shown, the compound
2,6-dichloropurine) was coupled with ribofuranose tetraacet&jed produce the triacetate
nucleoside compound of 2,6-dichloro-9-(2’,3’,5-@tacetyl-D-ribofuranosyl)purine&). The
acetate groups of 2,6-dichloro-9-(2’,3’,5'-tG-acetyl{3-D-ribofuranosyl)purineg) were
subsequently hydrolyzed, and the resultant 2,6laliokd-(3-D-ribofuranosyl)purineg) was



reacted with saturated ammonia in ethanol solutgeroduce the 2-chloroadenosine nucleoside
(10). The 2-chloro group of 2-chloroadenosif8)(can then be converted to a hydrazine
derivative of 2-hydrazinoadenosidéf through a hydrazinolysis reaction. Treating the
2-hydrazinoadenosindl) in methanol with aralkyl aldehyde or alkyl aldeleyfor half an hour
generated the corresponding 2-hydrazinyladenodi?&s.

Scheme 1.

The 2-hydrazinyladenosines were precipitated frosthamnol except fot4-16, 18, 20, 33-34,
and 40-43, which were further purified using silica gel colao chromatography. The
2-hydrazinyladenosine2-43 were further purified by medium pressure liquidarhatography
(MPLC) on reverse phase C18 material to removesrat the unreacted sugars. The structures
of the synthesized nucleosides were confirmettbgind**C NMR spectroscopy and MS. All

the corresponding data can be found in the Expatiah&ection.

2.3 Pharmacology.

The biological activity of the synthesized 2-hydrngtadenosing2-43 toward hA and hAa
receptors were investigated in vitro. Competitiieding experiments were performed using
membrane preparations of the human recombinag&RAand AxAR expressed in Chinese
hamster ovarian (CHO) cells using [3H]DPCPX (cyenotyl-1,3-dipropylxanthine) and
[BH]CGS21680 as radioligands, respectively. Thetrpotent compoundd?2, 21, 23-24, 30, 32,
34, 36, 39 and41-43, were also evaluated in functional assays by meagtheir ability to
modulate cyclic AMP levels in human embryonic kigifelEK) 293 cells stably overexpressing
human adenosine receptors,,RARS. The test results and structures of the syi#bes

compounds are depictedTiable 1.
Table 1.
2.3.1 Adenosine receptor affinity.

As mentioned above, we synthesized 32 new compotimels, we evaluated their affinity for

different compounds to identify small moleculeshahiigh affinities. In general, the measured K



values in the present series of newly synthesipethounds confirm the previous design
strategy and the prediction results indicating thataffinity of 2-substituted adenosine
derivatives depends on the attributes of the swiestis in accordance with the structure-activity
relationship. In the present study, 2-hydrazinydlaasides were synthesized and evaluated in
radioligand binding studies of two AR subtypes. Ka&alues obtained by binding the
compounds to the receptor showed that the compaexidbited higher affinity for the AAR.
The introduction of different side chains to thpdsition of adenosine through a hydrazone
linker to form the 2-hydrazinyladenosine structwith different fragment lengths and distinct
functional groups generally led to compounds witklatively higher affinity for the AAR

rather than the AR, as shown iTable 1.

First, we introduced a series of the substituteghghsubstructures as R groups to form
compoundd 2-31. The results of affinity evaluation showed thdtedent substituted phenyl
moieties seem to produce markedly different affisifor the AAAR, with K; values ranging
from 1.8 nm to 6625 nm. The rank order of potenfcgoonpound<l2-31 at the AAAR is as
follows: 23 (1.8 nm) >21 (5.5 nm) >24 (6.4 nm) >12 (8.5 nm) >30 (20 nm) >14 (61 nm) >31
(67 nm) >22 (101 nm) >20 (173 nm) >28 (208 nm) >29 (204 nm) >18 (18 nm) >26 (800
nm) >15 (801 nm) >13 (1306 nm) >27 (1329 nm) >19 (1622 nm) >17 (5495 nm) >16 (6276
nm) >25 (6625 nm). Among compound®2-31, 2-((benzylidene)hydrazinyl)adenosine
derivatives23, 21, 24, 12, 30, 14, and31 showed very high affinity at the.AAR. The quantified
Kivalues (1.8nm 67 nm) were generally high at thg,AR, except for compoundk and14,
which showed higher affinity for the;AR with K;values of 4.1 and 37 nM, respectively. For
the AAR, compound£3, 24, and31 showed very low affinity (0% inhibition), and thank
order of potency for the /AR was12 (4.1 nM) >14 (37 nM) >21 (70 nM) >30 (7856 nM).
Compoundd5, 18, 20, 22, 26, 28, and29 showed moderate affinity at the MR with K;values
ranging from 101 to 801 nM. Among them, compoub&isl8, and29 showed very low affinity
at the AAR, and moderate affinity for the;AAR with K; values of 801, 224 and 210 nM,
respectively. However, compoun#3and26 showed high affinity at the /AR with K; values
of 13 and 2.5 nM, respectively. In addition, compadsl3, 16, 17, 19, 25, and27 showed low
affinity at the A»AR with K; values ranging from 1306 to 6625 nM, except fanpoundsl3
and?25, which possessed high affinity at thg R with K; values of 2.9 and 5.1 nM,

respectively.



To further explore the effect of the structuralatsity of R substitution on affinity, we
introduced aromatic heterocyclic structures aRlgeoup. The affinity test results of
compounds32-39 for A2»AR affinity ranged from 6.5 nM to 1449 nM, and taempounds
also showed similar activity to that of the compdsiwith the substituted phenyl substructures.
The rank order of potency at thesAR was39 (6.5 nM) >32 (8.3 nM) >36 (8.7 nM) >34 (18
nM) > 33 (71 nM) >37 (239 nM) >38 (1449 nM). Only compoun85 had very low activity at
the AAAR, which may be related to the large substituémh@nyl substructures on the furan
ring. Additionally, compound82-39 also showed high affinity for the;AR. Compound5
showed a stronger selective affinity (4.5 nm) foe &AR versus the AAR. Furthermore, we
also synthesized and evaluated compoui@eld3 with other types of R substituents to more fully
explore the impact of R substitution on activitypr@poundd0 showed unexpectedly very low
affinity for both the AAR and A,AR, compoundégll, 42 and43 all showed strong affinity for
the ApAR, and compoundél and43 also showed strong affinity for the AR. In general,
most of the new 2-hydrazinyl adenosine derivatslesved a specific A affinities. The
affinities of compound42-43 for the AAR were analyzed. As shownTrable 1, some
compounds have very low affinity for theAR, and some compounds have high affinity for the
A:AR including compound$2, 13, 25, 26, 32, 35, 36, 37, 38, 39, 41, and43. However,
compound35 has only high A receptor affinity. The compound with the highdén#y for the
A,a receptor in the present 2-hydrazinyladenosineseésicompoung3, which exhibited a K

value of 1.8 nM and was inactive at theA®R subtype with a Kvalue >10uM.

2.3.2 Functional Assays of the hA,,AR.

The functional properties of the most potent comrmuisu12, 21, 23-24, 30, 32, 34, 36, 39 and
41-43, were assessed by adenylate cyclase assays measAiktP accumulation in human
HEK-293 cells stably expressing the humanA#R. Molecules showing the best affinities for
hA2,AR were confirmed to display high potency in thadtional assay (s€kable 2).
Interestingly, concentration—response curves ofrthestigated compounds were obtained,
which showed that the test compounds acted as evepibAAR agonists in the cAMP
functional assay. Most importantly, binding datadach ligand reflectedA agonist potency

correlation with Kand EGp values in the same nanomolar range {saggde 2). Compound3,

10



which has the highest hAaffinity (K; = 1.8 nM), also had the highest &®@alue of 0.64 nM

among the series of compounds.

Table 2.

2.4 Molecular Modeling.
2.4.1 Docking the new compoundsto A,xAR.

Molecular modeling techniques are applied to desmiphe structural basis for the effect of the
binding affinity of a compound to its target proteMolecular docking can be instrumental in
analyzing the interactions of newly synthesized poumds with receptors and obtaining the
binding conformations of the new compounds in tttéva site. Accordingly, we set out to
elucidate the structural details of the binding moflnewly synthesized compounds in thg A
receptor structure, such as compo@8gdwhich was the most promising candidate in thiaii
phase of designing a newfagonist (se& able 1). Fourteen AnAR X-ray crystal structures
were resolved. Among them, 3QfX] was the candidate structure used to perform dgckin
studies of Aa agonists and was considered an Active receptor model for the docking studies.
Through the docking studies, the binding modesewifly synthesized compounds within the
A2»AR binding site, which are depictedhingure 3, were obtained.

Figure 3.

In the docked complex, the purine core of newlytlsgaized compounds is adapted in a
similar fashion to that observed in the X-ray caystructure of the f receptor in complex with
the agonist UK432097 (séegure 3a and3b). Compounds that satisfied the contact criteria
were deeply buried in the binding site of the réoepnd typically had an adenine group which
overlapped the adenine moiety of the co-crystahagoSimilar to crystalline nucleoside
agonists, the ribosyl moiety of the new compourigs accupied the ribose binding pocket. In
particular, the 3'R- and 2'R-hydroxyl groups of ttigosyl moiety, which is crucial for agonist
activity, formed hydrogen bonds to Ser277 and HisBthe new compounds. Most of the new
compounds had interactions with Asn253 suggeshagihteractions with this residue are key

for ligand binding. The key interactions are (idhggen bonds between the sugar moiety and the

11



THR88 (helix I11), HIS250 (helix V1), SER277 (helXIl), and HIS278 (helix VII) residues; (ii)
a hydrogen bond between the adenosine ring and BBlix VI) residue; a-r stacked
interaction between the adenosine ring and the BBEdsidue on extracellular loop 2 (ECL2);
andn-Alkyl interactions between the adenosine ring dredltEU249 (helix V1) and ILE274
(helix V1) residues; (iii) a hydrophobic interaoti between the 2-position side chain and the
LEU167 (ECL2) residue; &Anion interaction between the phenyl ring on the
2-position-substituted phenylhydrazine group ard®@®h.U169 (ECL2) residue;man T-shaped
interaction between the same phenyl ring and thRaM. (helix VII) residue; and (iv)
hydrophobic interactions between some 2-positioig lside chains and the THR256 (helix V1),
LEU267 (helix VII), and MET270 (helix VII) residudseeFigure 3c, 3d and4). On the basis of
these observations, these key interactions, inrglthe adenine core, the ribose ring and the
2-position side chain, were noted in the dockinggsoof these new compounds and were

considered to be the most important for the bindifiigities for the A AR.

