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ABSTRACT. His272 (7.43) in the seventh transmembrane domain (TM7) of the humadehosine receptor

(AR) interacts with the 3position of nucleosides, based on selective affinity enhancement at a H272E
mutant A AR (neoceptor) of 3ureido, but not 30H, adenosine analogues. Here, mutation of the analogous
H278 of the human AAR to Ala, Asp, Glu, or Leu enhanced the affinity of novél 2nd 3-ureido
adenosine analogues, such H3 (Né-cyclopentyl-3-ureido-3-deoxyadenosine), by 100-fold, while
decreasing the affinity or potency of adenosine and oth&H adenosine analogues. His278 mutant
receptors produced a similar enhancement regardless of the charge character of the substituted residue,
implicating steric rather than electrostatic factors in the gain of function, a hypothesis supported by
rhodopsin-based molecular modeling. It was also demonstrated that this interaction was orientationally
specific; i.e., mutations at the neighboring Thr277 did not enhance the affinity for a seriesasfd?
3'-ureido nucleosides. Additionally, H-bonding groups placed on substituents atftbe & position
demonstrated no enhancement in the mutant receptors. These reengineered huiRe ravealed
orthogonality similar to that of the £but not the Aa AR, in which mutation of the corresponding residue,
His278, to Asp did not enhance nucleoside affinity. Functionally, the H278BRAwas detectable only

in a measure of membrane potential and not in calcium mobilization. This neoceptor approach should be
useful for the validation of molecular modeling and the dissection of promiscuous GPCR signaling.

The engineering of G protein-coupled receptors (GPERs) and in tailored small molecule ligands, e.g., neoligarids. (
(1—3) and other receptor proteind)(has been reported. Here  This technique has already been used to probe the putative
we focus on adenosine receptors (ARs), which are a family binding sites of two subtypes of ARs,,Aand A, which
of four GPCR subtypes, termed; Az, Azs, and A. The were successfully reengineered for orthogonal activation by
structural basis of ligand recognition at the ARs has been neoligands 12—14), i.e., nucleosides derived from the
studied by mutagenesis and molecular modeling based onstructures of known agonists but modified to avoid activation
homology to the light-sensing transducing protein rhodopsin of the native receptors. The selective enhancement of affinity
(5—10). Resulting hypotheses for ligand binding have of these structurally matched pairs may be based on novel
permitted the introduction of complementary structural ionic, van der Waals, or H-bonds. This neoceptor approach
changes in reengineered receptor proteins, e.g., neoceptorss useful in verifying the accuracy of homology modeling

of a given GPCR and dissecting its signaling pathways.
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With the aim of reengineering the human (h) AR, site-
directed mutagenesis and rhodopsin-based homology model-
ing of the A AR have helped to identify crucial amino acids
for agonist and antagonist recognition within the putative
binding pocket of the AAR as shown in Figure 1A6-10,

22, 23). This led to the identification of two residues in
transmembrane helical domain 7 (TM7), Thr277 and His278,
which were predicted by molecular modeling to be in the
proximity of the 3 position on the ribose ring of adenosine-
based agonists. This His residue (7.43) is conserved among
all ARs, and support for it being a critical recognition element
has come from diverse approachés {1, 22, 24). For
example, His (7.43) is important for agonist but not
antagonist binding for the AA2,, and A ARs. By mutating

this residue, i.e., substituting it with a negatively charged
residue, such as Glu, which was done with the AR
neoceptorsi4), we expected the standard adenosine agonists
to undergo a decrease in affinity, while those (neoligands)
modified at the 3position in a complementary fashion were
not.

By comparing the binding affinity among variously
modified nucleoside analogues, we have identified pairs of
a reengineered AAR and a strategically modified nucleoside
that display orthogonal affinity enhancement. These results
are shown to support the molecular modeling and proposed
ligand docking of this receptor subtype. Unlike the neocep-
tors derived from both the AAR (12, 14) and the Aa AR
(13), the present set of AAR neoceptors does not preserve
all of the second-messenger coupling pathways associated
with the native receptorl§). This finding promises to be
useful in the dissection of promiscuous GPCR signali).(

EXPERIMENTAL PROCEDURES

Biological Materials The pcDNAS3.1 vector containing a
hemagglutinin A-tagged wild-type humaniAAR was
obtained from the University of Missouri Rolla cDNA
Resource Center (Rolla, MO). Oligonucleotides used for the
mutagenesis were synthesized by MWG Biotech (High Point,
NC). Adenosine deaminase was obtained from Worthington
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Biochemical Corp. (Lakewood, NJ). CGS15948\-[9-
chloro-2-(2-furanyl)[1,2,4]triazolo[1,%®]quinazolin-5-
aming, NECA (5-N-ethylcarboxamidoadenosine), CCPA
(2-chloroN®-cyclopentyladenosine), and DPCPX (8-cyclo-
pentyl-1,3-dipropylxanthine) were obtained from Sigma (St.
Louis, MO). PH]DPCPX (116 Ci/mmol) was purchased from
Amersham Bioscience (Buckinghamshire, U.K.). All other

(7.43) N

,Glu16 (1.39

Ficure 1: (A) Binding mode of NECA at the wild-type A
adenosine receptor obtained after MCMM calculations. The receptor
model was initially generated by homology to bovine rhodopsin
and was energetically refined in stages, both before and after ligand
docking. The carbon atoms of NECA are colored yellow. (B)
Binding mode of compountiO at the H278D mutant Aadenosine

compounds, reagents, or solutions were obtained from receptor obtained after MCMM calculations. Several residues appear
standard commercial sources and were of analytical grade to be involved in H-bonding with the ligand: Thr91 (TM3), Asn254

Cell Culture Human embryonic kidney (HEK-293) cells

(TM®), lle274, Thr277, and His278 (TM7), and Lys168 (EL2). In
addition, several hydrophobic residues are in the direct proximity

and Chinese hamster ovary (CHO) cells were maintained atof the N position of the ligand: Phel185, Trp247, and Leu250.

37°C with 5% CQ in a 1:1 mixture of Dulbecco’s modified
Eagle’s medium (DMEM) and Ham’s F12 medium, supple-
mented with 10% fetal bovine serum (FBS), 100 units/mL
penicillin, 100ug/mL streptomycin, and 2mol/mL glutamine.