Figure4.

The resulting binding mode was also helpful wheéenapting to explain the highest activity
profile of compound®3 among all newly synthesized compoud@s43. This observation of the
binding mode is also supported by comparison obthding mode of the agonist UK4320%j (
in the A AR crystal structure reported by Xu et[2ll]. Prompted by these observations, we
analyzed the conformational behavior of three phengs (A, B and C) in docking modeling
simulations Figure 3d). Indeed, the electron-rich phenyl ring A of comapd23 is
accommodated in a region lined by hydrophobic tessdLEU167 and TYR271), which in turn
reinforce ther-Anion interaction with the GLU169 residue. Moreavainenyl ring B of
compound23 was able to establish relevant interactions WithMET270 and THR256 residues,
which occupied the same position as the 6-substitphenyl ring of UK4320975] in the crystal
structure. Further, phenyl ring C cdmpound23 is located in the pocket entrance region of the
active site where the AAR possesses the hydrophobic residue LEU267. $ncige, the three
phenyl groups (A, B and C) of compou8lare endowed with substantial flexibility. The

introduction of substituents of the phenyl ring B\and C) connecting linkers of 2 or 3 atoms

12



could improve the affinity profile of compoura3 for the A,AR by increasing the interactions

between the receptor and ligand, thereby stabgitie putative bioactive conformation.

3. Conclusions

This paper reports preliminary results for our aeslk program aiming to identify potent
A2»2AR agonists. The method for agonist design wasdasdragment-based drug design
(FBDD) and fragment libraries. The fragment libearivere constructed from the MDDR library
using our previously reported metffadrhese libraries include high-quality fragments fo
molecular design, as all of them were derived fovog molecules developed to increase
applicability and reduce toxicity. We also explotbd strategies of FBDD and developed a set
of procedures to help up design derivatives. Tisésgegies can employ the fragment libraries
mentioned above to improve the efficiency and tvease the diversity of newly designed
compounds. Using these strategies, we performeqigigtesign and synthesis and activity
assays for the A receptor based on the reported crystallographigpbex.

The crystal structure of the active-statg AR (PDBID:3QAK) [21]was selected as the target
for the structure-based molecule design of nove&y@-azinyladenosine derivatives. The docking
studies of known agonist Regadenos®nafid comparison with ligand UK-43209%) (n the
crystal complex suggested overlaps of critical pass, and we successfully discovered a series
of potent adenosine-based ligands with very highiaés for the A,AR. Through synthesis
and biological activity testing of 32 predicted Imgcoring candidates, including derivatives with
substituted phenyl ring compounds, substituted atmnmeterocyclic compounds and substituted
alkyl compounds, we identified twenty-three compaaivith submicromolar affinities for the
A2»AR, including nine compounds with affinities beld® nM. Our fragment-based molecular
design strategies allowed us to identify compoR®ds one of the most potentLagonists
discovered to date (KA2AR = 1.8 nM, EGp hA22AR = 0.64 nM, KhA;AR> 10 000 nM).
These studies enabled us to uncover useful infooman the structural determinants that lead to
higher-affinity receptor activation. In additiomet docking studies and QSAR analysis of the
newly synthesized compounds also provide insidiottime structural basis for further design of
novel agonists, which can potentially benefit saherapeutic applications. Overall, this study
demonstrated the application of fragment-based cotde design method for the development of

new agonist derivatives at the AR.
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4. Experiment Section
4.1 Structure Design and Molecular Docking.
4.1.1 Fragment Library Construction.

The fragments in libraries were obtained usingagritent database computational method that
we have described previougd9]. We extracted and selected compounds that areliteug
candidates or drugs used in clinical research fttercommercial MDL Drug Data Report
database (MDDR3d v2011.2). All of the extracted poonds were decomposed into fragments
and duplicates were removed. Then, the fragments areergy-optimized, and hydrogen atoms
were added by the Discovery Studio (v2.5) progralinof the fragments can be classified into

three categories, including linkers, groups andgiand are stored in SYBYL MOL2 format.

4.1.2 Fragment-based molecule design.

ComblLig, a derivative design method based on frag+hased structural design strategies,
consists of several major modules, i.e. SITE-GRGWRUCT-GROW, and GROW-ANALY
(seeFigure 2). Each module has a different purpose in Comhthig,source codes of which are
written in script and C++ language. CombLig progideo strategies to produce derivative
molecules: a site-growing strategy based on theptec-ligand complex and a site-docking
strategy based on the ligand.

With the site-growing strategy, the production @aare is initiated from a seed substructure
in the binding site of a receptor obtained fromphetein-ligand cocrystal structures or by
molecular docking after superimposition onto thenence. The seed substructure originating
from the ligand and the sites for growth on thedsaébstructure can be assigned by the user.
SITE-GROW is the first module executed in the gitewing strategy, which reads the 3D
structures of the pro-docked seed substructurgranthrget receptor and tries to replace each
growth site with a given fragment. The newly fornstdictures will be assessed for collision
with the receptor, and only the structure withaaltision will be selected for the new growth
cycle or will be saved as the candidate molecule.

With the site-docking strategy, the basic inpuS®RUCT-GROW for the first step is only the
seed substructure, which will serve as the ingralwth structure. In the production procedure,

STRUCT-GROW uses a systematic sampling algorithimprove the efficiency of structure
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generation. The generated structures will be doakecthe binding site of the receptor using an
external dock program, DOCK 63D]. This growing process of STRUCT-GROW stops when
all the structures have been docked into the receptd the candidate molecule can finally be
constructed by repeating this procedure.

With both strategies, the constructed moleculeselected as the final candidates by
GROW-ANALY. To help the user to analyze the reSUBROW-ANALY first groups the
resultant molecules into clusters and then assessbsnewly constructed molecule to ensure its
chemical feasibility and score its binding affinfor the target protein. To calculate the binding
affinity score, GROW-ANALY uses an empirical proced developed to estimate the binding
free energy of a generated molecule toward theptecerotein when the 3D structure of the
complex is docked. A user-defined number of molesait the top will be selected as the final
results. Each molecule will be output in a SYBYL Mfile. The program will also provide a
log file by tabulating the file name, molecular giei, logP value, binding affinity and

bioavailability score of each molecule.

4.1.3 Molecular Docking.

All docking calculations were carried out with tmelecular docking tool, DOCK 6[30]. The
compound set for docking was prepared with the BS#nimization protocols. The chiral
atoms in all compounds maintains the same chiraflocmation as atoms of the compounds in
Section 4.2. The selected crystal structure ofthe\R for docking was a 2.7 A crystallographic
structure of the A, adenosine receptor (PDB ID: 3QAK) in complex viltle agonist
UK-432097 B), which was retrieved from the RCSB Protein Dasal21]. The selected
crystallized complex structure was prepared withftllowing protein preparation workflow.

The compounds to be docked are confirmed by arosing box whose size is 6A larger than the
cocrystallized ligand. The enclosing box is cerdare the cocrystallized ligand, which is

defined as the ligand-binding site search regionhé case of the AAR, 74 matching spheres
were generated and selected by the Sphgen prograhthese spheres were based on the shape
of the crystallographic receptor surface. Then @iedated grids were generated by the Grid
program since the grid calculation must be perfarpor to docking. The Grid program also
computes a bump grid to identify severe steric lapsrbetween the ligand atoms and the

receptor atoms. The new compounds are then flegibtked into the binding site with the
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anchor-and-grow incremental construction approadd@CK 6.7. The anchor-and-grow
strategy algorithm superimposes atoms of the dookadcule onto binding site-matching
spheres, which indicate putative ligand atom pms#ti Default settings are maintained for all
remaining parameters. The energy score for eadorcoation is calculated based on the
implementation of force field scoring. Force fialcbres are the sum of molecular mechanical
interaction energies, which consist of the recefpiand electrostatic and van der Waals
interaction energies. The best conformation of efdked molecule includes the output based

on the best score and interactions formed betweeodmpounds and the receptor.

4.2 Synthesis.

Reaction progress and product mixtures were matby thin-layer chromatography (TLC)
using precoated silica gel plates (Yantai dexinBézhnology Co., Ltd., Yantai, China) and
were visualized by a UV lamp (254 nm light souré&)lumn chromatography was performed
on 200-300-mesh silica gel (Yantai Chemistry InduResearch Institute, Yantai, China). The
purity of the final products was confirmed by MPbE dissolving 10 mg/mL of the products in
DMSO. A 1 mL sample was injected into an MPLC iastent (Tianjin Bonna-Agela
Technologies Co., Ltd., Tianjin, China) using thE8&olumn (Biotage Trading Co., Ltd,
Shanghai, China). Elution was performed with a gratdof water/methanol from 90:10 to 0:100
for 40 min at a flow rate of 25 mL/min, with theaglient started after 10 min. The purity of the

products was generallz95%. The'H-NMR or *C-NMR spectra were recorded in CR®F

DMSO-ds solutions using a INM-ECA-400 400 MHz spectromg@i&OL Ltd., Tokyo, Japan).