Site-directed mutagenesisas carried out using the Strat-

(C) Superimposition of the models obtained for compodQdat

the wild-type (green) and H278D mutant (residues colored by atom
type, with the carbon atoms of the ligand colored yellow) A
adenosine receptor. The H-bond between His278 and Glul6
observed in the model is shown as a yellow line. All atomic
coordinates of Val189 were identical in these two models. For this

agene (La Jolla, CA) QuickChange site-directed mutagenesis'eason, only one “copy” of Val189 is shown.

kit. Mutations were confirmed by DNA sequencing using
MWG Biotech.

Transient Transfection of HEK-293 and CHO Cells with
Wild-Type and Mutant AARs HEK-293 and CHO cells
were transiently transfected with cDNA using 1 mg/mL

Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Briefly,
10 ug of cDNA was combined with 62aL of OptiMEM,
and 30uL of Lipofectamine 2000 was combined with
625 uL of OptiIMEM, for each 150 mm plate of 8590%
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confluent HEK-293 cells. After 5 min, the two solutions were in the level of intracellular calcium or membrane hyperpo-
mixed and incubated at room temperature for 30 min. larization are reported as the maximum fluorescence value
Meanwhile, the medium for the cells was changed to a 1:1 after exposure minus the basal fluorescence value before
DMEM/Ham'’s F12 mixture with 10% FBS. The cDNA and exposure (normalized relative fluorescent units, RFU%).
Lipofectamine mixture was then added to the HEK-293 cells,  Conformational Search Analysislethods used for mo-

and they were allowed to incubate at 32 with 5% CQ lecular modeling of ARs have been described previously
for 48 h. (29-34). The ligand binding modes were studied with the
Membrane PreparationAfter transfection for 48 h, cells  Monte Carlo multiple-minimum (MCMM) conformational
were harvested in Dulbecco’s phosphate-buffered saline andsearch analysis using MacroModeB5f. The MCMM
centrifuged twice at 2000 rpm for 5 min. The resulting pellet calculations were performed for a ligand and all residues
was homogenized with a Polytron homogenizer in 50 mM |ocated within 5 A, using a shell of residues located within
Tris-HCI buffer (pH 7.4) containing 10 mM Mgeglnd then 2 A, The following parameters were used: MMFFs force
centrifuged at 20 000 rpm and°€ for 20 min. The pellet  field, water used as an implicit solvent, a maximum of 1000
was resuspended and homogenized in the-fi@$ buffer iterations of the Polak-Ribier Conjugate Gradient minimiza-
with the addition of 3 units/mL adenosine deaminase and tion method with a convergence threshold of 0.05 kJthol

incubated at 37C for 30 min; 1 mL aliquots were stored at  A-1 100 conformational search steps, and an energy window
—80°C. The protein concentration was measured using the for saving structures of 1000 kJ/mol.

method of BradfordZ7). - o To study the binding mode of compout@ in the wild-
Radioligand Binding AssaysFor competitive binding  tyne and H278D mutant Areceptor, the same initial atomic
studies, cell membranes containing 4§ (HEK-293hA- coordinates of the ligand and receptor residues were used,

wt), 10 ug (HEK-293hA-T277A), or 35-40 ug (HEK- but in the model of the mutated receptor, the side chain of

293hA-H278 mutant receptors) of protein were incubated His278 was replaced with the side chain of Asp using the
for 1 h at 25°C in 50 mM Tris-HCI buffer (pH 7.4) Mutate Residue option of MacroModel.

containing 10 mM MgGJ, with 0.4-0.6 nM PH]DPCPX,
and increasing concentrations of ligand, in a total volume RESULTS
of 200uL. For saturation experiments, 1@ (HEK-293hA-
wt and HEK-293hA-T277A) or 15-20 ug (HEK-293hA- Design and Chemical Synthesis of Nucleoside Analogues.
mutant receptors) of membrane were incubatadlftn at  The nucleosides selected for probing the mutanARs were
25°C in 50 mM Tris-HCI with 10 mM MgC} buffer (pH closely related to known AR agonists, such as NECA
7.4) with six different concentrations ofH]DPCPX (0-9 (adenosine SN-ethyluronamide), a potent nonselective AR
nM). Nonspecific binding was assessed using A agonist. The 5position mainly consists of either the ribose-
CGS15943. Incubations ended with filtration through What- like CH,OH (1—21, Figure 2A) or the NECA-like 5
man GF/B filters using a Brandel harvester and cold 50 mM uronamide 22—27, Figure 2B). Compound, 5, 6, 13, 14,
Tris-HCI buffer. Radioactivity was counted using liquid 23, and26 were prepared as described previoudlg, (14).
scintillation. 1Gy, values were converted t; values as ~ Compound’ was prepared as shown in Scheme 1. The new
described previously2g). 3'-urea derivative8, 10, 16, and18 were prepared as shown
Cyclic AMP Accumulation Assaps described previously — in Scheme 2 by the reported approatH)( Novel 2-amino
(46), CHO cells stably expressing the wild-type humag A  and 2-urea derivatived9—21 were prepared as shown in
AR were treated with an agonist for 30 min and then lysed. Scheme 3 using a reagent introduced by Katritzky et al. to
Cyclic AMP was assayed as reported previougly)( effect a one-step conversion of the amino to urea derivatives
Calcium Assay Intracellular calcium mobilization by  (36). In the process of synthesizing theutea derivative
stimulation of the wild-type and mutant human ARs was 20, theN-acylurea derivat@1 was also isolated as a stable
assessed using a fluorescence imaging plate reader (Flexside product.
Station, Molecular Devices, CA). Briefly, CHO cells, Initially, the native agonist, adenosidewas modified at
transiently expressing either the wild-type or mutant human the 3 position with amino2 or ureido 3 groups. Other
A1 AR, were split into 96-well plates after growing for compounds were modified with such groups at the (6l
24 h. CHO cells stably expressing human ARs were and7) or 5 position 3). A urea group in compound 5,
grown overnight in 10L of medium in 96-well flat bottom 7,10, 13, 14, 16, 18, 26, and27 was selected as a functional
plates at 37°C in 5% CQ or until approximately 90%  change that could act complementarily with the introduction
confluency. The calcium or membrane potential assay kit of Asp or Glu residues in the receptor through the formation
(Molecular Devices) was used as directed without washing of stabilizing H-bonds between the ligand and anionic
cells, and with probenecid added to the loading dye at a final residues in the mutant receptor. From previous results, the
concentration of 2.5 mM to increase the extent of dye 3'-ureido moiety was known to result in inactivity in wild-
retention. Cells were loaded with 50L of dye with type ARs, possibly due to unfavorable steric interacti@Ts. (
probenecid in each well and incubated for 60 min at room This approach was proven to be successful in the design of
temperature. The compound plate was prepared using dilu-neoligands matched to neoceptors of the humgaAR (14).
tions of various compounds in Hanks buffer. Samples were Similarly, an amino group was introduced into nucleoside
run in duplicate using a Molecular Devices Flexstation | at analogue<, 6, and23 and acted as a possible stabilizing
room temperature. Cell fluorescence (excitation at 485 and counterion to anionic residues introduced into the mutant
535 nm and emission at 525 and 565 nm for the calcium A; ARs (12). An amino group is useful for comparison to
assay and the membrane potential assay, respectively) washe larger urea group, since steric factors, as well as
monitored following exposure to a test compound. Increaseselectrostatics and H-bonding, may influence which modifica-