Chemical shifts are presented @asvalues (ppm) downfield from tetramethylsilane (TMS

which serves as the internal reference, and cagiplimstants (J) were expressed in Hz. The MS
spectra were determined on an API 3000 triple-quaale mass spectrometer (AB Sciex,
Concord, ON, Canada) coupled with a Turbo lonSgetagtrospray ionization (ESI) source for
mass analysis and detection. The melting pointpdioified products were determined on a
RY-1 apparatus (Tianda Tianfa Technology Co., LTehanjin, China).
2,6-Dichloro-9-(2’,3',5'-tri-O-acetyl#-D-ribofuranosyl) puring(8). First, 21 g of ribofuranose
tetraacetated) was heated to 90 until it became clear, and 12 g of 2,6-dichloraper7) and

0.3 g of stannic chloride were added with stirrifige reaction was further heated and stirred at
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120°C for 15 min. The solvent was evaporated under awag and the residue was cooled.
Methanol (50ml) was added to the residue, anddhe solated by filtration yielded the crude
product. The crude product was recrystallized fethanol to yield 12 g of
2,6-dichloro-9-(2’,3",5'-tri-O-acetyl3-D-ribofuranosyl)purine.

2-Chloroadenosinél0). First, 10 g of 2,6-dichloro-9-(2’,3’,5-tri-O-atyl-3-D-
ribofuranosyl)-purineg) in 200 mL of methanolic ammonia solution was bddab 100C for
24 hours in an autoclave. The solution was furstiered for an additional 24 hours at room
temperature, and then the solution was subsequevdlyorated to dryness under reduced
pressure to remove ammonia. The residue was plibfidlash chromatography using an
appropriate mixture of CHglhnd MeOH as an eluent. The product was dried &t 36 yield
4.5¢ of 2-chloroadenosine as a solid.

2-Hydrazinoadenosin@ll). First, 5 g of 2-chloroadenosin&)jj in 25ml of hydrazine hydrate
(65% in water) was stirred while heating toBG0for 4 hours until 2-chloroadenosinELf
disappeared according to TLC (gH,:MeOH = 3:1). The reaction mixture was then brought
25C and diluted with 2-propanol (50ml) with stirringernight. The resulting precipitate was
isolated by filtration to yield 4.4g of 2-hydraziembenosine as a yellow solid.

General procedure for the synthesis of compo@#<!3). First, 0.5 g of
2-hydrazinoadenosindl) and different aralkyl or alkyl aldehyde compouigtld equivalent)
were combined in methanol (30ml) and heated byowiave at 8@ for 30 min. The crude
products {2-13, 17, 19, 21-32, and35-39) were precipitated from methanol, and the other
products {4-16, 18, 20, 33-34, and40-43) were purified from the reaction mixture usingcsli
gel column chromatography. All the crude produatsenurther purified by MPLC on reverse
phase C18 material to yield the produdi&-43).

4-((E)-(2-(6-amino-9-((2R,3R,4S,5R)-3,4-dihydroxgh$droxymethyl)tetrahydrofuran-2-yl)-
9H-purin-2-yl)hydrazono)methyl)benzonitr{{#2). 54% yield as a white solid; m.p. 26 *H

NMR (DMSO-dg): & (ppm) 10.99 (s, 1H), 8.11 (s, 1H), 8.07 (s, 1HY17(d, 2H, J=8.4Hz),

7.83 (d, 2H, J=8.0Hz), 7.13 (br, 2H), 5.81 (d, TH6.4Hz), 5.44 (d, 1H, J=6.4Hz), 5.28-5.26 (m,
1H), 5.15 (d, 1H, J= 4.8Hz), 4.72-4.67 (m, 1H),34220 (m, 1H), 3.98 (d, 1H, J=2.4Hz),

3.75-3.57 (M, 2H)}°C NMR (DMSO4s): & (ppm) 156.26, 155.92, 150.79, 140.24, 138.22,
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137.57,132.48, 126.74, 119.04, 115.70, 109.96,78B6.03, 73.08, 71.02, 61.93; HRMS (ESI+)

m/z [M + HJ" calculated for gH1gNgO,: 411.1524; found: 411.1525.
2-((E)-(2-(6-amino-9-((2R,3R,4S,5R)-3,4-dihydroxgh$droxymethyl)tetrahydrofuran-2-yl)-

9H-purin-2-yl)hydrazono)methyl)benzonitri{l&3). 52% yield as a white solid; m.p. 260 *H

NMR (DMSO-dg): & (ppm) 11.21 (s, 1H), 8.45 (s, 1H), 8.35 (d, 1HB.0#z), 8.08 (s, 1H),

7.83 (d, 1H, J=7.6Hz), 7.72 (t, 1H, J=7.6Hz), 7(¥8H, J=7.6Hz), 7.18 (br, 2H), 5.81 (d, 1H,
J=6.4), 5.47 (d, 1H, J=5.6Hz), 5.29-5.27 (m, 1H},75d, 1H, J=3.6Hz), 4.73-4.71 (m, 1H), 4.23
(s, 1H), 3.98 (s, 1H), 3.75-3.58 (m, 2K NMR (DMSO+4dg): 5 (ppm) 156.28, 155.80, 150.75,
138.55, 138.32, 134.69, 133.17, 132.96, 128.54,142317.36, 115.80, 109.41, 87.84, 86.07,
73.01, 71.08, 61.95; HRMS (ESI+) m/z [M + Hjalculated for GgH1gNgO4: 411.1524; found:
411.1523.
(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-4-(trifluoromdjbenzylidene)hydrazineyl)-9H-purin-
9-yI)-5-(hydroxymethyl)tetrahydrofuran-3,4-did4). 53% yield as a white solid; m.p. Z60Q

IH NMR (DMSO-ds): & (ppm) 10.97 (s, 1H), 8.14 (s, 1H), 8.08 (s, 1H967(d, 2H, J=8.4Hz),

7.74 (d, 2H, J=8.4Hz), 7.18 (br, 2H), 5.82 (d, TH6.4Hz), 5.47 (d, 1H, J=5.6Hz), 5.29 (s, 1H),
5.18 (d, 1H, J=3.2Hz), 4.71-4.69 (m, 1H), 4.231(), 3.98 (d, 1H, J=2Hz), 3.76-3.60 (M, 2H);

13C NMR (DMSO4g): & (ppm) 156.20, 155.94, 150.85, 139.63, 138.24,4B7.28.23, 126.78,

125.50, 123.02, 115.61, 87.78, 86.05, 73.10, 7B085; HRMS (ESI+) m/z [M + H]

calculated for ggH1gF3sN;O4: 454.1445; found: 454.1446.
(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-4-chloro-3-(triromethyl)benzylidene)hydrazineyl)-

9H-purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3bl (15). 54% yield as a white solid; m.p.

242C; 'H NMR (DMSOds): & (ppm) 10.94 (s, 1H), 8.46 (s, 1H), 8.07 (s, 1H)1Ks, 1H),

7.89 (d, 1H, J=8.0Hz), 7.68 (d, 1H, J=8.4Hz), T3 2H), 5.73 (d, 1H, J=7.2Hz), 5.46 (d, 1H,
J=5.2Hz), 5.39 (d, 1H, J=6.4Hz), 5.14 (s, 1H), 4787 (m, 1H), 4.12 (s, 1H), 3.96 (s, 1H),

3.68-3.51 (m, 2H)**C NMR (DMSO4ds): & (ppm) 156.32, 155.98, 150.56, 138.79, 137.23,

135.40, 131.83, 129.62, 127.00, 125.141, 124.3P.582 115.97, 88.34, 86.47, 72.55, 71.31,
62.27; HRMS (ESI+) m/z [M + H]calculated for GH;7CIFsN;O,: 488.1055; found: 488.1055.
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(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-2,4-bis(triflaorethyl)benzylidene)hydrazineyl)-9H-
purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4et{16). 54% vyield as a white solid; m.p.

239C; 'H NMR (DMSO<ds): 8 (ppm) 11.44 (s, 1H), 8.70 (d, 1H, J=8.4Hz),8.471(8),
8.12-8.01 (m, 3H), 7.31 (br, 2H), 5.81 (d, 1H, Jt#), 5.47 (br, 1H), 5.30 (br, 1H), 5.19 (br,
1H), 4.73-4.71 (m, 1H), 4.25-4.24 (m, 1H), 4.0083(M, 1H), 3.77-3.62 (m, 2H}°C NMR
(DMSO-de): & (ppm) 156.11, 155.37, 150.67, 138.68, 137.73,1833.29.20, 127.70, 126.04,

125.73, 124.95, 122.85, 122.22, 115.89, 87.94,368.06, 71.04, 61.93; HRMS (ESI+) m/z

[M + H]" calculated for gH17/FsN-O4: 522.1319; found: 522.13109.
(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-3,4,5-trimethmeqyzylidene)hydrazineyl)-9H-purin-

9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-didl7). 44% vyield as a white solid; m.p. 246

'H NMR (DMSO<g): 3 (ppm) 10.68 (s, 1H), 8.01 (s, 1H), 7.98 (s, 1H)E7(s, 2H), 7.09 (br,
2H), 5.75 (d, 1H, J=7.2Hz), 5.49-5.45 (m, 2H), 5(&21H), 4.92-4.88 (m, 1H), 4.15 (s, 1H),
3.99 (s, 1H), 3.84 (s, 6H), 3.68 (s, 3H), 3.72-3152 2H): **C NMR (DMSOdg): & (ppm)

156.22, 153.06, 150.60, 140.42, 138.76, 137.94,083115.82, 103.90, 88.59, 86.43, 72.28,
71.31, 62.54, 60.06, 55.84; HRMS (ESI+) m/z [M + elculated for gH,sN-O;: 476.1888;
found: 476.1887.
(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-4-propoxybedeyle)hydrazineyl)-9H-purin-9-yl)-
5-(hydroxymethyl)tetrahydrofuran-3,4-digil8). 41% yield as a white solid; m.p. ZC8 'H

NMR (DMSO-dg): 8 (ppm) 10.55 (s, 1H), 8.04 (s, 1H), 8.02 (s, 1H677(d, 2H, J=8.4Hz),

7.11 (br, 2H), 6.95 (d, 1H, J=8.8Hz), 5.80 (d, IH6.4Hz), 5.47 (d, 1H, J=5.2Hz), 5.28 (s, 1H),
5.17 (s, 1H), 4.68 (s, 1H), 4.20 (s, 1H), 3.97-3®43H), 3.73-3.61 (M, 2H), 1.76-1.71 (m, 2H),
0.98 (t, 3H, J=7.6Hz)"3C NMR (DMSOd): & (ppm) 159.13, 156.20, 156.00, 151.02, 140.08,

137.77,128.03, 127.89, 115.11, 114.54, 87.62,186.8.16, 71.03, 68.99, 61.92, 22.07, 10.44;

HRMS (ESI+) m/z [M + H]J calculated for goH2sN;Os: 444.1990; found: 444.1990.
(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-3-ethoxy-4-hygbenzylidene)hydrazineyl)-9H-purin-9-

yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-did9). 43% vyield as a white solid; m.p. 188 *H

NMR (DMSO-dg): & (ppm) 10.43 (s, 1H), 9.19 (s, 1H), 7.99 (s, 1HY47(s, 1H), 7.66 (s, 1H),
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7.04 (br, 2H), 6.92 (d, 1H, J=8.0Hz), 6.77 (d, IH8.4Hz), 5.75 (d, 1H, J=7.2Hz), 5.48 (d, 1H,

J=6.4Hz), 5.44-5.43 (m, 1H), 5.14 (d, 1H, J=4.0Hz36-4.84 (m, 1H), 4.17 (s, 1H), 4.09 (q, 2H,

J=6.8Hz), 4.00 (s, 1H), 3.72-3.52 (m, 2H), 1.3BH, J=6.8Hz)*C NMR (DMSOds): d

(ppm) 156.45, 156.22, 150.75, 147.74, 147.17, B3}A.98.41, 127.11, 121.14, 115.57, 115.13,

109.94, 88.38, 86.37, 72.43, 71.33, 63.64, 62.488 HRMS (ESI+) m/z [M + H]calculated

for CigH23N;Og: 446.1783; found: 446.1782.
(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-3-(benzyloxyzigkdene)hydrazineyl)-9H-purin-9-yl)-5-

(hydroxymethyl)tetrahydrofuran-3,4-di(0). 43% yield as a white solid; m.p. 148 'H NMR

(DMSO-dg): & (ppm) 10.73 (s, 1H), 8.05 (s, 2H), 7.62-6.95 (fH), 5.79 (d, 1H, J=6.8Hz),
5.48 (d, 1H, J=6.0Hz), 5.38 (s, 1H), 5.16 (s, 3HJ9-4.75 (m, 1H), 4.19 (s, 1H), 3.98 (s, 1H),
3.74-3.55 (m, 2H)**C NMR (DMSOds): & (ppm) 158.68, 156.17, 150.83, 139.96, 138.30,

137.14, 137.06, 129.66, 128.52, 127.91, 127.81,881915.76, 115.55, 111.22, 87.99, 86.14,
72.87,71.18, 69.21, 62.23; HRMS (ESI+) m/z [M + Elculated for gH25N70s: 492.1990;
found: 492.1990.

(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-4-((4-fluorobdjyaxy)benzylidene)hydrazineyl)-9H-
purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4etl(21). 34% yield as a white solid; m.p.
144C; 'H NMR (DMSO-<g): & (ppm) 10.51 (s, 1H), 8.02 (s, 2H), 7.68 (d, 2HB.8+z),

7.54-7.50 (m, 2H), 7.26-7.22 (m, 2H), 7.04 (d, 4H8.8Hz), 5.80 (d, 1H, J=6.8Hz), 5.47 (d, 1H,
J=6.4Hz), 5.31-5.28 (m, 1H), 5.16 (d, 1H, J=4.032)2 (s, 2H), 4.70-4.66 (m, 1H), 4.22-4.19
(m, 1H), 3.98-3.96 (m, 1H), 3.74-3.57 (m, 2C NMR (DMSOd): 5 (ppm) 163.13, 160.61,
158.65, 156.45, 156.22, 151.02, 139.79, 137.75,2B3330.12, 130.04, 128.55, 127.85, 115.42,
115.21, 114.91, 87.67, 86.05, 73.14, 71.08, 6&5M88; HRMS (ESI+) m/z [M + H]calculated
for CosH24FN;Os: 510.1896; found: 510.1895.
(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-4-(benzyloxyipehoxybenzylidene)hydrazineyl)-9H-pu
rin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-di(d2). 32% yield as a white solid; m.p. 126

IH NMR (DMSO-dg): & (ppm) 10.54 (s, 1H), 8.00 (s, 1H), 7.99 (s, 1HJ77(s, 1H), 7.47-4.33

(m, 5H), 7.06 (br, 2H), 7.03 (s, 2H), 5.75 (d, TH7.2H), 5.48 (d, 1H, J=6.4Hz), 5.46 (d, 1H,
J=4.0Hz), 5.13 (d, 1H, J=4.0Hz), 5.11 (s, 2H), 4986 (M, 1H), 4.17-4.15 (m, 1H), 3.99 (s,
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1H), 3.85 (s, 3H), 3.74-3.53 (m, 2HfC NMR (DMSOds): & (ppm) 156.36, 156.22, 150.69,

149.40, 148.46, 140.42, 138.47, 137.00, 128.82492827.87, 120.70, 115.64, 112.92, 108.57,
88.41, 86.34, 72.38, 71.31, 69.86, 62.44, 55.4IMSRESI+) m/z [M + HJ calculated for
CasH27N7O6: 522.2096; found: 522.2096.
(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-3,4-bis(benzgploenzylidene)hydrazineyl)-9H-purin-9-y
1)-5-(hydroxymethyl)tetrahydrofuran-3,4-di(23). 55% yield as a white solid; m.p. 220 *H
NMR (DMSO-g): & (ppm) 10.55 (s, 1H), 8.00 (s, 1H), 7.98 (s, 1HY6/(s, 1H), 7.52-7.30 (M,
10H), 7.09-7.05 (m, 4H), 5.76 (d, 1H, J=7.2Hz)BX47 (m, 2H), 5.19-5.14 (m, 5H), 4.89-4.84
(m, 1H), 4.20-4.18 (m, 1H), 4.00 (s, 1H), 3.76-3(6% 2H);**C NMR (DMSOds): 5 (ppm)

156.36, 156.24, 150.71, 148.82, 148.58, 140.30,663837.29, 137.23, 128.95, 128.50, 128.44,

127.89, 127.83, 127.72, 127.52, 121.10, 115.68,781310.67. 88.39, 86.34, 72.51, 71.37,

69.94, 62.52; HRMS (ESI+) m/z [M + Hgalculated for gH3:N7Os: 598.2409; found:

598.2408. HPLC purity 98.08%.
(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-4-(diethylambem)zylidene)hydrazineyl)-9H-purin-

9-yI)-5-(hydroxymethyl)tetrahydrofuran-3,4-di@4). 39% yield as a white solid; m.p. 164

'H NMR (DMSO-ds): & (ppm) 10.27 (s, 1H), 7.99 (s, 1H), 7.92 (s, 1H317(d, 2H, J=8.8Hz),

6.99 (br, 2H), 6.66 (d, 2H, J=8.8Hz), 5.78 (d, IH6.8Hz), 5.47 (d, 1H, J=6Hz), 5.30-5.26 (m,
1H), 5.15 (d, 1H, J=4.4Hz), 4.69-4.65 (m, 1H), 44218 (m, 1H), 3.97-3.95 (m, 1H), 3.73-3.56
(m, 2H), 3.39-3.34 (m, 4H), 1.10 (t, 6H, J=6.8HZE NMR (DMSO4dg): d (ppm) 156.59,
156.17, 151.11, 147.76, 141.12, 137.46, 128.00,302215.00, 111.13, 87.59, 86.05, 73.16,
71.08, 61.98, 43.72, 12.56; HRMS (ESI+) m/z [M + Elculated for giH2gNgO4: 457.2306;
found: 457.2305. HPLC purity 98.67%.
(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-4-(pyrrolidindbenzylidene)hydrazineyl)-9H-purin-9-
yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-di5). 46% yield as a white solid; m.p. IZ4'H

NMR (DMSO-dg): 8 (ppm) 10.23 (s, 1H), 7.98 (s, 1H), 7.94 (s, 1H347(d, 2H, J=8.8Hz),

6.95 (br, 2H), 6.54 (d, 2H, J=8.8Hz), 5.78 (d, IH6.8Hz), 5.44 (d, 1H, J=6.4Hz), 5.27-5.24 (m,
1H), 5.11 (d, 1H, J=4.0Hz), 4.69-4.65 (m, 1H), 4&01H), 3.97 (s, 1H), 3.73-3.57 (m, 2H),
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3.26 (s, 4H), 1.96 (s, 4H)°C NMR (DMSO4ds): & (ppm) 156.59, 156.15, 151.08, 147.91,

141.29, 137.42,127.77, 122.55, 115.00, 111.58538B6.03, 73.16, 71.04, 61.96, 47.24, 24.97,;

HRMS (ESI+) m/z [M + HJ calculated for gHo6NgO4: 455.2150; found: 455.2150.
(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-4-morpholinolyidene)hydrazineyl)-9H-purin-9-yl)-

5-(hydroxymethyl)tetrahydrofuran-3,4-di#6). 44% yield as a white solid; m.p. 186 *H

NMR (DMSO-ds): & (ppm) 10.42 (s, 1H), 8.01 (s, 1H), 7.97 (s, 1H»97(d, 2H, J=8.4Hz),

7.02 (br, 2H), 6.95 (d, 2H, J=8.8Hz), 5.79 (d, JH6.4Hz), 5.46 (d, 1H, J=6.0Hz), 5.29-5.26 (m,
1H), 5.15 (d, 1H, J=4.0Hz), 4.69-4.65 (m, 1H), 4218 (m, 1H), 3.97-3.95 (m, 1H), 3.74 (t, 4H,

J=8.4Hz), 3.71-3.56 (M, 2H), 3.17 (t, 4H, J=8.8H3%; NMR (DMSOd): & (ppm) 156.47,

156.19, 151.11, 151.04, 140.34, 137.57, 127.43282615.13, 114.56, 87.63, 86.01, 73.14,
71.04, 66.03, 61.95, 47.85; HRMS (ESI+) m/z [M + Elculated for gH2eNgOs: 471.2099;
found: 471.2100.
N-(4-((E)-(2-(6-amino-9-((2R,3R,4S,5R)-3,4-dihygr&x(hydroxymethyl)tetrahydrofuran-2-
yl)-9H-purin-2-yl)hydrazono)methyl)phenyl)acetam({@é). 23% vyield as a white solid; m.p.