7440 Biochemistry, Vol.
A

46, No. 25, 2007

Palaniappan et al.

,CHs ,(CHR
NH, NH NH NH
N)IN\> NZ | N\> N7 | N\> N7 | N\> NZ | \>
KN N KN N KN N R')\N N R')\N N
HO HO HO HO HO
o o o o o
& OH R OH HO OH R OH HO OH
1, R= OH, adenosine 4,R=OH 6,R=NH, 8,R=OH,R'=H 1,R'=H
2, R=NH, 5, R = NHCONH, 7, R=NHCONH, 9,R=OH,R'=Cl 12,R'=Cl
3, R= NHCONH, 10, R = NHCONH,, R' = H
I CH; I
(CHz)z@
/CH2© /CH2© / CH,
NH NH NH NH
Z N Z N
Jo s 00 O O
rRT NN N~ N N~ N NN
HO HO HO HO
o o o o
NH OH & 6H 2 5 5 &
oc” R OH HO R
'l“Hz 19, R = NH,
13,R'=H 15,R=0OH 17,R=0OH 20, R = NHCONH,
14,R'=CI 16, R = NHCONH, 18, R = NHCONH, 21, R = NHCONHCONH;
B I
/CHZG
NH, NH
2 N NZ N
N N [
N 2 = N
N N R’ N
o) o)
R(CH,),NH CH3NH
HO OH R OH
22,R=H 24,R=0H,R=H
23,R=NH, 25,R = OH, R'= CI

26, R = NHCONH,, R'=H
27, R = NHCONHy, R'= CI
Ficure 2: Known and novel nucleoside analogues used to probe the putative binding site of the wild-type and mutant hARan A
9-Riboside (A) and NECA-type (Buronamide) derivatives (B) are shown.

Scheme 1: Procedure for the Synthesis of Urea Derivative at ARs and the stability of the nucleoside analogues). (
7 from the Corresponding Primary Amirée(26)? These well-characterized modifications were then combined
o] with additional amino or ureido derivatization to generate a

NH; NHJ\NHz library of neoligands N®-Methyladenosined, a relatively
HN HN weak human A AR agonist 88), was modified at the '3
<Nj|\AN . <’Nf)N position with a ureid_o group ib. 1_'he Né-methyl group was
HO-| o N N/J i HO o N\ extended to a 2-aminoethyl moiety @or a 2-ureidoethyl
—k—? group in7.
OH OH Of OH The potent, selective AAR agonist, CPA8, was
6 7 transformed into the corresponding8eido analogue id0.

aReagents and conditions: (a) benzotriazole-1-carboxan3ifle (

MRS54111 and MRS54212 are a partial agonist and an
DMF, room temperature.

antagonist, respectively, at the human AR, and they are
tion will prove to be more beneficial in selective affinity also fairly potent at the AAR (39). Their corresponding
enhancement at the mutant ARs. 3'-ureido analogued,3and14, were prepared. The-8rreido
Substitution at the Nand C2 positions of adenosine analoguel3was reported as a neoligand for the H278E and
derivatives is known to enhance the potency and selectivity H278D mutant A ARs (14) and was therefore applied to
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Scheme 2: Procedure for the Synthesis 'e)8a Derivatives of Adenosifie

Cl NHR NHR NHR
N X N X N X N o
S I O I &y e &1
AcO o NN — HO o NN — TBSO o NT>N — TBSO o NN
N3 OAc N3 OH N3 OTBS NH,OTBS
28 29a (R=H, 90%) 30a (R=H, 76%) 31a (R=H, 96%)
29b (R=phenethyl, 95%) 30b (R=phenethyl, 79%) 31b (R=phenethyl, 98%)
29¢ (R=2-methylbenzyl, 87%) 30c (R=2-methylbenzyl, 80%) 31c (R=2-methylbenzyl, 98%)
29d (R=cyclopentyl, 93%) 30d (R=cyclopentyl, 83%) 31d (R=cyclopentyl, 95%)
d,el
NHR NHR
N SN N SN
<l J ¢ ol J
HO o NTN ) TBSO o NN
HZN\n,NH OH HZN\n,NH OTBS
(o] O
3 (R=H, 88%) 32a (R=H, 75%)
18 (R=phenethyl, 78%) 32b (R=phenethyl, 90%)
16 (R=2-methylbenzyl, 87%) 32¢ (R=2-methylbenzyl, 69%)
10 (R=cyclopentyl, 88%) 32d (R=cyclopentyl, 72%)

aReagents and conditions: (a) MBH, 1,4-dioxane, room temperature, 24 h, or 2-phenylethylamigd, EtOH, 50°C, 18 h, 2-methylbenzylamine,
Et;N, EtOH, 50°C, 18 h, or cyclopentylamine, g4, EtOH, 50°C, 18 h, then NaOMe, MeOH, room temperature, 2 h; (b) TBSCI, imidazole, DMF,
room temperature, 24 h; (c) ffh NH,OH/H,O, THF, room temperature, 18 h; (d) chloroacetyl isocyanate, DM¥;,®8 h; (e) NaOMe, MeOH,
room temperature, 18 h; (f) TBAF, THF, room temperature, 4 h.