126C; 'H NMR (DMSO-dg): d (ppm) 10.54 (s, 1H), 10.03 (s, 1H), 8.02 (s, ZH66-7.59 (m,

4H), 7.03 (br, 2H), 5.79 (d, 1H, J=6.4Hz), 5.44H, J=6.0Hz), 5.24-5.21 (m, 1H), 5.11 (d, 1H,
J=4.4), 4.67 (dd, 1H, J=5.6Hz,5.6Hz), 4.24-4.21 1hi), 3.98-3.96 (M, 1H), 3.75-3.57 (M, 2H),

2.06 (s, 3H)*C NMR (DMSOds): & (ppm) 168.31, 156.45, 156.15, 150.94, 139.75,5439.

137.76, 130.31, 126.88, 118.85, 115.15, 87.75585.8.12, 71.00, 61.93, 24.06; HRMS (ESI+)

m/z [M + HJ" calculated for @H2:NgOs: 443.1786; found: 443.1786.
(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-4-(pyridin-2bghzylidene)hydrazineyl)-9H-purin-9-yl)-

5-(hydroxymethyl)tetrahydrofuran-3,4-di@8). 69% yield as a white solid; m.p. 164 *H

NMR (DMSO-dg): 8 (ppm) 10.83 (s, 1H), 8.69 (s, 1H), 8.15-7.85 (in),&.36-7.35 (m, 1H),
7.18 (br, 2H), 5.83 (d, 1H, J=6.4Hz), 5.50 (s, 1528 (s, 1H), 5.20 (s, 1H), 4.71 (s, 1H), 4.25 (s,
1H), 4.00 (s, 1H), 3.77-3.62 (m, 2HJC NMR (DMSO4s): & (ppm) 156.15, 155.51, 150.98,

149.63, 139.38, 138.36, 138.01, 137.30, 136.27,/82622.69. 120.23, 115.39, 97.71, 86.02,
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73.19, 71.05, 61.96; HRMS (ESI+) m/z [M + Hjalculated for gH,,NgO4: 463.1837; found:
463.1838.
(2R,3R,4S,5R)-2-(2-(2-((E)-4-(1H-imidazol-1-yl)bdidene)hydrazineyl)-6-amino-9H-purin-
9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-di@9). 81% vyield as a white solid; m.p. 276
'"H NMR (DMSO<g): & (ppm) 10.77 (s, 1H), 8.33 (s, 1H), 8.11 (s, 1H)5g(s, 1H), 7.89 (d,
2H, J=8.4Hz), 7.81 (s, 1H), 7.70 (d, 2H, J=8.8HZ) 3 (s, 1H), 7.11 (br, 2H), 5.81 (d, 1H,
J=6.8Hz), 5.48 (d, 1H, J=6.4Hz), 5.35-5.32 (m, 134}9 (d, 1H, J=4.0Hz), 4.74-4.70 (m, 1H),
4.22-4.20 (m, 1H), 3.99 (s, 1H), 3.76-3.59 (m, 1¥%, NMR (DMSO): 5 (ppm) 156.26,

150.90, 138.72, 138.03, 136.56, 135.50, 134.18,003027.70, 120.28, 117.86, 115,49, 87.77,
86.13, 73.06, 71.12, 62.04; HRMS (ESI+) m/z [M + Elculated for goH21NgO4: 452.1789;
found: 452.1789.
(2R,3R,4S,5R)-2-(2-(2-((E)-[1,1'-biphenyl]-4-yImglne)hydrazineyl)-6-amino-9H-purin-9-y
1)-5-(hydroxymethyl)tetrahydrofuran-3,4-di(80). 60% yield as a white solid; m.p. 284 *H

NMR (DMSO-dg): & (ppm) 10.78 (s, 1H), 8.12 (s, 1H),8.07 (s, 1H837(d, 2H, J=8.4Hz),

7.31-7.71 (m, 4H), 7.48 (t, 2H, J=7.2Hz), 7.38)¢7.2Hz,1H), 7.16 (br, 2H), 5.82 (d, 1H,
J=6.8Hz), 5.49 (d, 1H, J=6.0Hz), 5.28 (s, 1H), §A.9LH, J=4.4Hz), 4.69-4.67 (m, 1H), 4.22 (d,

1H, J=2.4Hz), 3.98 (d, 1H, J=2.4Hz), 3.75-3.60 2i); °C NMR (DMSO4dg): 3 (ppm)

156.09, 151.00, 139.94, 139.63, 139.50, 137.92,763429.03, 127.64, 126.99, 126.86, 126.57,

115.30, 97.59, 86.01, 73.20, 71.04, 61.95; HRMS«E®/z [M + HJ" calculated for

Ca3H23N704: 462.1884; found: 462.1884. HPLC purit®6.08%.
(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-4-(diphenylanixenzylidene)hydrazineyl)-9H-purin-9-

yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-di@@1). 42% vyield as a yellow solid; m.p. 184 'H

NMR (DMSO-ds): & (ppm) 10.56 (s, 1H), 8.01 (s, 2H), 7.63 (d, 2H,d¥&), 7.35-6.94 (m,

14H), 5.77 (d, 1H,J=6.4Hz), 5.45 (d, 1H,J=6.0HZ2,755.24 (m, 1H), 5.11 (d, 1H,J=4.4Hz),

4.70-4.66 (m, 1H), 4.21-4.18 (m, 1H), 3.93 (d, H2,4Hz), 3.73-3.53 (m, 2H}*C NMR

(DMSO-dg): & (ppm) 156.24, 148.37, 147.55, 146.86, 146.71,3B}(.38.83, 129.68, 128.57,

127.91, 127.64, 124.63, 124.40, 123.73, 123.46,402221.99, 114.31, 87.92, 85.65, 73.09,
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71.00, 61.93; HRMS (ESI+) m/z [M + Htalculated for goH2gNgO4: 553.2306; found:
553.2306. HPLC purity 95.71%.
(2R,3R,4S,5R)-2-(2-(2-((E)-(1H-pyrrol-2-yl)methyd@mydrazineyl)-6-amino-9H-purin-9-yl)-5
-(hydroxymethyl)tetrahydrofuran-3,4-di(82). 30% vield as a white solid; m.p. 220 *H NMR
(DMSO-dg): & (ppm) 11.69 (s, 1H), 10.55 (s, 1H), 7.94 (s, TH37 (s, 1H), 7.07 (br, 2H), 6.94
(s, 1H), 6.61-6.59 (m, 1H), 6.26 (s, 1H), 6.07 (8d, J=3.2Hz,2.8Hz), 5.71 (d, 1H, J=8.0Hz),
5.39 (d, 1H, J=6.8Hz), 5.21 (d, 1H, J=3.6Hz), 4@8 1H, J=4.8Hz,7.2Hz), 4.18 (dd, 1H,
J=4Hz), 4.09 (s, 1H), 3.82-3.74 (m, 2H)C NMR (DMSO+4dg): d (ppm) 151.61, 150.37,
148.90, 139.90, 136.45, 127.33, 122.41, 113.59,211209.31, 87.04, 85.48, 74.07, 70.13,
61.07; HRMS (ESI+) m/z [M + H]calculated for @H1gNgO4: 375.1524; found: 375.1524.
(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-thiazol-5-ylnyéthe)hydrazineyl)-9H-purin-9-yl)-5-
(hydroxymethyl)tetrahydrofuran-3,4-di(83). 56% yield as a white solid; m.p. 88 *H NMR

(DMSO-ds): & (ppm) 10.97 (s, 1H), 9.04 (s, 1H), 8.36 (s, 1HQ9H(s, 2H), 7.24 (br, 2H), 5.80
(d, 1H, J=6.4Hz), 5.47 (s, 1H), 5.16 (s, 2H), 4S11H), 4.19 (s, 1H), 3.95 (d, 1H, J=3.2Hz),
3.72-3.57 (M, 2H)!3C NMR (DMSO4s): & (ppm) 155.90, 155.56, 154.41, 151.02, 143,16,

137.88, 136.03, 132.50, 115.13, 87.31, 85.80, 738 B3, 61.83; HRMS (ESI+) m/z [M + H]
calculated for guH16NgO4S: 393.1088; found: 393.1089.
(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-(2-butyl-5-cloldH-imidazol-4-yl)methylene)-
hydrazineyl) -9H-purin-9-yl)-5-(hydroxymethyl)tegadrofuran-3,4-dio(34). 58% vyield as a
white solid; m.p. 188 ; *H NMR (DMSO-ds): 3 (ppm) 12.70 (s, 1H), 10.85 (s, 1H), 7.99 (s,

1H), 7.88 (s, 1H), 7.18 (br, 2H), 6.75 (d, 1H, J€HY), 5.73 (d, 1H, J=8.0Hz), 5.42 (d, 1H,
J=6.4Hz), 5.24 (s, 1H), 4.90-4.85 (m, 1H), 4.171(3), 4.11 (s, 1H), 3.86-3.72 (m, 2H), 2.64 (t,
2H, J=7.6Hz), 1.63 (quint, 2H, J=7.6Hz), 1.33 (s&k, J=7.6Hz)**C NMR (DMSO+4g): &
(ppm) 156.40, 156.15, 150.06, 148.73, 139.29, B5/.026.90, 122.87, 116.20, 89.08, 86.41,
71.88, 71.59, 62.82, 29.76, 27.93, 21.63, 12, 72VISRESI+) m/z [M + HJ calculated for
C18H24C|N904: 466.1713; found: 466.1714.
(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-(5-(4-bromophdarsan-2-yl)methylene)hydrazineyl)-
9H-purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3gibl (35). 17% yield as a yellow solid;
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m.p. 200C; *H NMR (DMSO<dg): & (ppm) 10.77 (s, 1H), 8.05 (s, 1H), 8.02 (s, 1HJ67(d,
2H, J=8.8Hz), 7.64 (d, 2H, J=8.8Hz), 7.13 (d, 1#B.6Hz), 7.09 (br, 2H), 6.91 (d, 1H, J=3.6Hz),
5.81 (d, 1H, J=6.4Hz), 5.46 (d, 1H, J=6Hz), 5.1@85m, 2H), 4.72-4.67 (m, 1H), 4.25-4.22 (m,
1H), 3.98-3.97 (m, 1H), 3.74-3.58 (m, 2HC NMR (DMSO4dg): 3 (ppm) 156.20, 156.03,
152.07, 150.90, 137.90, 131.85, 129.60, 129.09,582820.56, 115.38, 112.14, 10.03, 87.63,
85.90. 73.01, 70.91, 61.95; HRMS (ESI+) m/z [M + Elculated for giH,0BrN,Os: 530.0782;
found: 530.0782.
(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-(2-chloropyrid@iyl)methylene)hydrazineyl)-9H-purin-
9-yI)-5-(hydroxymethyl)tetrahydrofuran-3,4-di@6). 86% yield as a white solid; m.p. 180

'H NMR (DMSO<g): 8 (ppm) 11.18 (s, 1H), 8.63 (d, 1H, J=6.4Hz), 8 891H), 8.35 (dd, 1H,

J=2.0Hz,2.8Hz), 8.08 (s, 1H), 7.47 (dd, 1H, J=2.8HHz), 7.19 (br, 2H), 5.80 (d, 1H,
J=7.2Hz), 5.46 (d, 1H, J=6.4Hz), 5.37-5.34 (m, 13} 8 (d, 1H, J=4.0Hz), 4.75-4.70 (m, 1H),
4.23-4.20 (m, 1H), 3.99 (s, 1H), 3.75-3.57 (m, 285 NMR (DMSO«de): & (ppm) 156.32,
155.86, 150.67, 149.05, 148.20, 138.51, 135.34,00r3429.83, 123.56, 115.72, 88.03, 86.13,
72.97,71.14, 62.02; HRMS (ESI+) m/z [M + Hjalculated for gH17CINgO,: 421.1134; found:
421.1132.

(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-(5-bromopyri@iyd) methylene)hydrazineyl)-9H-purin-
9-yI)-5-(hydroxymethyl)tetrahydrofuran-3,4-di@7). 75% vyield as a yellow solid; m.p. 268
'H NMR (DMSO<dg): & (ppm) 11.13 (s, 1H), 8.72 (s, 1H), 8.13 (s, 1H)08(s, 1H), 8.07 (d,
1H, J=1.6Hz), 8.05 (d, 1H, J=2.0Hz), 7.40 (br, 26i81 (d, 1H, J=6.4Hz), 5.47 (d, 1H, J=4.4Hz),
5.32 (s, 1H), 5.19 (s, 1H), 4.70 (s, 1H), 4.211(4), 3.98 (s, 1H), 3.74-3.60 (m, 2HJC NMR
(DMSO-dg): & (ppm) 156.21, 155.68, 153.30, 150.76, 149.89,1839.39.06, 138.35, 121.36,

119.03, 115.66, 87.72, 86.,03, 73.09, 71.03, 6 HEMIS (ESI+) m/z [M + H] calculated for

Ci16H17BrNgO,: 465.0629; found: 465.0628.
(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-(6-methoxypwyrighyl)methylene)hydrazineyl)-9H-

purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4etl(38). 63% yield as a white solid; m.p.

226C; *H NMR (DMSO-ds): & (ppm) 8.43 (s, 2H), 8.19 (s, 1H), 8.10 (s, 1HB86(d, 1H,
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J=8.4Hz), 5.79 (d, 1H, J=6Hz), 5.51 (s, 1H), 522H), 4.62 (s, 1H), 4.19 (d, 1H), 3.98-3.96
(m, 1H), 3.89 (s, 3H), 3.72-3.57 (m, 2HJC NMR (DMSO4dg): d (ppm) 163.95, 150.94,
146.71, 138.78, 136.45, 124.87, 111.03, 87.56,85.3.41, 70.78, 61.66, 53.48; HRMS (ESI+)
m/z [M + HJ" calculated for ¢HxNgOs: 417.1629; found: 417.1631.
(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-quinolin-6-ylhyé¢ne)hydrazineyl)-9H-purin-9-yl)-5-
(hydroxymethyl)tetrahydrofuran-3,4-di(89). 52% yield as a white solid; m.p. 260 'H NMR

(DMSO-de): & (ppm) 10.87 (s, 1H), 8.87 (dd, 1H, J=2.4Hz,2.018238-8.35 (m, 2H), 8.28 (s,

1H), 8.11 (d, 1H, J=1.6Hz), 8.06 (s, 1H), 8.011(d, J=8.8Hz), 7.54 (dd, 1H, J=4.4Hz,4.0Hz),
7.11 (br, 2H), 5.84 (d, 1H, J=6.4Hz), 5.47 (d, IH6.4Hz), 5.30 (dd, 1H, J=2.8Hz,4.8Hz), 5.16
(d, 1H, 4.4Hz), 4.73 (dd, 1H, J=4.8Hz,6.4Hz), 4@8, 1H, J=2.4Hz,4.8Hz), 4.02-4.00 (m, 1H),
3.81-3.63 (m, 2H)**C NMR (DMSOds): & (ppm) 156.28, 156.20, 150.90, 150.43, 147.91,

138.99, 138.07, 136.05, 133.95, 129.20, 128.10,802826.38, 121.90, 115.55, 87.90, 86.03,
73.12, 71.06, 62.00; HRMS (ESI+) m/z [M + Hjalculated for gH»0NgO4: 437.1680; found:
437.1682.
(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-3-(methylthiojpiidene)hydrazineyl)-9H-purin-9-yl)-5
-(hydroxymethyl)tetrahydrofuran-3,4-di¢0). 18% yield as a white solid; m.p. 188 'H NMR

(DMSO-ds): & (ppm) 10.21 (s, 1H), 7.99 (s, 1H), 7.34 (t, 1H5.BHz), 6.99 (s, 2H), 5.75 (d,

1H, J=6.8Hz), 5.40 (d, 1H, J=6Hz), 5.14-5.11 (m),259 (dd, 1H, J=6.4Hz,5.2Hz), 4.12 (dd,
1H, J=4.4Hz,2.4Hz), 3.93-3.90 (m, 1H), 3.67-3.50 2id), 2.64 (t, 2H, J=8Hz), 2.51-2.47 (m,

2H), 2.08 (s, 3H)**C NMR (DMSOdg): & (ppm) 156.64, 156.24, 151.21, 141.64, 137.25,

114.82, 87.06, 85.88, 73.14, 70.87, 61.89, 31.688 14.64; HRMS (ESI+) m/z [M + H]

calculated for g4H21N704S: 384.1448; found: 384.1448.
(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-cyclopentylmetig)hydrazineyl)-9H-purin-9-yl)-5-

(hydroxymethyl)tetrahydrofuran-3,4-dif#l). 27% yield as a white solid; m.p. 120 *H NMR

(DMSO-ds): & (ppm) 10.02 (s, 1H), 7.99 (s, 1H), 7.24 (d, 1H.8#&), 6.97 (br, 2H), 5.76 (d,

1H, J=6.4Hz), 5.42 (d, 1H, J=6.8Hz), 5.14-5.08 2i), 4.56 (dd, 1H, J=4.8Hz,6.8Hz),
4.14-4.11 (m, 1H), 3.92-3.89 (m, 1H), 3.66-3.51 i), 2.71-2.61 (m, 1H), 1.83-1.39 (m, 8H);
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13C NMR (DMSO4ds): & (ppm) 156.68, 156.20, 151.30, 147.11, 137.00,56,86.87, 85.76,

73.18, 70.57, 61.66, 42.29, 30.75, 24.97; HRMS {E81/z [M + H[ calculated for GH3N7O4:
378.1884; found: 378.1887.
(2R,3R,4S,5R)-2-(6-amino-2-(2-((E)-3-(4-isopropgpyl)-2-methylpropylidene)-
hydrazineyl)-9H-purin-9-yl)-5-(hydroxymethyl)tetsadrofuran-3,4-diol(42). 19% vyield as a
white solid; m.p. 14Z; *H NMR (DMSO-dg): 8 (ppm) 10.11 (s, 1H), 8.00 (s, 1H), 7.31-7.12

(m, 5H), 7.00 (br, 2H), 5.77-5.76 (m, 1H), 5.41 {#, J=5.6Hz), 5.13 (d, 2H, J=4.4Hz),
4.61-4.58 (m, 1H), 4.14 (s, 1H), 3.92 (s, 1H), 33653 (M, 2H), 2.87-2.54 (m, 4H), 1.17 (d, 6H,