Scheme 3: Procedure for the Synthesis 'e/2ea Derivatives of Adenosife

NH, NH, NH,
STy LY «“fﬁ@
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20 (R=H) © 19

21 (R=CONH,)

a2 Reagents and conditions: (a) ethyl trifluoroacetate, diisopropylethylamine, DMF, room temperature; (b) 3-iodobenzylbromide, TMF, 40
(c) NH,OH, MeOH, 90°C; (d) benzotriazole-1-carboxamide, DMF, room temperature.

analogous AAR mutations. Two other'shydroxyl-3-ureido binding mode as illustrated by rhodopsin-based homology
analogues, theNs-(2-methylbenzyl) 16 and the N°-(2- modeling (Figure 1A). Specifically, Thr277 (7.42) was
phenylethyl) 18 derivatives, were prepared and evaluated, mutated to both Ala and Glu, while His278 (7.43) was
because the parent analogugsand 17 potently activate mutated to Ala, Asp, Glu, and Leu. Both of these residues

the ARs nonselectivelyl@, 40). Compoundl5 (metrifudil) in TM7 were predicted to be involved in coordination of
has already been evaluated in human tridtg.( the ribose moiety in the putative; AR binding site 8, 10,
The potent, nonselective AR agonist' NECR, a 5- 44). Thr277 was predicted by modeling to interact with both

uronamide, was appended on tNeethyl moiety with an the 3-OH and 3-OH groups, and His278 was s.ituated close
amino group ir23. Compound23was identified previously ~ to the 2-OH and 3-OH groups 10). The mutations to the

as a suitable neoligand when paired with thes AAR charged residues, Asp and Glu, versus the neutral residues,
neoceptorsi3). Other 3-uronamide analogue&4 and 25, Leu and Ala, were selected for investigation of what features
are currently undergoing human clinical trials and exhibited of the ligand-receptor interaction, i.e., electrostatic interac-
favorable in vivo pharmacokineticgZ, 43). The A; AR- tions, hydrogen bonding, or steric factors, will prove to be
selective agonist24 and 25, also activate the AAR at more beneficial in selective affinity enhancement at the
higher concentrations. Therefore, the relatédirgido de- mutant A ARs. For binding and functional analysis, the wild-
rivatives, 26 and 27, were prepared for investigation of type or mutant A ARs were expressed in either CHO or
activation of the mutant AARs. HEK-293 cells.

Mutagenesis of the hAAR. Targeted amino acid replace- Pharmacological Analysis of Nucleoside Analogues at hA

ments in the hAAR were selected to facilitate an enhanced AR Constructs Using Saturation Analys&ince the TM7
interaction with the ribose moiety based upon its putative mutations of the A AR occur in a region predicted to
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performed using the high-affinity antagoniSH[DPCPX
against a range of ligands at the wild-type and mutant hA
ARs. Initially, previously reported A AR agonists and

Table 1. Saturation Analysis ofHIDPCPX at the Wild-Type and
Mutant Human A ARs Transiently Expressed in HEK-293 Célls

A1 AR construct Kg (NM) Bmax (pmol/mg) . .

d 5374 020 To5 12 antagonists were surveyed at the wild-type and mutant
¥£7$Xpe 110t 0,09 14738 receptors (Table 3). The wild-type receptor maintained its
T277E 514+ 074 6.0+ 02 binding affinity with the agonists NECA (adenosineN-
H278A 4.72+0.60 3.0+ 0.8 ethyluronamide,22) and CCPAY9, and the antagonists
:ggg i'éjelt 8-3‘3‘ %% 8-2 DPCPX and CGS15943 with affinities consistent with
H278L 3941 0.10 3110 reported values4@). At the H278 mutant receptors, the

— binding affinity of CGS15943 was reduced -380 fold,
a Structures are given in Figure 2. Values are expressed as the mean, nhile the loss of affinity of DPCPX. CCPA. and NECA was
+ sem from four to eight experiments, each performed in duplicate. Y . . ! -
less pronounced. The binding affinity of antagonists was

) ) ) o better preserved in the Thr277 than in the His278 mutant
coordinate the ribose moiety of the nucleoside ligands, receptors. It is important to note that the agonist affinities
modification of the selected amino acid residues would be represent a mixture of high- and low-affinity states, which
expected to be more detrimental to binding of agonist than js expected for the inhibition of an antagonist radioligand
antagonist. Attempted saturation analysis of the mutant by an agonist44). TheK; values obtained for the nucleoside

receptors with the agonistH]CCPA (9, 1-5 nM) did not
produce measurable specific binding (data not shown),
making it impractical to use this radioligand. Therefore,

derivatives more closely resemble those reported for the
agonist binding component with a low affinity for the; A
AR. Since it was not feasible to use an agonist radioligand

subsequently radioligand saturation and competition analysisfor the mutant A ARs, the affinities measured for the

at the wild-type and mutant AARs were conducted using
the antagonisH]DPCPX, which retained high affinity7j.
Saturation binding usingifi]DPCPX provided &4 value
of 2.37 £ 0.20 nM with aBpax value of 10.5+ 1.2 pmol/
mg of protein, for the wild-type AAR transiently expressed
in HEK-293 cells (Table 1). These values are similar to those
previously reported4b). In the case of the mutant;ARS,
the antagonisKy values varied only slightly from that of
the wild-type receptor, thus allowing the use $i[DPCPX
in competitive binding studies. However, unlike the relative
uniformity in theKgy values, theBmax for the mutant receptors
was on average-3-fold lower than that of the wild-type A
AR, with the exception of the T277A mutant receptor.
Pharmacological Analysis of Nucleoside Analogues of
Wild-Type ARs Stably Expressed in CHO Cdlilsmpetitive

nucleoside derivatives are to be compared in a relative
manner.

The endogenous ligand for ARs, adenosinéound to
the wild-type A AR with a K; value of 4.60+ 0.48 uM.
However, for the mutant AARS, even at a high concentra-
tion of 10uM, binding of the radioligand®H]DPCPX was
not appreciably inhibited, by 20% at most. On the other hand,
the compounds designed in a complementary fashion,
intended to produce a gain in selectivity for the mutant
receptors (neoceptors), exhibited selectivity in binding at the
mutant A ARs over the wild-type AAR (Table 3), while
exhibiting no binding affinity for any of the wild-type ARs
(Table 2). Specifically, théNé-(3-iodobenzyl) 3-ureidoad-
enosine derivatived3 and 14, which bound to the wild-
type Ar AR in the micromolar range, witl; values of

radioligand binding studies were performed using the agonist 15.0 + 3.1 and 6.2+ 1.9 uM, respectively, were found to

radioligands {H]JCCPA, PH]CGS21680, and 'fA]I-AB-
MECA in membranes of CHO cells stably expressing wild-
type human A, Aza, and A ARs, respectively 4, 46). K;
values for the binding of nucleoside analogues to the wild-
type ARs are given in Table 2. At the;AAR, a functional
assay, i.e., stimulation of adenylate cyclase in CHO cells
stably expressing the wild-type humangMR, was used
(47).

The presence of a'&ireido group caused a dramatic
reduction in the affinity at the AAR. This was observed
for the following N-substituted 9-riboside derivatives (com-
pared to the 30H analogue which generally displaye&a
value of <100 nM): Né-cyclopentyl10 (8), N®-(3-iodoben-
zyl) 13 (11) and14 (12), N8-(2-methylbenzyl)16 (15), and
Né-(2-phenylethyl)18 (17) analogues. Less dramatic reduc-
tions were evident for the adenosine analogyé) and its
Né-methyl 5 (4) analogue. The'2ureido group also caused
a reduction in the affinity of 9-riboside analogues at the A
AR, as evidenced by thi®-(3-iodobenzyl)20 (11) deriva-
tive. The 3-N-methyluronamide derivatives also exhibited
a dramatic loss of affinity upon substitution of the@GH
group with a 3-ureido group, as inNé-(3-iodobenzyl)
analogue®6 (24) and 27 (25).

Ligand Binding Properties of the Wild-Type and Mutant
hAR Receptor€Competitive radioligand binding studies were

bind in the submicromolar range at all the His278 mutant
receptors, while losing affinity at both Thr277 mutant
receptors. Similarly, th&8-cyclopentyl and\®-(2-methyl-
benzyl) derivatives of '3ureidoadenosinel0 and 16, re-
spectively, which were inactive at the wild-type AR and

able to inhibit only<15% of the binding of radioligandifi]-
DPCPX, also bound in the submicromolar range at all the
His278 mutant receptors, while losing affinity at both Thr277
mutant receptors. However, where these two groups of
compounds differ is in their pattern of enhancement of
affinity between the His278 mutant and wild-type hARs.
While compoundd.3 and 14 exhibited modest 27- and 30-
fold enhancements for the H278E mutant receptor, respec-
tively, compoundsl0 and 16 exhibited 263- and 133-fold
enhancements, respectively. These reported enhancements
for compoundsdl0, 13, 14, and16 at the H278E mutant can

be extended to the other His278 mutant receptors as well,
e.g., H278D, H278L, and H278A. That is, the enhancement
for these compounds was relatively similar for all the His278
mutant receptors; there was not one mutant that generated a
significantly larger improvement than the others.

All four of these derivatives contain &-8reido group and
large (cyclopentyl or benzyl) Nsubstituent. When the N
substituent of 3ureido derivatives, such as hf-phenylethyl
18, N®-methyl 5, or unsubstituted N 3 analogue, was
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Table 2: Binding Affinity or Functional Potency of Nucleoside Derivatives at Wild-Type Human ARs

compound AP K; (NM =+ sem) AP K; (NM £ sem) Age® ECso (NM £ sem) AP K; (nM £ sem)
(ref) or % inhibition or % inhibition or % activity or % inhibition

3 <10% <10% <10% 17%
5(14) <10% <10% <10% <10%
6 475+ 18.4 22% 33% 3000
7 43.4+ 13.0 26% 48% 252
8, CPA (40) 1.8+ 0.5 820+ 220 <10% 70+ 10
9, CCPA (L6) 0.83 2270 39% 38+ 6
10 <10% 13% <10% <10%
11 (MR541) 39) 74417 135+ 22 58% 5.8+ 0.4
12 (MR542) 39) 16.8+ 2.2 197+ 34 16% 1.8+0.1
13(14) <10% <10% <10% <10%
14 (14 34% <10% <10% 21%
16 <10% <10% <10% <10%
18 <10% 13% 15% 25%
19 314+ 26 38% 20% 78.7+ 4.9
20 36% 20% <10% 34%
21 23% 15% <10% 53%
22, NECA (40) 6.8+ 2.0 2.2+ 0.6 140+ 20 16.0£ 5.0
23(13) 250+ 50 3100+ 400 15600+ 3000 >100000
25(40) 12404+ 320 5400+ 2500 ND' 1.4+0.3
26 (37) <10% <10% <10% <10%
27 <10% <10% <10% 24%

a Experiments were performed using cells stably expressing human adenosine receptors (ARg)ARgrafnd A ARs, CHO cells were used,
and for the Aa AR, HEK-293 cells were used. Binding was carried out using 1 ANJCCPA, 10 nM PH]CGS21680, and 0.5 nM‘$I]AB-
MECA as radioligands for A Aza, and A ARs, respectivelyK; values are expressed as the measem 6 = 3—4) and normalized against the
nonspecific nucleoside ligand, NEC22. K; values for other compounds are reported in sand 46. 2, 4, 15, 17, and 24. ® The percent
inhibition of radioligand binding when given in italics is for LM nucleoside, relative to the maximum inhibition by NECA at 4 (100%).
¢ The potency at the & AR was measured with a cyclic AMP functional assdy)( expressed as Egor percent activation at 1M, compared
with the maximum efficacy of NECA at 1M being 100%.9 Not determined.