J=7.2Hz), 1.00 (d, 3H, J=6.4HZJC NMR (DMSOdq): & (ppm) 156.53, 156.08, 151.22,

147.45, 145.84, 137.26, 137.17, 129.11, 126.13,761414.68, 87.05, 85.77, 73.18, 70.87,
61.86, 40.23, 37.80, 33.05, 24.00, 18.15; HRMS {E81/z [M + HJ calculated for gzH31N7Ox:
470.2510; found: 470.2510. HPLC putitp6.94%.
(2R,3R,4S,5R)-2-(6-amino-2-(2-((1E,2E,4E)-decaekef-1-ylidene)hydrazineyl)-9H-purin-9
-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-di@3). 23% yield as a brown solid; m.p. 166 H

NMR (DMSO-dg): 8 (ppm) 10.50 (s, 1H), 8.04 (s, 1H), 7.71 (d, 1#B.8Hz), 7.06 (br, 2H),

6.44-6.18 (m, 3H), 5.89-5.81 (m, 1H), 5.77 (d, IH6.8Hz), 5.41 (d, 1H, J=6.4Hz), 5.16 (d, 1H,
J=4.0Hz), 5.11-5.08 (m, 1H), 4.60-4.56 (m, 1H)244, 1H), 3.92 (s, 1H), 3.67-3.52 (m, 2H),

2.13-2.08 (m, 2H), 1.98-1.28 (m, 6H), 0.87 (t, 3H7.2Hz);**C NMR (DMSOdq): 5 (ppm)

156.22, 151.25, 141.92, 137.29, 136.77, 135.30,3830.28.10, 114.96, 86.79, 85.76, 73.22,
70.77, 61.81, 32.31, 30.96, 28.42, 22.03, 14.0IMBRESI+) m/z [M + H] calculated for
CaoHaoN7O4: 432.2354; found: 432.2355.

4.3 Biological activity.
4.3.1 Materials.

[3H] DPCPX (cyclopentyl-1,3-dipropylxanthine, 8-fdopyl-2,3-3H(N)]-; specific activity,
250uCi) and [3H] CGS 21680
(2-[p-(2-carboxyethyl)phenethylamino]-5'-N-ethylbaxamidoadenosine,
[Carboxyethyl-3H(N)]-; specific activity, 250Ci) were obtained from PerkinElmer Research
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Products (Boston, MA). The cell membranes were gmexgbfrom HEK-293 cells
stably-transfected with A (human) adenosine receptor and adenosingéman) membranes
were prepared from CHO-K1 cells. Cell membranesvedtained from PerkinElmer Research
Products (Boston, MA). DPCPX(cyclopentyl-1,3-dipyb@nthine) and CGS 21680
(2-[p-(2-carboxyethyl)phenethylamino]-5'-nethylcakamidoadenosine) were obtained from
Sigma (St. Louis, MO, USA) and Selleck (Shangh#l),Gespectively. All other reagents were

of analytical grade and were obtained from comna¢snurces.

4.3.2 Human Cloned A;AR and A2,AR Binding Assay.

All synthesized compounds were tested to evalinie affinity for the AAR and A,AR
expressed on cell membranes. Three-fold seridlioiiiwf the compounds in a 384-well
Opti-Plate using Echo550 was performed to generatmpound source plate with 10 different
concentrations. The membranes were diluted in 1fdssay buffer (50 mM Tris-HCI pH 7.4,
10 mM MgChb, 1 mM EDTA, 1ug/mL Adenosine Deaminase) with [3H] DPCPX (5 nM) tloe
hA; CHO membranes and [3H] CGS 21680 (25 nM) for theslFHEK-293 membranes. The
diluted membranes were transferred to a 384-wéd Sapti-Plate containing novel compounds
and incubated at 27 for 60 min. Bound radioactivity and free radiositti were separated by
filtering the assay mixture through a UNIFILTER-G&/B filter plate and washing with wash
buffer (50 mM Tris-HCI pH 7.4, 154 mM NacCl). ULTIM&OLD was added to the filter plate

of membranes, and the count per minute (CPM) wax using MicroBeta.

4.3.3 Measurement of Cyclic AMP Levelsin HEK 293 Cells.

Cells stably expressing humansfadenosine receptor were cultured in complete nediu
37°C under 5% C@Q detached using Versene Solution, collected byrifegation at 2009 at
R.T. for 5min and resuspended with assay buffeni$abuffered saline solution, 1M HEPES,
7.5% BSA stabilizer pH 7.4, 20mM rolipram). Threxef serial dilution of the compounds with
DMSO in a 384-well polypropylene microplate wasfpaned using the TECAN EVO system
to generate a compound source plate with 11 coratents. A test compound from the
compound source plate was dispensed onto the pkdayto serve as the subsequent plate layout
by Echo, at 10 nl/well. The A HEK-293 cells (300 cells/well) were suspendedssay buffer
(Hank’s buffered saline solution, 1M HEPES, 20mMipram, 7.5% BSA stabilizer pH 7.4),
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centrifuged at 1509 for 1 min, and preincubatedain temperature for 30 min. The potency
expressed as the E§nM) of the novel compounds versug,ARs was determined by
stimulation of cyclic AMP levels. Eu-cAMP tracer vkiang solution (5ul/well) was added to the
assay plate, and the Ulight-anti-cAMP working siaat(5 ul/well) was added to the assay plate.
The assay plate was centrifuged at 1509 for 3@sddncubated at R.T. for 30 min. The final
aqueous solution was tested for cyclic AMP leveing EnVison =320 nmAg,= 665 nm and
615 nm).

4.3.4 Data Analysis.

Inhibitory binding constant ()Kvalues were calculated from those of theyl&cording to the
Cheng and Prusoff equation K1Cs¢/(1+[S])/Kwu) [31], where [S] is the concentration of the
radioligand and I is a dissociation constant of 2.28 nM (humaAR) for [3H] DPCPX32]
and 22 nM (human AAR) for [3H]CGS2168(B3, 34} The statistical software package
GraphPad Prism 6.0 was used for computer-basegsimal the binding experiments.
Functional experiments were analyzed by using tdtgstical software XLfit. All experimental

data are expressed as the mg¢astandard error of the mean (SEM).
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Figure 1. The structures of specific potent and selectiy@™R agonists.

Figure 2. Molecular derivative design strategy using Comblrg the design flow chart.
Scheme 1. Synthesis of Target Compounitiz-43 2 2 Reagents and conditions: (a) SnCl4,
RT->90C; 90C; 90C->120C; 120C, 15min; MeOH, cooled (b) NH3, MeOH, 100

‘C, 24h;100C->RT; RT, 24h; (c) N2H4.H2Q EtOH, 50°C, 4h; (d) MeOH, 80°C
microwave 30min.

Table 1. The binding affinity (K) of the test compounds for hAnd hA adenosine receptors.
Table 2. Binding affinities and Functional Potencies of Gumunds21, 23, 30, 32, 34, 41, 42,
and43.

Figure 3. The binding mode of the cocrystallized ligand UK@382 6) (a) and the predicted
binding modes of the four compounds discoverech@éEBSD (b). The AAR binding site is
shown in multicolor ribbons with the side chains TfR88, LEU167, PHE168, GLU169,
LEU249, ASN253, TYR271, ILE274, SER277 and HIS2i@&siicks. In (a), the cocrystallized
ligand 5 is shown using black carbon atoms, and dockingpoamd 3 is shown using green
carbon atoms. Dotted lines indicate interactiongbl), the docking orientations for compounds
12, 21, 23 and 30 are shown with blue, green, red and purple limespectively. In (c), the
docking compound23 is shown using green carbon atoms. In (d), intemas of docking
compound 23 with the AAR are depicted in a 2D diagram.

Figure 4. Statistical analysis of the interacting residuagal}(d), residue-interaction histograms
show nonbond receptor-ligand interactions for conmais12-43 according to the results of
docking. The following interaction types are inadddn the histograms: favorable (a), charge (b),
hydrogen bond (c), and hydrophobic (d). In (e)eathmap shows the significant residues of the

A2AAR involved in favorable nonbond interactions wdthcking compound$2-43.
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Table 1. The binding affinity (K) of the test compounds for hAnd hAx adenosine receptors.
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AL NCR
HO N- N
0]
OH OH
KizSEM (nM) or (% disp. at 1
Compound R uM)* SI® (AYALn)
hA;" hAA°
1 — 31C° 700 0.44
3 — > 16460 1269 > 13
4 — 29¢F 27 10.7
12 4-cyano-phenyl 41+3.1 8.5+ 0.4 0.5
13 2-cyano-phenyl 29403 1306+ 2 0.002
14 4-(trifluoromethyl)phenyl 37+3 61+2 0.6
15 4-chloro-3-(trifluoromethyl)phenyl ?11%00 801+1 > 1000
16 2,4-bis(trifluoromethyl)phenyl > 10000 (0%p276+ 2 > 1000
17 3,4,5-trimethoxyphenyl > 10000 (0%p495+ 3 > 1000
18 4-propoxyphenyl > 10000 (7%)224+ 0.1 66
19 3-ethoxy-4-hydroxyphenyl 6944+ 2 1622+ 1 5
20 3-(benzyloxy)phenyl 133 173+ 1 0.075
21 4-((4-fluorobenzyl)oxy)phenyl 70+ 6 55+ 2.0 12.5
22 4-(benzyloxy)-3-methoxyphenyl 9142+ 2 101+ 2 91
23 3,4-bis(benzyloxy)phenyl > 10000 (0%).8+ 1.3 > 1000
24 4-(diethylamino)phenyl > 10000 (0%)p6.4+ 2 > 1000
25 4-(pyrrolidin-1-yl)phenyl 5.1+ 3.8 6625+ 3 0.00077
26 4-morpholinophenyl 25+2 800+ 2 0.003
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27 4-(acetamido)phenyl > 10000 (0%)329+ 1 > 1000