Table 3: K Values for the Inhibition by Nucleoside Derivatives of Binding of Antagonist]DPCPX at Wild-Type and Mutant Human,A
ARs Transiently Expressed in HEK-293 Célls

binding affinity, Ki (nM + sem), or % inhibition

compound wild-type hA H278E H278D H278A H278L T277E T277A
DPCPX 45+1.2 36+ 2 50+ 3 40+ 8 35+ 2 18.3+ 1.6 3.5+0.9
CGS15948 34+11 120+ 20 1104+ 40 160+ 3 90+ 3 8.6+ 0.3 4.6+ 1.5
1 4600+ 480 22% 15% 13% <10% 13% <10%

2 <10% 17% <10% 11% 12% <10% <10%

3 <10% 14% 20% 20% 17% <10% <10%

5 <10% 24% 16% 15% 25% <10% <10%

6 30% 14% <10% 14% 17% <10% <10%

7 17% 18% <10% <10% 15% <10% <10%
9, CCPA 610+ 50 1200+ 150 1000+ 170 1400+ 120 820+ 90 70004+ 800 11%

10 12% 380+ 80 340+ 20 570+ 60 400+ 60 41% <10%
13 15000+ 3100 560+ 170 4504 40 570+ 30 550+ 50 48% <10%
14 6200+ 1900 210+ 60 240+ 30 220+ 30 290+ 50 50% 17%

16 13% 750+ 150 590+ 20 1000+ 60 700+ 100 39% <10%
18 13% 44% 48% 50% 39% 22% <10%
19 38% 530+ 30 410+ 120 834 ND <10% <10%
20 <10% 980+ 280 810+ 250 940 ND <10% ND¢

21 <10% 560+ 80 500+ 120 670 ND 11% ND¢

22, NECA 1600+ 100 9700+ 900 8500+ 1400 8800+ 700 8800+ 900 25% <10%
23 <10% 26% 13% 14% 32% 12% <10%
26 14% 1200+ 400 1200+ 300 9804 450 58% 10% <10%
27 <10% 220+ 20 350 ND ND¢ 16% ND?

a Structures are given in Figure 2. Experiments were performed using HEK-293 cells transiently expressing (using Lipofectamine 2000) a mutant
hA; AR. Binding was carried out using 0-®.5 nM PH]DPCPX as the radioligand; values are expressed as the mdasem ( = 3—6) and
normalized against a nonspecific binder, CGS15943. Values in italics are percent inhibition«it, I8lative to the maximum inhibition by
CGS15943 at 1&M (100%).° Non-nucleoside AR antagonistsNot determined.

enlarged or truncated, the enhancement at the His278 mutant The 2-amino and 2ureido groups in compound$9—21
receptors was lost. Similarly, placing hydrogen acceptor were also well tolerated by the H278 mutant ARs. In
groups at other positions, such as appending a urea moietycomparison to binding to the native AR subtypes, compounds
at the N position in7 or an amino group at the position 20 and 21 displayed orthogonality of binding at the H278
in 2, N8 position in6, or 5 position in23, did not produce mutant A ARs. Derivatization of the 'Sposition, as in 3

an affinity enhancement at any of the hAR mutant ureido derivative®6 and27, resulted in an enhanced affinity
receptors. It is also important to note that despite derivati- (Ki = 1.6 uM) at the H278D mutant receptor.

zation at the 35, N8, or 2 positions, none of the compounds To probe the structural similarities and differences among
displayed a preference in binding affinity for the Thr277 three of the four hAR subtypes, binding curves using 3
mutant receptors over the His278 mutant receptors. urea derivatived 0 and 13 were determined for wild-type
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Ficure 3: Representative inhibition curves from binding assays for wild-type and mutant human ARs using urea defiQaive:$3.

The H278D mutation of the human AR and the corresponding mutations of the conserved His in TM7 of theAMR (H278D) and A

AR (H272D) were studied. The mutant receptors were expressed transiently in HEK-293 cells. Antagonist radioligands were usgd at the A
ARs (PH]DPCPX) and the Ax ARs ([PH]ZM241385), and an agonist radioligand was used at thé\Rs ([*29]I-AB-MECA).

and analogous mutant human ARs (Figure 3). The H278D cells transiently expressing the H278D mutant receptor
mutation of the human AAR and the corresponding (Figure 4).
mutations of conserved His in TM7 of the;AAR (H278D) Activation of the A AR has been shown to hyperpolarize
and As AR (H272D) were studied. The behavior of both the  ¢ejis 50). When membrane potential changes were measured
N°-cyclopentyl10 and theN®-(3-iodobenzyl)13 derivatives i, the same cells using a fluorescence method, CPA caused
was similar at the Aand A ARs; i.e., the affinity was  hyperpolarization in CHO cells expressing the wild-type A
selectively enhanced at the Asp mutant receptors in com- AR with an EG, value of 10.1+ 2.6 nM (Figure 5). The
parison to wild-type receptors. However, there was no affinity 5. cH,0H derivative 13, at a concentration as high as
enhancement at the,A ARs, implying a similar binding 10 uM, did not have any effect on the H278D mutant.
mode of the nucleosides at the &nd A ARs and a different However, the 5N-methylamide derivative?6 was shown
mode at the Ax AR. to be more potent in activating the H278D mutant receptor
Functional Effects of Nucleosides at Wild-Type and Mutant (3.5 + 1.6 uM) than at the wild-type AAR (>10 uM) or
Receptorsin general, neoceptors are intended to activate the control (nontransfected cells), although it was only
the same effector systems as the native receptd). (  partially efficacious compared with the efficacy of CPA at
However, an examination of mutant; AARs in several the wild-type A AR. More systematic studies of other
measures of receptor activation in this study indicated major signaling pathways will be needed to fully characterize the
differences with the wild-type A AR. A preliminary spectrum of effector mechanisms coupled to the neoceptor-
functional study of the effect of adding GTP during the (s).
binding of CCPA9 and its 3-ureido analoguelO at the Modeling the Interaction of Nucleosides with Wild-Type
H278A and H278D mutant receptors indicated that in both ang Mutant A ARs.Modeling was used to predict detailed
cases there was no pronounced GTP-induced shift (data nofeatures of the interaction of the, AR constructs with their
shown). nucleoside ligands. A recently published molecular model
Activation of the wild-type A AR has been shown to  (9) of the human A AR, based on the high-resolution
mobilize intracellular calcium49). We confirmed that CPA  structure of bovine rhodopsirby, 52), was used in the
caused a concentration-dependent increase in the intracelluladocking of NECA22. The docked complex was subsequently
calcium concentration in CHO cells stably expressing the altered in structure, both the ligand and receptor, to predict
wild-type A; AR. However, among the agonists that exhib- nucleoside binding modes at the mutantARs. An initial
ited selectively enhanced affinity for the mutant ARs, complex of the A AR with NECA was further refined by
none were able to activate calcium transients in CHO energy optimization and MCMM calculations implemented
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Ficure 4: Stimulation of intracellular calcium levels at the wild-type and H278D mutant ARs using known agonists CP8 and
NECA 22 and urea derivative$0 and 13 (n = 3—4). The receptors were expressed transiently in CHO cellgp #0ues determined at

the wild-type hA AR are 25.1+ 6.2 8) and 56.4+ 16.7 @2).
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FicurRe 5: Membrane hyperpolarization at the wild-type and H278D
mutant hA AR using known agonist CP& and urea derivative
26. The receptors were expressed transiently in CHO cells.

in MacroModel @5). The position of NECA inside the A
AR obtained after MCMM calculations was found to be
similar to its initial position. In particular, Thr9l (3.36)
formed a H-bond with the amide NH group of NECA, the
OH group of Thr277 (7.42) was found in the proximity of
the 3-OH group and the €0 group of the amide moiety,
and His278 (7.43) was located near theahd 3-OH groups

of the ligand. In addition, the backbone oxygen atom of
lle274 (7.39) was found in the proximity of both-2and

To predict the binding mode of adenosine at theAR,
the B-ethylcarboxamide moiety of NECA located inside the
binding pocket was replaced with a @bH group, and the
model was subjected to MCMM calculations. Then, a
cyclopentyl ring was attached to tHéf-amino group of
adenosine, providing an initial position of CPA inside the
binding site. This AAR—CPA complex was also subjected
to MCMM calculations.

The results of conformational searches performed for
adenosine and CPA indicated that both ligands were involved
in almost the same interactions with the receptor. Moreover,
the binding modes obtained for these compounds were very
similar to the binding mode obtained for NECA. In particular,
the B3-OH group formed a H-bond with Thr91 (3.36), and
the 3-OH group was H-bonded to Thr277 (7.42) and His278
(7.43). His278 also established a H-bond with theO®
group of the ligands. Thal®-amino group was found to be
H-bonded with the oxygen atom of the side chain amido
group of Asn254 (6.55), and thé-cyclopentyl ring of CPA
was located among the hydrophobic side chains of Phel85
(5.43), Trp247 (6.48), and Leu250 (6.51).

Since adenosine, NECA, and CPA had almost the same
position and arrangement inside the binding site of the A
AR, it seems reasonable to propose that compdirbuld
attain a similar position in the receptor. However, an
attempted manual docking df0 (considered as a starting
point for MCMM calculations) showed that thé-@reido
group was in a sterically undesirable position with respect
to His278. In general, a more energetically favorable state
of an initial docking mode could be obtained through
rearrangement of the residues around the ligand or through
a change in the ligand position within the receptor. It should
be noted that in this model of the; AR, the side chain of

3'-OH groups. Lys168 (EL2.49) was observed between the His278 forms a constraining H-bond with Glu16 (1.39). The
2'-OH group and the N3 nitrogen atom of the adenine ring same interaction was previously proposed between Glul3

(Figure 1A).

and His278 of the Ay AR and suggested to be important
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for receptor activation 24). For this reason, it seemed
unlikely that the side chain of His278 would significantly
shift outwardly and would break the bond with Glul6 to
provide more free space for the-@eido group. This
hypothesis was confirmed by MCMM calculations performed
on 10, demonstrating that the position of the nucleoside
shifted from TM7 toward TM5, instead of a His side chain
shift. The orientation of the His278 side chain was also
changed in the resulting model, but the H-bonding between
His278 and Glul6 was not lost. Also, the phenyl ring of
Phel85 (5.42) shifted toward Trp247 (6.48) and Vall189
(5.47) from its initial position, to accommodate the cyclo-
pentyl ring of 10 during its movement from TM7 to TM5
(Figure 1C). These major rearrangements of the wild-type
A; AR needed to bind compountd would constitute an
energetically unfavorable process.

In contrast, in the model obtained after MCMM calcula-
tions for compound. 0 docked in the H278D mutant;AAR,
we did not observe any significant changes in the ligand
position or residue side chain orientations (Figure 1B). The
following ligand—receptor interactions were observed in the
resulting model. The'SOH group of compound0 formed
a H-bond with Thr91 (3.36). Lys168 (EL2.49) was observed
between the 20H group and the N3 atom of the adenine
ring. The 2-OH group ofl0was H-bonded to the backbone
oxygen atom of 1274 (7.39). Thigé-cyclopentyl ring of10
had the same position as tiN-cyclopentyl ring of CPA
and was located among Phel85 (5.43), Trp247 (6.48), and
Leu250 (6.51).

The side chain of Asp278 (7.43) was found to be oriented
outwardly from Glul6, and also outwardly from theu8eido
group of10. Thus, in the model, Asp278 was not involved
in H-bonding interactions with the ligand. However, the
switching of the Asp278 side chain, in comparison to the
orientation of H278 in the wild-type receptor, provided free
space for the '3ureido group ofLOinside the binding pocket.
Moreover, in the model that was obtained, both amino groups
of the 3-ureido moiety were involved in H-bonding with
Thr277 (7.42), and the terminal NHjroup of this moiety
was H-bonded to the backbone oxygen atom of Phe275
(7.40).

The obtained binding mode of compoub@at the H278D
mutated A AR, demonstrating the absence of a direct
interaction between the ligand and Asp278, is in a good
agreement with the experimental data obtained for other
mutations, in particular, for H278A and H278L. As follows
from Table 3, compoundO has similar binding affinity at
these mutant receptors; however, the side chains of Ala278
or Leu278 cannot establish H-bonds with theuBeido
moiety.

DISCUSSION

By implementing an integrated approach of mutagenesis,
competitive radioligand binding assays, and functional as-
says, combined with molecular modeling, we were able to
identify matched pairs of neoligands and neoceptors. We
tested a range of'2and 3-ureido nucleoside analogues,
combining functionalization of the adenine ring at thé N
and 2 positions and the ribose ring at the @osition,
ultimately identifying tailored ligands that could be used to
select for a class of His278 mutant receptors in the AR.