28 4-(pyridin-2-yl)phenyl 7536+ 3 208+ 1 36

29 4-(1H-imidazol-1-yl) phenyl > 10000 (0%)216+ 1 > 1000
30 [1,1’-biphenyl]-4-yl 7856+ 2 20+ 2 0.0025
31 4-(diphenylamino)phenyl > 10000 (0%) &7 > 1000
32 1H-pyrrol-2-yl 8.0+22 8.3+ 1.6 0.96
33 thiazol-5-yl 22+5 71+2 0.31
34 2-butyl-5-chloro-1H-imidazol-4-yl 12 + 2 18+ 1 0.67
35 5-(4-bromophenyl)furan-2-yl 4.5+ 1.8 > 10000 (27%) < 0.001
36 2-chloropyridin-3-yl 46+21 8.7+ 1.9 0.53
37 5-bromopyridin-2-yl 4.7+ 2 239+1 0.02
38 6-methoxypyridin-3-yl 2.&1.6 1449+ 2 0.0018
39 quinolin-6-yl 9.8+19 6.5+ 2.0 1.5

40 2-(methylthio)ethyl > 10000 (0%) > 10000 (8%) —

41 cyclopentyl 5.6+138 41+ 1.7 1.4

42 1-(4-isopropylphenyl)-2-propyl 9502+ 2 6.3+ 1.4 1429
43 (E)-nona-1,3-dien-1-yl 20+83 17.5+ 2 0.11

& All values of the binding experiments are exprdssethe meafr SEM of duplicate
determinations. The % displacement was determih#tea uM concentration of the tested
compounds.

P Displacement of specific [BH]DPCPX competitive diimg to hACHO cells.

¢ Displacement of specific [3H]CGS21680 competithireding to hA HEK-293 cells.

4The selectivity index (SI) for the A receptor isoform calculated as the ratic(A&)/K; (Aza).

€ Literature values obtained from Ref. [3].

" Literature values obtained from Ref. [35].

Table 2. Binding affinities and Functional Potencies of Gmunds?1, 23, 30, 32, 34, 41, 42,

and43.
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binding K (nM)

functional EGp (nM)

Compound R

hAA? hA2a°
12 4-cyano-phenyl 8.5 15.28
21 4-((4-fluorobenzyl)oxy)phenyl 55 4.05
23 3,4-bis(benzyloxy)phenyl 1.8 0.64
24 4-(diethylamino)phenyl 6.4 17.86
30 [1,1’-biphenyl]-4-yI 20 5.70
32 1H-pyrrol-2-yl 8.3 8.52
34 2-butyl-5-chloro-1H-imidazol-4-yl 18 1.10
36 2-chloropyridin-3-yl 8.7 4.60
39 quinolin-6-yl 6.5 5.52
41 cyclopentyl 4.1 4.34
42 1-(4-isopropylphenyl)-2-propyl 6.3 1.38
43 (E)-nona-1,3-dien-1-yl 17.5 10.15

Binding affinities were determined by using menmar@reparations from HEK-293 cells

overexpressing the hAAR.

b Cyclic AMP levels were measured by using HEK-28Bscexpressing the humanAR.
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Figure 3. The binding mode of the cocrystallized ligand UK@82 () (a) and the predicted
binding modes of the four compounds discoveretiénRBSD (b). The AAR binding site is
shown in multicolor ribbons with the side chainsTéfR88, LEU167, PHE168, GLU169,
LEU249, ASN253, TYR271, ILE274, SER277 and HIS278ticks. In (a), the cocrystallized
ligand5 is shown using black carbon atoms, and dockingpoamd3 is shown using green
carbon atoms. Dotted lines indicate interactiongb), the docking orientations for compounds
12, 21, 23 and30 are shown with blue, green, red and purple lirespectively. In (c), the
docking compoun@3 is shown using green carbon atoms. In (d), intemas of docking
compound 23 with the AAR are depicted in a 2D diagram.
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Figure 4. Statistical analysis of the interacting residuagal}(d), residue-interaction histograms

show nonbond receptor-ligand interactions for conmais12-43 according to the results of
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docking. The following interaction types are inadddn the histograms: favorable (a), charge (b),
hydrogen bond (c), and hydrophobic (d). In (e)eathmap shows the significant residues of the

A2»AR involved in favorable nonbond interactions wilicking compound$2-43.
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Figuresand Schemes

Figure 1. The structures of specific potent and selective A,pAR agonists.

Figure 2. Molecular derivative design strategy using CombLig and the design flow chart.

Figure 3. The binding mode of the cocrystallized ligand UK432097 (5) (a) and the predicted
binding modes of the four compounds discovered in the FBSD (b). The A2aAR binding siteis
shown in multicolor ribbons with the side chains of THR88, LEU167, PHE168, GLU169,
LEU249, ASN253, TYR271, ILE274, SER277 and HIS278 in sticks. In (a), the cocrystallized
ligand 5 is shown using black carbon atoms, and docking compound 3 is shown using green
carbon atoms. Dotted lines indicate interactions. In (b), the docking orientations for compounds
12, 21, 23 and 30 are shown with blue, green, red and purple lines, respectively. In (c), the
docking compound 23 is shown using green carbon atoms. In (d), interactions of docking
compound 23 with the A,0AR are depicted in a2D diagram.

Figure 4. Statistical analysis of the interacting residues. In (a)-(d), residue-interaction histograms
show nonbond receptor-ligand interactions for compounds 12-43 according to the results of
docking. The following interaction types are included in the histograms: favorable (a), charge (b),
hydrogen bond (c), and hydrophobic (d). In (€), a heat map shows the significant residues of the
A2xAR involved in favorable nonbond interactions with docking compounds 12-43.

Scheme 1. Synthesis of Target Compounds 12-43 2 2 Reagents and conditions: (a) SnCl4,
RT->90C; 90°C; 90°C->120°C; 120°C, 15min; MeOH, cooled; (b) NH3, MeOH, 100
‘C, 24h; 100°C->RT; RT, 24h; (c) N2H4.H20, EtOH, 50°C, 4h; (d) MeOH, 80°C

microwave, 30min.
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Figure 1. The structures of specific potent and selective A,aAR agonists.



! /'Selectingthe
| structural growth

l point in the crystal
e

\ 4 !
Growth algorithm to
| > generate molecules !

/gelecting the lea

‘.‘ structure and

| determining the
. growth point

h 4

Growth algorithm to
generate molecules

Ly

STRUCT-GROW

Dock to the recepto
and score using
DOCK6.7

5 in the crystal {—'—{ | Fragment library
i ; \

i structure !

| SITE-GROW |

| v |

| Remove duplicates ' i / IETL

| —_— o (& b-- generated

i and score '

i | molecules

i ) 4

Optimization, GROW-ANALY
i docking and rmsd ;

i computation |

. Strategy A E

New compounds

Cluster and filter

Strategy B

Figure 2. Molecular derivative design strategy using CombLig and the design flow chart.
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Figure 3. The binding mode of the cocrystallized ligand UK432097 (5) (@) and the predicted
binding modes of the four compounds discovered in the FBSD (b). The A,aAR binding siteis
shown in multicolor ribbons with the side chains of THR88, LEU167, PHE168, GLU169,
LEU249, ASN253, TYR271, ILE274, SER277 and HIS278 in sticks. In (), the cocrystallized
ligand 5 is shown using black carbon atoms, and docking compound 3 is shown using green
carbon atoms. Dotted lines indicate interactions. In (b), the docking orientations for compounds
12, 21, 23 and 30 are shown with blue, green, red and purple lines, respectively. In (c), the
docking compound 23 is shown using green carbon atoms. In (d), interactions of docking

compound 23 with the A,0AR are depicted in a 2D diagram.
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residue-interaction histograms
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show nonbond receptor-ligand interactions for compounds 12-43 according to the results of

e)

(

docking. The following interaction types are included in the histograms: favorable (@)
hydrogen bond (c), and hydrophobic (d). In (€), a heat map shows the significant residues of the
A2,AR involved in favorable nonbond interactions with docking compounds 12-43.

Figure 4. Statistica analysis of the interacting residues. In (a)



Scheme 1. Synthesis of Target Compounds 12-43 2

Cl cl
O N—~ N
0 o~ Cl <] //'1 ¢ j“\
Lo N N""N"cl b N" Nl
o} + ¢ N — WO o HO o
YO OY ” N >Cl 0]
o o o O OH OH
Y T(
5 o) o)

HO HO HO
OH OH OH OH OH OH
12-43
v
o
O
S VQX V@LK xﬁ NG
12: R= 13: R- 14: R= 15: R= 16: R— 17: R= 18: R=
F
OH O\/©
0 O
o Ty ([ o X : 0
19: R= 20: R= 21: R= 22: R= 23: R=
2 9 S ‘ | O
3 T N
(@]
24: R= 25: R= ; 26: R= 27: R= 28: R= 29: R=
J‘ Uoa oSN SR s S asv e
30: R= 31: R= 32: R= 33: R= 34: R= 35: R= 36: R=
|
Z ~N Z \{\/S\ \(O W
37: R= 38: R= 39: R= 40: R= 41: R= 42: R= 43: R=

% Reagents and conditions: (@) SnCl4, RT->90°C; 90°C; 90°C->120°C; 120°C, 15min;
MeOH, cooled; (b) NH3, MeOH, 100°C, 24h; 100°C->RT; RT, 24h; (c) N2H4.H20,
EtOH, 50°C, 4h; (d) MeOH, 80°C microwave, 30min.



Highlights

*  Synthesis of novel potent A,nAR agonists with high affinities.

*  Agonists design based on fragment-based drug design and fragment libraries.

e Compound 23 exhibiting a K; value of 1.8 nM for A,nAR and significant selectivity for the
A receptor compared to the A, receptor(SI> 1000).

e Compound 35 has a high A; receptor selectivity, with a K; value for the A, receptor of 4.5
nM.