Palaniappan et al.

The 2- and 3-ureido nucleoside analogues tended to lose
the ability to bind to all native subtypes of ARs, achieving
an aim of designing neoceptors. A&nino-2-deoxynucleo-
side derivativel9 lost the ability to interact with native A

and A ARS, but not with native Aand A; ARs.

The H278 mutant receptors exhibited more than 100-fold
affinity enhancement for newly synthesized adenosine de-
rivatives, such a0 (Né-cyclopentyl-3-ureido-3-deoxyad-
enosine), while showing decreased affinity or potency for
adenosine and other correspondifgO8 adenosine ana-
logues. The present reengineered humarARs revealed
orthogonality similar to that of the Abut not the Aa AR,
in which mutation of the corresponding residue, His278, to
Asp did not enhance the affinity of nucleosides derivatized
with amine functionality on the ribose moiet8)( The key
characteristics of the best compounds for affinity enhance-
ment at the reengineered human ARs are a 2 or 3-
ureido group and a large (cyclopentyl or benzylf N
substituent. The 2 position may be substituted with a ClI
group, as inl4.

The lack of affinity enhancement of-2and 3-ureido
derivatives at the Thr277 mutant receptors implies a spatial
orientation of the ligand, facilitating an interaction with the
residue at the position of His278, as predicted. Additionally,
H-bonding groups placed on the adeniné dt ribose 5
positions demonstrated no enhancement of activity in the
mutant receptors. The observation that all of the His278
mutant A ARs produced a similar type of effect regardless
of the charge character of the substituted side chain implies
that steric factors are more important in this gain of function
than electrostatic factors, a hypothesis that is supported by
the molecular modeling analysis.

It should be noted that the measured affinities of the new
compounds, such &0 and13, for H278 mutant receptors
are not very high, which is a less than ideal basis for accurate
modeling. However, the fact that the pattern of interactions
of 10 and 13 with the Ay AR is very different from that of
the Aca AR and the more than 100-fold difference in affinity
between the wild-type and H278 mutant receptors for some
compounds, such a$0 and 13, does support a specific
ligand—A; AR pair. Also, it is worth noting that the
displacement of an antagonist radioligand (such 3a§-[
DPCPX) by a competing ligand that is an agonist, in general,
tends to underestimate the affinity of the agonist at the
receptor, in relation to its high-affinity binding component.
We noted this phenomenon much earlier in a study of the
A1 AR, in which the binding of a variety of agonists was
probed using an antagonist radioligar8)( The modeling
is not suitable for conformationally resolving multiple affinity
states of the receptor. Thus, there is likely a high-affinity
component of the binding of the nucleoside analogues at the
mutant receptors that is not resolved in thevalues that
are obtained.

While the design of the neocepteneoligand pairs in the
case of A AR follows that reported for the AAR, the
diversity of mutated receptors and the repertoire of ligands
in the present study are larger. This allows for a better
understanding of the interactions that affect the neoceptor
neoligand affinities and for further elaboration of the
approach. In this context, the observation that modification
of the interaction between thé 8ubstituent of the ligand
and the residue at position 278 narrows the spectrum of
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functional responses could be particularly significant. The REFERENCES

H278D A, AR was functionally responsive only as a measure
of membrane potential and not calcium mobilization. This
neoceptor approach should be useful for the validation of
molecular modeling and the dissection of promiscuous GPCR
signaling. The observation of differences in the neoceptor
neoligand characteristics in different AR subtypes should
contribute to the pinpointing of their structural and functional
distinction. The successful application of the neoceptor
neoligand approach to the different ARs suggests that it may
also be applicable to other GPCRs.

The proposed nucleoside docking mode (Figure 1) is in
good agreement with previous studies of the ligareteptor
interactions of ARs§, 9). The available experimental data

and results of computational studies suggested that agonists 5

of all four AR subtypes share almost the same general
binding region, which includes interactions with Thr3.36,
Trp6.48, Asn6.55, Ser/Thr7.42, His7.43, and EL2, as recently
reviewed (0). The predicted conformation of docked
nucleosides at the A AR differs from that of the A and

Az ARs in characteristic features, such as the preferred angle
of the glycosidic bond§, 13).

Interestingly, the residues located in the positions men-
tioned above were also proposed to be important for
nucleotide recognition in the P2Y receptor famisA), and
their proposed role in agonist coordination is also analogous
to mutagenesis and modeling data published for other,
nonpurinergic GPCRs. Thus, residue 3.36 is important for a
ligand binding in melatoning5) and dopamine receptors,
and residue 6.55 is involved in ligand recognition in
dopamine, histamine, and adrenergic receptifis Residues
located in TM7, namely, 7.39 and 7.43, are involved in ligand
binding in acetylcholine, serotonin, dopamine, and adrenergic
receptors, as reviewed in reéi® and56. Also, it is known
that conserved aromatic residue 6.48 (Trp in the case of ARS)
is essential for activation of various GPCRs. Therefore, the
arrangement of the AAR binding site and the binding mode
of its agonists proposed in this study are in good relation
with current, general mechanisms of ligan@ceptor inter-
actions for the rhodopsin family of GPCRs.

CONCLUSIONS

Our neoceptor approach to the human AR revealed
orthogonality similar to that of the AAR but not that of
the Aca AR. This neoceptor approach should be useful for
the validation of molecular modeling and the dissection of
promiscuous GPCR signaling. The full range of signaling
associated with the AAR was not preserved in these mutant
receptors, and therefore, the future use of the AR
neoceptors for selective cytoprotection, which was ac-
complished with an AAR neoceptor, is uncertain. In this
study, we have been unable to separate the functions of the
key conserved His residue in TM7: to recognize and bind a
small nucleoside ligand and to allow that molecule to induce
the conformational changes required for activation of the full
spectrum of functional effects.

SUPPORTING INFORMATION AVAILABLE

Compound 10 inside the putative binding site of the
H278D mutant A adenosine receptor and details of chemical
synthesis. This material is available free of charge via the
Internet at http://pubs.acs.org.
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